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Alkaptonuria (AKU) is a rare inherited disease caused by defects of the enzyme
homogentisic acid dioxygenase, resulting in the accumulation of homogentisic acid
in the body and its excretion in the urine. Its polymer, a yellow-black ochronotic
pigment, deposits in cartilage and connective tissue, especially in the skin, visceral
organs, eyes and ears causing their pigmentation (ochronosis). From the clinical
point of view, the most serious pigmentation is in joints, causing ochronotic arthrop-
athy which usually results in severe disability. It is a degenerative process that pri-
marily affects the spine (causing calcification of intervertebral discs) as well as
large joints (Rovensky and Urbanek 2003).

In the catalogue of inherited diseases “Mendelian Inheritance in Man” (MIM),
the code for AKU is MIM 203 500 (www.ncbi.nlm.nih.gov/omim/). From the his-
torical point of view, it was the first inherited disease in man, which Sir Archibald
Garrod identified as following Mendelian inheritance determined by a simple reces-
sive factor (Garrod 1902). He ranked it among those inherited metabolic disorders
caused by the defect of a specific enzyme in spite of the fact that he did not know its
molecular nature at that time. AKU is a monogenic disease with autosomal reces-
sive inheritance, i.e. it is determined by one gene that is located on some of the
homologous chromosomes of man — autosomes (chromosomes 1-22). In a classical
case of this type of inheritance, both parents are usually healthy, but they are carriers
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of a pathological allele (healthy carriers — heterozygotes); the risk of children who
are recessive homozygotes is 25 % and they will suffer from the disease. Fifty per-
cent of children are healthy, but they are carriers of the pathological allele and 25 %
of children are healthy and they are not carriers. In the case of a marriage between
a patient with AKU and a healthy carrier, the risk of affected children increases to
50 %. The first mathematical-statistical proof of autosomal recessive inheritance of
AKU was provided by Hogben et al. in 1932 (Hogben et al. 1932).

In 1958, La Du with his co-workers (La Du et al. 1958) found out that the bio-
chemical principle of AKU is based on the absence of biological activity of the
enzyme homogentisate 1,2-dioxygenase (HGD) in the liver, thus confirming the
original assumption of Garrod that it is a metabolic disorder. HGD (MIM 607 474,
older term HGO) is the enzyme that participates in the catabolism of phenylalanine
and tyrosine (EC 1.13.11.5). Its molecular weight is 50 kDa and it consists of 445
amino acids. It is specific for homogentisic acid and it does not oxidize similar sub-
stances like gentisic acid or phenylacetic acid (Schmidt et al. 1997). The gene that
codes for the enzyme HGD was cloned in 1996 (Granadino et al. 1997), starting the
era of study of AKU molecular genetics. Currently we know that the HGD gene is
a single-copy gene (Fernandez-Canon et al. 1996; Granadino et al. 1997). It consists
of 14 exons (coding parts of the gene) and 13 introns (non-coding parts of the gene).
The complete length of nucleotide sequence is 54,363 bp (base pairs), whilst the
coding part of the gene represents only 3 % of its length (1,715 bp). The length of
exons ranges from 35 to 360 bp (Genbank sequence NM 000187.2). Repetitive ele-
ments represent approximately 26 % of the gene sequence. HGD gene expression is
tissue specific; it is found especially in the liver and kidney, with a much lower
expression in the small and large intestine, prostate and brain (Fernandez-Canon
et al. 1996). Increased activity in the liver and kidney is attributed to the metabolic
activity of these organs. In the brain, HGD probably participates in the degradation
of amino acids derived from neurotransmitters which often contain aromatic amino
acids. In other studied tissues like blood, germinal epithelium, muscles and salivary
glands, significant activity of the enzyme was not found (La Du 1989). In 1994, the
HGD gene was localized on the long arm of chromosome 3 in man (3q). In the next
years, its localization on chromosome 3 was specified more precisely to 3q13.33
using polymerase chain reaction (PCR) and fluorescence in situ hybridization
(Fernandez-Canon et al. 1996).

Molecular genetic studies in AKU brought the surprising finding that the HGD
enzyme defect is not caused by only one mutation as it was originally anticipated,
but by several mutations that are localized in coding as well as in non-coding parts
of HGD gene. The first proof that enzymatic loss in AKU is caused by a mutation
within the HGD gene was presented by Fernandez-Canon et al. 1996 in a Spanish
population. In 2000, in a set of more than 100 patients coming from several coun-
tries worldwide, more than 40 various mutations causing AKU were identified
(Beltran-Valero de Bernabé et al. 1999; Porfirio et al. 2000; Zat'’kov4 et al. 2000a, b, ¢).
More recently at least 116 mutations and 33 HGD polymorphisms have been
encountered (Introne et al. 2009; Grasko et al. 2009; Abdulrazzaq et al. 2009; Oexle
et al. 2008; Zatkova et al. 2000a, b, c¢; Zatkova 2011; Sakthivel et al. 2014).
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Fig. 7.1 Distribution of AKU mutations in the HGD gene (Zatkova 2011). /-14 exons, Kb kilo-
base. Variants [IVS9-56G>A** and IVS9-17G>A** were published as mutations, but (Vilboux et al.
2009) reported that they are most likely benign variants. Mutations G115fs* and V157fs* are
caused by genomic deletions which are predicted to cause exon 6 and 8 skipping, respectively, thus
leading to frameshift and preliminary stop of translation (Zatkova 2011)

AKU-causing mutations are distributed throughout the entire HGD gene with a
somewhat higher prevalence in exons 6, 8, 10 and 13 (Fig. 7.1). Missense mutations
are the most numerous with 77/115 (66.37 %), followed by an equal number of
small deletions and insertions causing frameshift and splicing mutations, each in
14/115 (12.2 %), and then nonsense mutations in 7/115 (6 %). The 23 most frequent
mutations are present in 361 out of 496 (72.8 %) AKU chromosomes observed
worldwide (Zatkovéa 2011). There are about 30 AKU chromosomes reported in
which no HGD mutation was identified (Aquaron et al. 2009; Beltran-Valero de
Bernabé et al. 1998; Ladjouze-Rezig et al. 2006; Mannoni et al. 2004; Muller et al.
1999; Phornphutkul et al. 2002; Vilboux et al. 2009). These chromosomes might
carry deep intronic mutations affecting splicing that could not have been identified
when only exons with short neighbouring intronic parts were analysed in the
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patients. They might carry mutations in the promotor region or in other cis regula-
tory sequences that also have not been captured using classic mutation detection
methods. The most frequent mutation in Europe representing about 20 % of the
mutations is Met368Val (replacement of methionine by valine at position 368),
whilst in the Dominican Republic it is Cysl20Trp and in Slovakia it is
IVS2+1G— A. No typical pattern was found in the USA. It has to be noted that the
majority of mutations are rare, and they are characteristic for a certain location or
family (www.cib.csic.es/~akudb/index.htm). Beltrdn-Valero de Bernabé et al.
(1998) showed in 1998 that patients from different countries who shared the same
mutations — M368V, V300G or P230S — also shared the same haplotype.
Alternatively, haplotypes differed among these patients only in regions distal to the
mutation position; thus, the differences could be explained by recombination events.
The authors concluded these were most likely old mutations introduced to Europe
with the founder populations, and they have spread throughout Western Europe
along with different migrations. The “CCC” sequence motif and its inverted com-
plement, “GGG”, are preferentially mutated (Beltrdn-Valero de Bernabé et al.
1999). Subsequently, nucleotide ¢.342+ 1 G was also described as a mutational hot
spot in HGD (Zat'kova et al. 2000a, b, c). Although most of the mutant enzymes
showed a complete lack or very low levels of enzyme activity, five mutations led to
specific activity that was 22-37 % of the wild type (E42A, Y62C, A122D, D153G
and M368V). So far, no apparent correlation between the type of mutation and
excretion of homogentisic acid in urine or severity of the disease has been found
(Phornphutkul et al. 2002; Goicoechea et al. 2002; Uyguner et al. 2003; Ladjouze-
Rezig et al. 2006; Zat'’kovd 2011). As a consequence of the large number of muta-
tions, patients with AKU can have two different mutations on a given locus, i.e. he/
she is a heterozygote. As both alleles are not functional, such a condition is called
compound heterozygous. It means that a patient with AKU is not always a recessive
homozygote as it is understood according to the original classical conception of the
genetic determination of this disease.

In Slovakia, within the rather relatively small population of 5.5 million, 208
patients have been registered (SrSeii et al. 2002) and a total of 12 different HGD muta-
tions have been established, revealing a remarkable allele heterogeneity of AKU in
this country. An allelic association was performed for 11 HGD intragenic polymor-
phisms in a total of 69 AKU chromosomes from 32 Slovak pedigrees. These were
then compared to the HGD haplotypes of all AKU chromosomes carrying identical
mutations characterized thus far in non-Slovak patients in order to study the possible
origin of these mutations (Zatkovd 2011). Based on the analysis and comparison of
haplotypes, two groups of HGD mutations were observed in Slovakia. To the first
group belong mutations P230S, V300G, S591s (R58fs), M368V and IVS1-1 G>A,
which account for 17.3 % of the Slovak AKU chromosomes and thus provide a mar-
ginal contribution to the AKU gene pool in this country. The most frequent European
mutation, M368YV, is present in one copy in only two unrelated Slovak families.
Mutations of this group are shared by different populations and have most likely been
introduced into Slovakia by the founder populations that spread throughout Europe
(Zafkova et al. 2000a, b, c). The second group consists of the remaining seven
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mutations established in 82.7 % of Slovak patients. These include the most prevalent
G161R (44.2 %), D153fs (G152fs) (14.4 %), H371fs (P370fs) (11.5 %) and G270R
(7.7 %), as well as IVS5+1 G> A present on three AKU chromosomes and the S47L
and E178G mutations observed each in only one patient. It is likely that mutations
from this second group originated in Slovakia. The distribution of the identified muta-
tions within Slovak territory is also interesting. As previously reported, examination
of the geographical origin of Slovak AKU mutations shows remarkable clustering in
a small area in northwest Slovakia, with these mutations most likely originating in this
area and spreading into other regions after the breakdown of genetic isolates in the
1950s (Zatkova et al. 20004a, b, ¢). As the combined sequence and haplotype analysis
shows, 7 of the 12 AKU mutations (58.3 %) that most likely originated in Slovakia are
associated with hypermutated sequences in the HGD, whilst worldwide it is 40/115
(34.8 %). Therefore, it is possible that an increased mutation rate in the HGD gene in
a small geographical region is responsible for the high genetic heterogeneity in Slovak
AKU (Zatkov4 et al. 2000a, b, c). However, it remains unclear which mechanism
acted specifically on the HGD gene to increase its mutation rate, since similar targets
are also present in other genes without evident elevated gene frequency in Slovakia
(Srdent et al. 2002; Zat'’kova et al. 2000a, b, ¢). The increased number of mutations
could also be the result of random accumulation of mutations in the region. It has been
suggested that the Valachian colonization during the fourteenth to seventeenth centu-
ries may also have played a role in the increased prevalence of AKU in Slovakia
(Sr3eti et al. 2002; Zat’kova et al. 2000a, b, c). The preservation of the most prevalent
AKU variants, which either arose in Slovakia or were brought there, may be the result
of a founder effect and genetic drift, due to the geographic isolation of villages in
northwest Slovakia.

AKU belongs to rare diseases from the point of population genetics. Only slightly
over 1,000 cases have been reported in the literature. The worldwide prevalence of
AKU is not precisely known; it is estimated to be 1:250,000-1,000,000 (Beighton et al.
1993). However, it has got wide ethnic and geographic distribution. Its occurrence has
been reported in various populations in Europe, America and Asia, i.e. this disease is
not restricted to a certain race, but it affects individuals of various ethnic groups. It is
interesting that AKU occurrence was not observed in the Gypsy ethnic group in
Slovakia. Findings of typical ochronotic spondylosis in Egyptian mummies dated
about 1500 B.C. suggest its occurrence in the ancient past (Beighton et al. 1993). The
highest worldwide incidence of AKU is found in the Dominican Republic and Slovakia.
For example, overall 149 patients were registered in Slovakia in the 1980s. A 6-year
screening of the newborn population in Slovakia (417,122 newborns who survived the
first 4 weeks of life) revealed about 1:19,000 incidence (SrSeni 1984). In certain regions
of Slovakia, the disease incidence was up to ten times higher. These regions developed
for a long time (until World War II) as genetic isolates, e.g. Kysuce, Orava and sur-
roundings of Trenc¢in and Horehronie — the inbreeding coefficient (F) ranged from
0.003 to 0.029 (Srsent 1984). The higher AKU incidence in these regions is probably a
consequence of their long-term geographic isolation and endogamy, in addition to such
genetic factors like genetic drift and founder effect. Break-up of isolates after World
War II resulted in the gradual decrease of AKU incidence in Slovakia. On the basis of
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genetic population analyses, the frequency of gene/allele for AKU in Slovakia was
estimated to be 0.7 % — g=0.007 (SrSent 1984). This value is relatively high, but in
contrast to AKU frequency, it will not be significantly affected by break-up of isolates.
On its basis, it is possible to perform certain genetic estimates that are not accurate with
regard to several factors, which have to be taken into account in population analyses.
However, they enable us to obtain several data of orientation value that can be useful
from a practical point of view. On the basis of these estimates, there could be more than
250 patients with AKU in the whole current population of Slovakia (about 5.5 million
citizens). The frequency of heterozygotes, i.e. healthy carriers of the pathological
allele, would be approximately 14 persons per 1,000, and two matrimonies out of
10,000 would carry the risk of 25 % of two healthy heterozygotes having children with
AKU. It has to be emphasized that in the case of consanguineous marriages or marriage
of the people who come from the above-mentioned endogamous locations, the risk of
AKU incidence in children is even higher. These data demonstrate that AKU problems
and of course subsequent ochronosis and ochronotic arthropathy are topical in the
Slovak population even nowadays and attention has to be paid to this disease.

With regard to the aforementioned frequent incidence of AKU in the Slovak popu-
lation, it has been the subject of long-term research. Four institutions in Slovakia were
devoted to its study — National Institute of Rheumatic Diseases in Piestany, Institute
of Clinical Genetics of Jessenius Medical Faculty of Comenius University in Martin,
Institute of Molecular Physiology and Genetics of Slovak Academy of Sciences in
Bratislava and Faculty of Natural Sciences of Comenius University in Bratislava. The
following years are important from the historical point of view:

e 1947 — The first reported case of AKU and ochronosis in Slovak population
(Sitaj 1947).

e 1956 — The first monograph on AKU in world literature was published in
Slovakia (Sitaj et al. 1956).

e 1950-1960 — There were 182 cases of AKU found in Slovak population (four
million citizens). The patients came from 28 families. It was the largest group of
patients worldwide (Cervetiansky et al. 1959).

* 1966 — Hiittl et al. described inclusions of ochronotic pigment in the cytoplasm
of synovial fluid cells (Hiittl et al. 1966).

* 1974-1984 — Large population studies were performed in Slovakia. Their results
are summarized in the second monograph on AKU (SrSent 1984).

e 1980-1981 — An analysis of 90 families with AKU occurrence confirmed an
autosomal recessive type of inheritance in Slovak population (Kaprélik and
Srient 1980).

e 1993-1994 — AKU gene was localized on the long arm of chromosome 3 in humans
(39). Slovak authors also contributed to this discovery (Janocha et al. 1994).

e 1994-2000 — Molecular characterization of mutations in HGD gene in Slovak
population (Zat'’kovd et al. 1999, 2000a, b, c).

Advances in the field of AKU molecular genetics contributed not only to a better
understanding of the disease etiopathogenesis, but they were also significant from a
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practical point of view as they enabled disease diagnostics at DNA (gene) level
which gives a high-quality definitive diagnosis. DNA analysis can be used for iden-
tifying healthy carriers of the pathological allele (heterozygotes), which was not
possible by biochemical methods. This knowledge can be used in genetic counsel-
ling. Knowledge of the molecular-genetic basis of AKU is very promising for the
development of new approaches to the therapy of this disease which is currently
aimed at symptomatic treatment of some complications and is not always effective.
Two options of causal therapy are possibilities — substitute administration of HGD
enzyme and gene therapy at the level of the somatic cell. Direct administration of
the enzyme faces several problems, especially its localization in the liver, but also
the route, the dose and the period and interval of administration. The most conve-
nient option would be the application of the so-called recombinant enzyme. An
example of such replacement enzymatic therapy is Gaucher’s disease. Somatic gene
therapy currently moves from animal studies to clinical trials in humans, e.g. in
phenylketonuria. The normal functional gene is given to the patients using a suitable
vector. According to current knowledge and experience with gene therapy, it is suf-
ficient to achieve 5 % expressivity of the gene in order to yield its curative effect.
Such an approach is supported by the recent results of a liver transplantation in an
AKU patient in whom the progression of clinical and radiological changes was
stopped, because hepatocytes of the transplanted liver had a functional HGD gene
(Kobak et al. 2005). Gene therapy is a great hope for AKU patients because we still
cannot treat this disease, which often causes disability and considerable suffering.
Several other treatment strategies have also been suggested for AKU including
nitisinone, the triketone herbicide, which inhibits the 4-hydroxyphenylpyruvate
dioxygenase enzyme that produces HGA (Suwannarat et al. 2005).
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