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The homozygosity index (HI) approach reveals
high allele frequency for Wilson disease
in the Sardinian population

Alessandro Gialluisi’2, Simona Incollu?, Tommaso Pippucciz, Maria Barbara Lepori3, Antonietta Zappu3,
Georgios Loudianos* and Giovanni Romeo*?>

Wilson disease (WD) is an autosomal recessive disorder resulting in pathological progressive copper accumulation in liver and
other tissues. The worldwide prevalence (P) is about 30/million, while in Sardinia it is in the order of 1/10 000. However, all
of these estimates are likely to suffer from an underdiagnosis bias. Indeed, a recent molecular neonatal screening in Sardinia
reported a WD prevalence of 1:2707. In this study, we used a new approach that makes it possible to estimate the allelic
frequency (q) of an autosomal recessive disorder if one knows the proportion between homozygous and compound heterozygous
patients (the homozygosity index or HI) and the inbreeding coefficient (F) in a sample of affected individuals. We applied the
method to a set of 178 Sardinian individuals (3 of whom born to consanguineous parents), each with a clinical and molecular

diagnosis of WD. Taking into account the geographical provenance of the parents of every patient within Sardinia (to make
F computation more precise), we obtained a g=0.0191 (F=7.8 x 10 4, HI=0.476) and a corresponding prevalence
P=1:2732. This result confirms that the prevalence of WD is largely underestimated in Sardinia. On the other hand, the
general reliability and applicability of the HI approach to other autosomal recessive disorders is confirmed, especially if
one is interested in the genetic epidemiology of populations with high frequency of consanguineous marriages.
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INTRODUCTION
Wilson disease (WD, OMIM #277900) is an autosomal recessive
disorder caused by mutations in the ATP7B gene (13q14.3, MIM
606882),! which encode a copper transporting Cpx-type ATPase.?
Such mutations are associated with alterations of copper metabolism
resulting in pathological progressive copper accumulation in liver and
other tissues. The manifestations of liver disease vary from clinically
asymptomatic, with only biochemical abnormalities, to acute liver
failure. Similarly, the spectrum of neurologic manifestations ranges
from normal or mild disturbances to a rapid and severe progression
of neurological disability, including neuropsychiatric symptoms.
Biochemical parameters typically include a low level of serum
ceruloplasmin, and increased urinary and hepatic copper.’ Owing
to the extreme clinical heterogeneity and to the late onset, molecular
testing is always warranted to confirm a clinical diagnosis of WD.*
Approximately 520 mutations have so far been identified in the
ATP7B gene> WD mutational spectra vary significantly between
populations, with the most frequent mutation in Eastern Europe
(H1069Q) showing a peculiar decreasing frequency gradient toward
South-Western Europe while it is absent in Sardinia.” By comparison,
in Sardinia a characteristic founder mutation ( —441/—427del) is
highly prevalent (67%), with all other mutations showing a relative
frequency below 10%.57

The worldwide prevalence of WD has been reported as approxi-
mately 30/million, with a gene frequency of 0.56% and a carrier
frequency of 1 in 90.8 In contrast to mainland Europe, the Sardinian
population shows a WD prevalence that has been estimated to be
1/10 000—1/7000, one of the highest worldwide.%° All these estimates
have been inferred through classical approaches, such as the
frequencies of clinically diagnosed cases, or from the findings of
autopsy series,® and as such they are likely to suffer from an under-
diagnosis bias. In support of this hypothesis, a recent molecular
neonatal screening in the Sardinian population reported a WD gene
frequency of 1.92% and a resulting prevalence of 1/2707 live births.”
However, this screening program was performed for only 4 consecutive
months on a total of 5290 births (representing approximately 1/3 of
the annual number of births in Sardinia) and it needs replication.

In the present work, we used a new molecular-based approach, the
homozygosity index (HI) method,'® which makes it possible to
estimate the allelic frequency (q) of an autosomal recessive disorder if
one knows the proportion of homozygous patients, the inbreeding
coefficient (F) and the mutational spectrum of a sample of affected
individuals. This method had already been successfully tested on
Phenylketonuria (PKU) and Familial Mediterranean Fever (FMF),!
showing notable advantages over traditional descriptive epidemiology
approaches.
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MATERIALS AND METHODS

We collected molecular data from a set of 192 Sardinian patients with a
diagnosis of WD through the Ospedale Regionale per le Microcitemie, Cagliari,
which is the leading center for WD diagnosis and treatment in the island. The
diagnosis of WD was based on low ceruloplasmin and copper-serum
concentrations, increased urinary copper excretion, and a high liver copper
concentration. In addition, a mutation analysis of the ATP7B gene was
performed for each patient on DNA extracted from peripheral blood.!!
Every sample was first investigated for the six most common reported
mutations in Sardinia, and then, if no mutation was found, by single-strand
conformation polymorphisms and Sanger sequencing of all exons and of the
flanking intronic regions in the ATP7B gene.!?

Data on the geographical provenance of the parents of every patient and their
year of birth were also collected. The study was approved by the local ethical
committee and all participants provided informed consent for the analysis.

To make the computation of F (and therefore of g) as precise as possible, we
calculated F taking into account the birthplaces of the parents of patients (see
online Supplementary Information). In Sardinia, the frequency of consangui-
neous marriages and hence the inbreeding coefficient of the population is
highly correlated with altitude.>'* The most remote areas of the island
(namely mountains and internal hills) where genetic isolation is stronger
coincide with a higher local prevalence of recessive disorders like WD.?
Furthermore, the presence of a small number of individuals born to
consanguineous parents was taken into account in the computation of F
(for further details, see online Supplementary Information).

Of the 192 patients diagnosed with WD, 9 apparent heterozygotes
(with only one mutation identified in the ATP7B locus) were removed from
the study, since they did not fit the basic assumptions of the model (see below).

In order to compute F based on the geographical origins of the patients
within Sardinia, a further five patients with non-detailed or ambiguous
geographical provenance of their parents were excluded from the sample.

All of the computations were run in Excel 2010 and SPSS 16.0 (IBM Corp.,
Armonk, NY, USA). Assuming that: (1) patients can only be homozygous or
compound heterozygous for the disease alleles of a single gene; (2) these alleles
are identified only by a single disease-associated variant (ie, different
haplotypes of the same variant are not considered as different alleles) and
(3) they strictly act in a recessive manner (with no phenotypic effect in
heterozygotes); the HI method computes the allelic frequency (q) of a given
autosomal recessive disorder as:

g=[F(-Hp) /[(HI- 3 ¢)a-P] O

where HI is the HI of the subset (ie, the number of homozygotes over the total
number of patients) and g; is the relative frequency of the i disease allele
(with i=0,1,2,..,n —1,n). This formula makes use of the inverse correlation
between the prevalence of a recessive disease and the relative frequency of
homozygous patients to estimate the allelic frequency of the disease gene in a
population (the higher HI, the rarer the disease).

RESULTS

The mutational spectrum of the Sardinian WD patients included in
the study is summarized in Figure 1, which shows clearly that the
deletion —441/ —427 in the ATP7B gene is by far the most frequent
WD mutation in Sardinia (representing 66.5% of all the WD alleles),
followed by mutations V1146M and 2463delC (8.5% and 6.5%,
respectively). All the other mutations give a smaller contribution to
the mutational spectrum of WD in Sardinia, with six mutations with
relative frequency around 1-2% and 16 below 1% (for further details,
see Supplementary Table S4).

The inbreeding coefficient (F) and the HI (Figure 2) were
calculated in order to get an estimate of the allelic frequency (g) of
WD in Sardinia through the HI approach. The results of the analysis
are summarized in Table 1.

The F for the subset of 178 individuals with detailed information
on the geographical provenance of parents was basically computed
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Figure 1 Mutational spectrum of the ATP/B gene in the sample of WD
Sardinian patients included in the analysis (ie, patients with unambiguous
genotype and detailed geographical provenance of parents, N=178).
Only the mutations reported with relative frequencies >1% were considered
in the computation of g. *Other alleles with relative frequencies <1%
(for further details, see Supplementary Table S4).
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Figure 2 Proportions of homozygotes (HOM) versus compound heterozygotes
(CH) within the subset of WD patients with detailed geographical
provenance of parents (N=178).

Table 1 Allelic frequency (g) and resulting prevalence (P= g?)
computed for the WD sample through the HI method

Sample size F HI q P

1782 7.8x10°% 0.476 0.0191 1:2732

Abbreviations: HI, homozygosity index; WD, Wilson disease.
2Excluding individuals with generic or ambiguous information on the geographical origin of
parents within Sardinia.

relying on their distribution in the areas of Sardinia defined by
altitude (for further details, see Table 2 and Supplementary Table S2).
In Table 2, comparing the distribution of the affected individuals in
the sample and of the general Sardinian population at four different
levels of altitude, a clear bias is apparent in the relative frequency
of affected individuals, who were mostly resident in the most isolated
areas, that is, internal hills and mountains. Indeed, collectively they
account for >35% of the WD sample, while representing <25% of
the total Sardinian population.

DISCUSSION

This study provides new insights in the genetic epidemiology of WD
in Sardinia and confirms the accuracy and general applicability of the
HI approach to study the genetic epidemiology of autosomal recessive
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Table 2 Breakdown of the WD patients by altitude of residence and
comparison with the general Sardinian population (absolute counts
are first reported, with percentages in parentheses)

Ared® Patients sample® Sardinian population®
Plains 87 (48.88) 816442 (48.82)
Coastal hills 28 (15.73) 442291 (26.45)
Internal hills 48 (26.97) 351942 (21.04)
Mountains 15 (8.43) 61729 (3.69)
Total 178 (100) 1672404 (100)

Abbreviation: WD, Wilson disease.

aSee online Supplementary Information (Supplementary Table S1) for details on the definition
criteria of altitudinal areas.

bDetailed and unambiguous information on the geographical origins was available only for 178
patients.

COriginal data from Italian National Institute of Statistics.1®

disorders. The unique genetic history and population structure of the
island, characterized by persistent isolation, strong endogamy and
frequent consanguineous matings,'>!* have traditionally made
Sardinia very interesting for genetic studies. Furthermore, the
availability of detailed frequencies of consanguineous marriages
(for every degree of kinship) broken down into zones of altitude,
has made it possible to use precise estimates of inbreeding in
our sample.

Descriptive studies based on clinical diagnoses of WD have often
been suspected to be biased by underdiagnosis. This hypothesis was
confirmed by the results of a preliminary molecular screening in
Sardinia conducted on 5290 newborns for 4 consecutive months,
which reported a WD gene frequency of 1.92% and a resulting
prevalence of 1/2707 live births’ that is about 3—4 times higher than
previously estimated. In this study, by including only WD patients
with both clinical and molecular diagnosis, and with detailed
information on their geographical provenance (ie, birthplace of both
parents), we were able to compute F for the sample in an acceptably
accurate manner (for further details, see online Supplementary
Information). This allowed us to optimize the computations through
the HI method, which yields a g=1.91% and a P=1:2732 (Table 1),
a result highly consistent with the data reported by Zappu et al.”

The high frequency, the expected prevention by preclinical
diagnosis and early treatment of the devastating effect on the nervous
system and liver tissue, make WD in Sardinia a model example for
other autosomal recessive disorders, which can be prevented by
newborn screening once their social impact is established by well
established methods of genetic epidemiology.

In a previous work, we tested the HI method on different samples
of patients affected with two other autosomal recessive disorders,
namely FMF and PKU, born either to first cousins or to unrelated
parents.!? This study represents an even stronger confirmation of the
validity of the HI method for two reasons. First because the results
could be compared with data from a preliminary neonatal molecular
screening. Second because the method was tested on a larger group of
patients with a very well-established F whose parents were known to
be consanguineous in only three cases. In fact the real stumbling block
in the application of the HI method is the calculation of F especially
when a sample of children of apparently unrelated parents is analyzed.
The calculation of F in the general control population was already the
main problem when only the demographic approach based on
consanguinity was possible to study the genetic epidemiology of
autosomal recessive disorders!®1® and before the molecular analysis
of mutations became a routine practice in diagnostics. This problem
was bypassed in Italy by the availability of a reliable source of
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frequencies of consanguineous marriages in the general control
population.!* Today the widespread use of the molecular genetic
analysis of causative mutations to confirm clinical diagnoses has
considerably improved the possibility of using the consanguinity
approach through the HI method which, as shown in this paper, has
become reliable, accurate and inexpensive. The argument used against
this conclusion is that the calculation of F is problematic because of
lack of data on the inbreeding necessary to calculate F for apparently
unrelated parents of patients (o for the general population). This is
certainly true if the number of well defined consanguineous marriages
(eg, among first and second cousins) in the sample of patients’
parents is scanty. However, we have shown in our previous study'®
that only 25 of such consanguineous marriages are needed to apply
the HI method in an effective manner. This is therefore no longer a
stumbling block when studying the populations of the so-called
‘consanguinity belt’ (1.2 billion people) where the frequency of
consanguineous martriages can run up to 30-50%.!° Using even
small patient samples from these populations, the HI method can
then be applied effectively to investigate which autosomal recessive
disorders are most frequent and to establish priorities for screening
and intervention policies, as in the case of WD in Sardinia. This is not
a trivial result for communities where autosomal recessive ‘rare’
disorders can be not so rare and have a strong social impact.

Eventually, the question remains whether the HI method can be
used efficiently in non-inbred populations where consanguineous
marriages are becoming rarer and rarer. The first answer to this
question is that it is always possible to select from data collected by
large international Consortia studying specific autosomal recessive
disorders a small sample of patients born to consanguineous parents
who can provide a reliable estimate of F. This selection does not
introduce any bias in the final calculation of g, which is not
dependent on being calculated from patients born to consanguineous
or unrelated parents. The second answer will come from the
availability of high-density genome scans, which today make it
possible to estimate individual autozygosity from data on runs of
homozygosity (ROHs). Termed F(roh), this estimate is defined as the
proportion of the autosomal genome in runs of homozygosity above
a specified length.? Approaches such as this will provide a more
useful definition of F than has hitherto been possible and will
certainly make the HI method more applicable in non-inbred
populations.

At a time when the technology available for genetic analysis is
rapidly evolving, consanguinity studies, once based essentially on
demography and classical population genetics,'*?! are making a
strong come-back in human and medical genetics. This happens
not only because the characterization of well-defined phenotypes in
consanguineous families makes gene discovery for autosomal recessive
disorders much easier,2? but also because of the increasing possibilities
of preventing autosomal recessive disorders in populations living in
the ‘consanguinity belt.!® Immigrants from such populations
represent nowadays an important component of many European
societies and a rapid reduction in the preference for consanguineous
unions by first- and second-generation immigrant families currently
appears improbable.” To this end, international collaborations
between population-rich and resource-rich countries have to be
developed to contribute to the understanding of human disease-
associated genetic variation, as envisaged for the Mediterranean sea
basin.??

In this context, the HI method offers the advantage over traditional
descriptive epidemiology studies of generating community-specific
epidemiological estimates free of underdiagnosis bias utilizing data



already available, that is, mutational records and pedigree informa-
tion, with no need to gather very large samples or additional
mutation data from unaffected control individuals.
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