
Tuija Sulisaloa 
Outi Mtikitieb 

Pertti Sistorlen C 

Maaret Ridanpiiiia 

Wa'eIEl.Rifaia 

OlURuuskanen e 

Albertde fa Chapellea 

Ilkka Kaitilaa,d 

a Department of Medical Genetics, 
University of Helsinki, 

b Children's Hospital, Helsinki University 
Central Hospital, 

c Finnish Red Cross Blood Transfusion 
Service, and 

d Department of Clinical Genetics, Helsinki 
University Central Hospital, Helsinki, and 

e Department of Pediatrics, University of 
Turku, Finland 

KeyWords 
Cartilage-hair hypoplasia 
Segregation analysis 
Uniparental disomy 
Chromosome 9 

Introduction 

Original Paper 

Eur J Hum Genet 1997;5:35-42 Received: June 18, 1996 
Revision received: November 22, 1996 
Accepted: December 2, 1996 

Uniparental Disomy in 
Cartilage-Hair Hypoplasia 

Abstract 
Cartilage-hair hypoplasia (CHH) is an autosomal recessive disorder that 
presents with pleiotropic manifestations including impaired skeletal growth 
and cellular immunity. It is most prevalent among two founder populations, 
the Old Order Amish in the USA and the Finns. The gene has been localized to 
9p 13 by linkage analysis and linkage disequilibrium mapping. A statistically 
significant deficiency of affected members resulting in a lower than expected 
segregation ratio has been reported in the Amish, but was not found in a pre
vious study in Finnish CHH families. Reduced penetrance was the mecha
nism suggested in the Amish, but could not be verified by haplotype analyses 
performed after the assignment of the CHH gene. Here we have carried out 
segregation analysis of 101 Finnish CHH families, but again, evidence of a 
significant deficiency of affected members was not found. Nevertheless, 
among 54 uniplex families, 2 patients with CHH and uniparental disomy 
(UPD) for chromosome 9 were discovered. UPD might contribute to low 
segregation ratios by increasing the number of families with only 1 affected 
individual. These observations show that UPD may occur in an unexpectedly 
high number of the patients and should be taken into account in the genetic 
counselling and prenatal diagnostics of CHH families. 

Cartilage-hair hypoplasia (CHH) is an autosomal re
cessive chondrodysplasia resulting in a severe growth fail
ure. Other main clinical features include impaired hair 
growth, cellular immunity and erythropoiesis, and, in 
some patients, aganglionic megacolon [1, 2]. CHH is par
ticularly frequent among the Old Order Amish in the USA 
[1] and the Finns [3]. The gene maps to 9p21-p13 and is 
very closely linked to marker D9S163 [4-6]. 

A statistically significant deficiency of affected mem
bers (72 observed vs. 98 ± 6.8 expected by the 'a priori' 
correction method) resulting in a lower than expected 
segregation ratio (i.e. <0.25) has been reported in the 
Amish CHH series [1]. However, segregation analysis of 
83 Finnish families (105 affected children observed, 111 
± 5 expected [3]) failed to show a corresponding deficien
cy of affected members. In the Amish series, many possi
ble explanations including prenatal death of some homo
zygotes and nonrandom chromosome segregation were 
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considered, but reduced penetrance (70%) was suggested 
as the most likely mechanism. After the CHH locus had 
been assigned to proximal 9p and several closely linked 
polymorphic markers had been identified [4, 5], it became 
possible to search for reduced penetrance by determining 
the haplotypes of unaffected siblings in multiplex fami
lies. We studied 66 clinically unaffected siblings from Fin
nish and Amish families and found none haploidentical 
with affected sibs. Therefore we previously suggested that 
barring rare crossovers the deficiency of affected children 
in eRR families is most probably not due to reduced pen
etrance nor to underdiagnosis of mildly manifesting indi
viduals [5]. 

This study was initially prompted by the observation 
of a child with eRR and uniparental disomy (UPD) for 
chromosome 9 in a Finnish family counselled for prenatal 
diagnostics. UPD is a state where both homologues of a 
chromosome pair are inherited from a single parent [7], 
and it may contribute to low segregation ratios by increas
ing the number offamilies with only one affected child: in 
UPD families occurrence of more than one affected child 
is very unlikely when only one parent carries the defective 
mutation. We performed segregation analysis in an ex
tended series of Finnish eRR families and turned to uni
plex families in order to look for more UPD cases. 
Although segregation analysis of 101 families still failed to 
give evidence of a statistically significant deficiency of 
affected members, the study of 54 uniplex families re
vealed 1 additional patient with eRR and UPD for chro
mosome 9. We conclude that UPD seems to occur in an 
unexpectedly high number of the Finnish eRR patients 
and should be taken into account in the genetic counsel
ling of eRR families. 

Subjects and Methods 

Diagnostic Criteria 
The principal clinical manifestation of CHH is severe growth fail

ure. Other main clinical features include impaired hair growth, cellu
lar immunity and erythropoiesis, and, in some patients, aganglionic 
megacolon [I, 2]. The diagnosis is based on these clinical features and 
on metaphyseal irregularities ofthe growth plates in childhood radio
graphs [8]. 

Patients 
Altogether 68 Finnish CHH families with 84 affected individuals 

were studied. There were 54 uniplex families. Among the affected 
members in uniplex families, 4 unrelated individuals homozygous 
for a number of markers in the vicinity of the CHH gene were 
found. 
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Patient A was a daughter of healthy unrelated parents (maternal 
and paternal ages at birth were 30 and 31 years, respectively) and had 
one unaffected sister. She was born at 36 weeks of gestation, measur
ing 36.5 cm in length and 1,900 g in weight. At the age of 2 years her 
growth was severely impaired (-8.6 SD below normal mean; below 
10th percentile on CHH-specific growth curves [8]). Hair was 
extremely thin, sparse, and light in color, and she had mild relative 
lymphopenia and impaired cellular immunity. In early childhood she 
suffered from chronic obstipation. In addition to the diagnostic fea
tures of CHH, she had mild aortic stenosis and clubfeet. 

Patient B was a daughter of healthy unrelated parents (maternal 
and paternal ages at birth were 28 and 32 years, resepectively) and 
had two unaffected siblings. At the age of 12 years her growth was 
severely retarded (-15.5 SD below normal mean, below 10th percen
tile on CHH-specific growth curves). Hair was thin, sparse and light 
in color. She had combined immunodeficiency; immunological stud
ies in early childhood revealed markedly depressed responses of the 
blood lymphocytes to phytohemagglutinin, concavalin A, and poke
weed mitogen, and at the age of 10 years she developed hypogamma
globulinemia. She has had several prolonged infections including 
recurrent respiratory infections, chronic otitis media, and chronic 
sinusitis. She had hypoplastic macrocytic anemia which had been 
treated with repeated red cell transfusions. At the age of 11 years she 
developed autoimmune hemolytic anemia. She also had an unspeci
fied cardiomyopathy in infancy, and marked hepatosplenomegaly. In 
addition, prolonged hypokalemia, vitamin K deficiency, transient 
neutropenia, diarrhea due to Trichuris trichiura, and vitamin D defi
ciency with hypocalcemic tetany have been detected. 

Patient C had severe growth failure (25th percentile on CHH
specific growth curves), a history of hypoplastic anemia in early 
childhood, and defective cellular immunity but no severe infections. 
Patient D had moderate growth failure (75th percentile on CHH
specific growth curves), thin hair but no immunodeficiency or ane
mia. 

Analysis o/DNA 
Genomic DNA was extracted either from blood or Iymphoblas

toid cell lines according to standard procedures. Altogether 24 chro
mosome 9-specific microsatellite markers and 21 markers from all 
other autosomes and the X chromosome were studied in patients A 
and B. In patients C and D, 12 chromosome 9 markers were studied. 
The widest gap between the markers on chromosome 9 was 28 cM 
[9]. The detection of polymorphisms was carried out as described 
previously [4]. 

Fluorescent in situ Hybridization Studies 
In order to investigate the possibility of a short deletion in the 

CHH gene region in patients C and D, a fluorescent in situ hybridiza
tion (FISH) experiment was set up. Chromosome preparations were 
made from blood lymphocyte cultures and Iymphoblastoid cell lines 
[10] using standard procedures. For the FISH experiments the slides 
were pretreated with pepsin (0.01 mg/ml), washed 4 times in des
tilled water, and dehydrated in an ethanol series to remove excess 
cytoplasm. Slides were denatured in 70% formamide/2 x SSC (vol 
1:1) at 70°C for 3 min and dehydrated in a cold ethanol series. 

PI clone 2902 (Genome Systems, St. Louis, Mo., USA) identified 
by the marker D9S163 was used as a probe in the FISH experiments. 
Plasmid DNA was extracted by the alkaline lysis procedure with 
minor modifications [11, 12]. It was nick-labelled with biotin 14-
dATP as recommended by the kit supplier (Gibco BRL, Bethesda, 
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Marker 
locus 

Family 1 Family 2 Marker Reference 

Father Mother Patient A Father Mother Patient B 
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Fig. 1. Haplotype analysis of22 chromosome 9 markers. The physical locations of 8 markers are shown on the left. 
The interval harboring the CHH gene is shown as a vartical bar [5, 6]. Superscript 'a' indicates a marker showing 
linkage to the CHH gene, superscript 'b' a marker demonstrating isodisomy, and superscript 'c' a marker demonstrat
ing heterodisomy. 

Md., USA). The labelled probe was precipitated with human Cot-l 
DNA and herring sperm DNA. Hybridization was performed in a 
total volume of 1 ml of a solution containing 50 Ilg of biotinylated 
probe, 1 mg of human Cot-l DNA, 1 mg of herring sperm DNA, 50% 
formamide, and 10% dextran sulfate, in 2 x SSe. The hybridization 
was performed according to Cremer et a1. [13] with some modifica
tions. The mixture was denatured at 75 ° C for 5 min and 30 III added 
to each slide. The slides were covered with coverslips and incubated 
overnight at 37°C in a moist chamber. After incubation, the slides 
were washed 3 times at 44 ° C in 50% formamide/2 x SSC, 2 times in 
2 x SSC, and once in 0.01 x SSC, each wash for 5 min. Hybridiza
tion signals were detected with avidin-conjugated fluorescein isothio
cyanate (FITC) as described in Pinkel et a1. [14]. The cells were coun
terstained with 4,6-diamidino-2-phenylindole (DAPI) and propid
ium iodide. The cells were mounted with Vectashield™ antifading 
and analyzed using a Zeiss Laborlux fluorescence photomicroscope 
with Zeiss filters 02 (FITC) and 09 (DAPI). 

Segregation Analysis 
The methods of ascertainment have been described previously 

[3]. The segregation analysis was performed using the 'singles', 'a 
priori', and 'a posteriori' methods, each assuming complete ascer
tainment, and by the 'sib' method which assumes single incomplete 
ascertainment. 

UPDinCHH 

Results 

Patients A and B and their parents were studied for 
altogether 24 markers spanning the entire chromosome 9 
(fig. 1). Patient A was homozygous for all marker loci 
studied. Twelve markers were completely informative 
and showed no paternal contribution, and, therefore, 
isodisomic inheritance of a maternal homologue of chro
mosome 9 is suggested. Patient B was homozygous for the 
majority of the markers. Of these, 11 were informative 
suggesting exclusively maternal inheritance of chromo
some 9. No conclusively paternal allele was detected. 
However, the patient was heterozygous for markers 
D9S153, D9S167 and D9S197 on proximal 9q, and for 
ASS, D9S164 and D9S158 on distal9q. Of these, markers 
D9S197 and D9S164 showed conclusively that the pa
tient had inherited both maternal alleles. This patient is 
thus suggested to be partially isodisomic and partially 
heterodisomic for the maternal homologues. To evaluate 
the likelihood of false paternity, both families were typed 
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Table 1. Paternity testing in 
Marker locia Het Family I Family 2 patients A and B 

father mother patient A father mother patient B 

D1S196 0.74 2,3 2,3 3,3 2,3 1,1 1,2f 
D2S123 0.76 1,2 1,2 1,2 2,2 1,1 1,2f 
D3S1282 0.79 2,2 3,3 2,3f 3,3 1,2 1,3f 
D4S411 0.66 3,3 2,3 2,3 1,2 2,3 1,3f 
D5S423 0.76 2,3 2,2 2,2 3,3 1,4 3,4f 
D6S257 0.87 1,3 2,2 1,2f 1,1 1,4 1,4 
NURb 0.81 1,2 1,1 1,1 1,1 1,1 1,1 
D8S284 0.83 2,2 3,3 2,3f 2,3 1,3 3,3 
D1OS189 0.72 2,3 3,3 3,3 1,4 3,4 1,3f 
DllS928 0.70 2,2 1,3 2,3f 2,2 3,4 2,4f 
D12S87 0.80 2,3 1,3 3,3 2,3 2,3 2,3 
D13S155 0.82 2,4 2,3 2,3 1,2 1,3 1,1 
D14S65 0.79 2,5 2,4 4,5f 1,3 2,4 1,2f 
D15S125 0.78 1,2 1,3 1,3 1,3 1,3 1,3 
D16S265c 0.77 4,6 2,3 2,4f 4,5 1,4 4,5 
D17S796 0.80 1,4 2,3 1,2f 2,3 1,2 2,3 
D18S63 0.79 1,2 3,3 1,3f 3,3 1,1 1,3f 
D19S21O 0.74 1,1 1,3 1,1 2,3 1,3 1,3 
D20S119 0.82 1,3 1,2 1,3 3,4 2,3 2,3 
D21S212d 0.86 4,6 2,4 2,6f 1,5 3,6 1,6f 
D22S283 0.89 2,6 1,6 6,6 2,5 3,4 2,3f 
DXS426e 0.52 2,2 2,3 2,3 3,3 1,3 1,3 

Het = Heterozygosity. 
a The reference for markers is according to Weissenbach et al. [16] if not indicated otherwise. 
b For marker reference see Morral et al. [24]. 
c For marker reference see Weber et al. [25]. 
d For marker reference see Warren et al. [26]. 
e For marker reference see Luty et al. [27]. 
f Marker showing allele contribution from both parents. 

for selected markers from all other autosomes and the X 
chromosome (table 1). In patients A and B markers from 
nine and eleven chromosomes, respectively, showed defi
nite allele contribution from both parents. The rest of the 
combinations were not fully informative in respect to par
ental origin of the alleles, but no 'extra' alleles at any of the 
marker loci were observed. Therefore, nonpaternity was 
highly unlikely (p z 1.3 x 10-10). The karyotype of 
patient A was determined from G-banded chromosomes 
and found to be normal. No chromosomal heteromor
phisms allowing the derivation of the chromosomes 9 
were present [data not shown]. As the proliferation of 
lymphocytes was seriously depressed in patient B (a char
acteristic feature of CHH), her chromosomes could not be 
analyzed. 

The clinical features of patients A and B are shown in 
table 2. In patient A, growth was severely retarded (fig. 2), 
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hair was very hypoplastic, and there was marked ligamen
tous laxity, whereas the other features were only moderate 
or mild in severity. Additional atypical features in patient 
A were mild clubfeet and aortic stenosis. Patient B was 
also very severely affected (table 2). She had late onset B 
cell immunodeficiency, i.e. combined immunodeficiency 
which occasionally has been observed in patients with 
CHH [28, 29]. Atypical features in patient B included late 
onset hemolytic anemia, and, in early childhood, unspeci
fied cardiomyopathy that subsided, and marked hepa
tomegalia. 

Patients C and D were studied for chromosome 9 
markers from D9S263 to D9S55 and for D9S168, 
D9S197, D9S195, and D9S158 [data not shown]. Patient 
C was homozygous for the markers from D9S43 to 
D9S55, whereas patient D was homozygous for the mark
ers from D9S263 to D9S55. However, UPD was excluded 
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Fig. 2. Growth ofCHH patients A and B with UPD as compared 
to the 10th and 90th percentile CHH-specific curves for 108 Finnish 
patients [2] and to ± 2 SD curves for normal Finnish girls. 

in both cases as contributions from both parents were ver
ified by allele segregation at D9S52 and D9S 195 in 
patient e and at D9S168 and D9S197 in patient D. 

Since the patients e and D were homozygous for a 
number of marker loci linked to the CHH gene and the 
possibility of UPD was excluded, a FISH experiment was 
performed to investigate whether these patients might 
carry a short deletion in this region. PI clone 2902 identi
fied by the closely linked marker D9S163 showing homo
zygosity in both patients was used as a probe. The results 
in patient e are shown in figure 3. Hybridization signals 
were found on 9p 13 in both homologues in most meta
phases. In patient D a similar result was obtained [data 
not shown]. 

Segregation analysis was done in a series of 101 Fin
nish eHH families including 125 affected members; 4 
families had 3 affected children, 16 families had 2 
affected children, and 81 families had only I affected 
child. There were altogether 164 unaffected siblings. The 
'singles' and 'a posteriori' methods both gave a ratio of 
0.212 (SE 0.036). By the 'a priori' method the expected 
number of patients was 130.2 (SE 5.1), whereas 125 
patients were observed. The 'sib' method produced a ratio 
of 0.128 (SE 0.024) for the affected siblings. 

UPDin CHH 

Fig. 3. The result of a FISH experiment in patient C. The PI 
probe was identified by D9S163, a marker showing homozygosity in 
the patient and being very closely linked to the CHH gene. 

Table 2. Clinical features and their severity in 2 CHH patients 
with maternal UPD for chromosome 9 

Feature 

Growth, SD 
Hair hypoplasia 
Ligamentous laxity 
Chest deformity 
Genu varum 
Lumbar lordosis 
Recurrent infections 
Immunodeficiency 

T cellular 
B cellular 

Anemia 
Hypoplastic 
Hemolytic 

Obstipation 
Aortic stenosisa 

Cardiomyopathy' 
Hepatomegaly' 
ClubfOOt" 

Severity 

patient A 

-8.6 
++ 
++ 
+ 
+ 
+ 

+ 

+ 
+ 

+ 

patientB 

-15.5 
++ 
++ 
+ 

+ 
++ 

++ 
++ 

++ 
++ 
+ 

+ 
++ 

++ = Marked; + = moderate to mild; - = absent [modified 
from 2]. 
• Not observed in McKusick et al. [I] or M1lkitie and Kaitila [2]. 
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Discussion 

UPD is a state where both homologues of a chromo
some pair are inherited from a single parent [7]. It may 
appear as isodisomy, i.e. an individual has inherited two 
copies of a single homologue, as heterodisomy, i.e. an 
individual has inherited both homologues of a chromo
some pair, or as a combination of both if one or more 
recombinations have taken place during meiosis I. Possi
ble mechanisms for the production of UPD include 
gamete complementation involving fertilization between 
one nullisomic and one disomic gamete for a particular 
chromosome, duplication of a chromosome in a mono
somic zygote, early correction of a trisomic zygote 
through nondisjunction in somatic tissues, and postfertili
zation errors such as nondisjunction or duplication [30]. 
UPD may result in appearance of abnormal phenotypes. 
It is occasionally associated with developmental anoma
lies due to imprinting, i.e. differential functioning of 
genetic loci depending on their parental origin [31, 32]. So 
far, an imprinting effect has been confirmed for human 
chromosomes 7,11,14, and 15 [reviewed in 32]. Further
more, UPD may cause occurrence of autosomal recessive 
diseases if two copies of a mutated gene are inherited from 
a single parent. This has been suggested in cases including 
2 patients with cystic fibrosis (chromosome 7) [30, 33], 
and 1 patient with rod monochromacy (chromosome 14) 
[34], spinal muscular atrophy (chromosome 5) [35], 
Bloom syndrome (chromosome 15) [36], and chloride 
diarrhea (chromosome 7) [37]. 

In addition to eHH, lower than expected segregation 
ratios have been reported in autosomal recessive disor
ders including spinal muscular atrophy, osteogenesis im
perfecta, and ataxia telangiectasia [reviewed in 38]. In 
addition to explanations due to parental behavior (false 
paternity, not reporting of previous affected children and 
parental decision against having further children) and 
observer errors, biological mechanisms may occur [1, 38]. 
These include genetic heterogeneity, low penetrance, ear
ly lethality of some homozygotes, gamete selection, UPD 
and hemizygosity owing to de novo deletion. All these 
mechanisms may increase the number of families with 
only 1 affected child and, thus, reduce the segregation 
ratio. Of the explanations listed above, both allelic and 
locus heterogeneity have been observed in human and 
murine osteogenesis imperfecta in which autosomal dom
inant and recessive forms have been reported and in 
which the autosomal dominant forms are often caused by 
new mutations [39, 40]. In spinal muscular atrophy, both 
a patient with UPD for chromosome 5 and patients with 
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de novo deletions in the region spanning the disease locus 
in 5q13 have been reported [35, 41, 42]. 

Here we have described 2 eHH patients with UPD for 
chromosome 9. Patient A was homozygous for a maternal 
allele at all chromosome 9 loci studied, suggesting isodiso
my for the entire chromosome, whereas patient B was par
tially isodisomic and heterodisomic for the maternal ho
mologues, suggesting that at least three recombinations 
had occurred during maternal meiosis I. The heterodi
somic areas were separated by approximately 51 cM, and 
the markers (D9S55 on 9p12 and D9S173 on 9q22.3-q31) 
flanked the area of the suggested double recombination by 
approximately 45 cM on a sex-averaged map [9]. The 
complete isodisomy in patient A was consistent with a 
mechanism including fertilization between a monosomic 
egg cell and a nullisomic sperm cell followed by a duplica
tion, but gamete complementation (involving one nulli
somic and one disomic gamete), trisomy 'rescue' or post
fertilization errors could not be excluded. In patient B the 
mechanism must have included fertilization of a disomic 
egg cell with either a nullisomic or monosomic sperm cell. 
As the CHH mutation is relatively common in Finland 
(carrier frequency 1176 [3]), the mothers most likely are 
carriers and have transmitted two copies of the defective 
gene to their offspring although formal proof must wait 
until the gene and mutation(s) are identified. It might be 
noted that the mother of the maternal grandmother of 
patient B was born in a geographic region with high CHH 
gene frequency, whereas the roots of the father were in a 
region not showing an enrichment of the CHH gene. The 
maternal genealogy of patient A remained unknown. 

Both patients with UPD were seriously affected in sev
eral clinical respects (table 2, fig. 2). In addition, both 
patients presented with some atypical but discordant 
manifestations. Severely retarted growth might result 
from a homozygous mutation or genomic imprinting of a 
hypothetical maternal growth-related gene on chromo
some 9, as has been suggested for chromosome 7 [30, 33, 
43-46]. However, eHH patients cannot provide a defi
nite proof of an additional growth-related gene(s) on chro
mosome 9 as the condition itself presents with retarded 
growth [1, 8]. Furthermore, UPD was excluded in 9 Fin
nish eHH patients with similarly severe growth failure 
[data not shown]. A previously published report on an 
individual with maternal UPD for chromosome 9 does 
not allow more definite conclusions in this regard [47]. 
The patient carried two copies of a maternal homologue 
containing a pericentric inversion of the heterochromatic 
region (invp11qI2), and a DNA analysis of polymorphic 
markers suggested a recombination having occurred in 
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maternal meiosis I. In addition to UPD, the patient had 
trisomy 9 mosaicism which was found in a fraction of 
lymphocytes but not in skin or muscle cell cultures. The 
clinical features included mild retardation of growth 
(163 cm, below -2 SD of normal standards) and psycho
motor development, but the relative contributions of 
UPD and trisomy mosaicism remained unclear [ 4 7]. 

Recently in spinal muscular atrophy, heterozygous de 
novo deletions of the critical region have been observed 
[41, 42]. The possibility of short de novo deletions in the 
CHH region was studied by FISH experiments in patients 
C and D who showed homozygosity for a number of 
markers close to the CHH gene but excluded UPD (fig. 3). 
In both patients a signal was detected on both chromatids 
of both homologues on proximal 9p, most probably on 
band 9p13, by a probe containing D9S163, a marker 
residing approximately 0.3 cM from the CHH gene [6]. 
This observation decreases the likelihood of a deletion. 
However, although the possibility of a short deletion (or 
segmental UPD) could not be excluded formally, it is 
most likely that the observed homozygosity simply re
flects disomy for the conserved ancestral haplotype [6]. 

A statistically significant deficiency of affected mem
bers has been reported in the Amish CHH families [1], 
but corresponding analyses of 83 [3] or 101 (this study) 
Finnish families have failed to give evidence of a similar 
deficiency. However, despite the fact that the observed 
segregation ratio in the Finnish series is in accordance 
with the expected ratio of a recessive disease, UPD might 
provide at least a partial explanation for the low segrega-
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