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Introduction

Diseases that affect fewer than 1/2000 individuas referred to as rare; those with a
prevalence lower than 1/50 000 are referred tdtes-rare. Increasing attention is devoted to this
group of patients for several reasons: 1. The métiog of a rare disease and confirmatory
molecular/biochemical tests may take years duadk of knowledge of physicians, limited or no
access to certain diagnostic tests, and confusatigr routes. 2. Numerous rare diseases are
rapidly fatal or devastating, and a considerabte raf affected individuals die before even
receiving a proper diagnosis. 3. For 95% of rareeaes, no approved cure or definitive
treatment exists. Quintessentially disabling, thagmts’ quality of life is affected by the lack or
loss of autonomy due to the chronic, progressiegiederative, and frequently life-threatening
aspects of their condition.

To date, approximately 7000 rare diseases are krotlie number of patients in Hungary
is estimated to 50 000 citizens.

The focus of the present dissertation is the disignand management of rare diseases
with known or suspected genetic origin. Applying factual, one-by-one evaluation and
classification of patients seeking medical helphat Clinical Genetics Center in the Inst. of
Pediatrics, University of Debrecen in a 5 ¥ yeaglperiod, the author presents the results of a
diagnostic work dedicated to patients sufferingrfroare genetic syndromes. Some extremely
rare conditions are reported, two of which withagssting malformations first described in the
literature. Reasons for success and shortcomirggdiscussed, further steps and future goals are

delineated.



Review of the literature

Prevalence of rare diseases and their significanoe health care

80% of rare diseases are genetic of origin, and 80%enetic disorders are rare. The
remaining 20% are caused by infections, environalediamage, or are immunological,
degenerative and proliferative by natulrgcreasing evidence supports the major role oketien
predisposition in this group of diseases, too. Rigeases are characterized by a broad diversity
of symptoms that vary not only from disease to agebut also from patient to patient affected
by the same disease. Because these diseasesdiverse and complex, there are inherent gaps
that exist in patient care and physician resouteasling to misdiagnosis and delay in treatment.

The significance of rare diseases is especiallir imgthe pediatric population as 50% of
rare diseases touch children, presenting ofteniréis deefects or multiple congenital anomalies.
20-30% of all neonatal deaths and 30-50% of postiatl deaths are due to genetic disorders,
and up to 71% of inpatient hospital admissions fare children with a genetic defect -
representing an 81% share of the total health dzagges.

The majority of genetic disorders display mentdaamgation as a primary feature, thus
further increasing the burden of these conditidifse prevalence of mental retardation in the
population is 1-3%, that of multiple congenital avadies is 2-3%.

Due to steady improvements in general health caay rare disease patients now
survive into adulthood and require medical help @hronic, age-related and associating

symptoms in addition to the primary genetic defect.



Causes of birth defects

The causes of birth defects are many and complegoring to Turnpenny and Ellard,
chromosomal anomalies visible by G-banding accdantan approximate 6% of congenital
disorders (including Down syndrome representing bélthe cases), an additional 10-14% is
caused by submicroscopic copy number changes. Aicgprto a more recent report,
chromosome abnormalities can be detected in onevery 10 investigated patients with
developmental delay. Mendelian disorders represeather 7.5%, and environmental causes can
be identified in 5- 10% of cases. In 20-30%, thdarlying genetic cause is multifactorial, and
we have no exact data on the prevalence of UPpéoental disomy) and imprinting defects in
the genetically ill population. In an estimated 88% of cases the genetic cause remains
unknown.

In Hungary, the total birth prevalence of all idethmajor congenital anomalies is about

600/1d.

Dysmorphologyand syndromology - history and general perspectives

Due to their low prevalence, the diagnosis of diseases is often extremely difficult, pricy and
time-consuming. In the past 10-15 years, the adeémgenome-wide studies, the use of array-
based molecular cytogenetics on a routine diagndsisis and the increasingly widespread
application of ,panel-testing” with next generatisequencing as well as of whole exome (WES)
and whole genome sequencing (WGS) have fundamegrthfinged today’s genetics, largely
contributing to the identification of new genesyndromes previously of unknown origin, of the
recognition of new syndromes and of the better tstdeding of genotype-phenotype
correlations. The tremendous amount of informatibtained by these tests, however, require a

whole new approach and refined interpretation ofegje results. Choosing the right method with
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the highest possible diagnostic yield and the ldywessible cost in a given case demands precise
phenotyping, accurate evaluation of morphological &unctional symptoms, identification and
characterization of dysmorphic signs on a level enadvanced than ever befordNext
generation sequencing requires next generation ptypmg” says the title of a recent paper of
one of today’s most acknowledged syndromologistsf. Raoul Hennekam. For this, a profound
knowledge in several fields of medicine (embryologymatomy, endocrinology, neurology,
psychiatry) is needed.

The science of syndromology is therefore a moreaaded application of dysmorphology, where
the right combination and correct identificationsignal signs result in the identification of the
right syndrome, which then, of course, has to lm¢u with appropriate genetic tests. According
to the definition of Seemanovasyndromology is a diagnostic method based on tladyais of
phenotypic features, by which seemingly separatggyms that mark a common etiology can be
identified, the differential diagnostic spectrumncae narrowed and the true diagnosis is

delineated”.

Structure and strategy of the laboratory diagnosif rare diseases

Given the rarity of most conditions, confirmatogpbratory tests are centralized all over
the world to ensure expertise and cost-effectiveiesesting. No single lab can afford to set the
diagnostic tests of all known genetic disordersgather knowledge over all of them - each

develops a spectrum of diseases they test for.

Objectives

The aim of my work was to:



Provide precise clinical and genetic diagnosisaohepatient attending to the outpatient
clinic of the Clinical Genetics Center of the Inst Pediatrics, University of Debrecen.
Provide genetic counseling for families, includigk-assessment and prenatal diagnosis
where possible.

Follow-up patients, learn about their developmezifble and after the diagnosis, delineate
realistic goals with respect to their conditiorferehem for habilitation and rehabilitation,
initiate treatment where possible.

Based on the experiences gained from the diagnastity of genetic tests, it seemed
necessary to develop an algorithm for the diagoestinagement of rare genetic diseases,
based on international standards but adapted tdirttied resources of the Hungarian
health care system.

Finally, an important goal was to define in whabgortion of patients referred to our
clinical genetics center a genetic abnormality/@iszase could be proved, which group
of genetic origin they represented and in whatorativhether the distribution of our
diagnoses reflect the international prevalence datd whether the strict policy and
limited resources of the Hungarian health careesydtcilitate or hinder the diagnosis of
rare and extremely rare diseases. We also aimeubitd out what means would be

urgently necessary to step forward in the critisalie of rare diseases.

Materials and methods

Patients and classification system

Data of patients seeking medical help in the genetitpatient office of the Clinical

Genetics Center, Institute of Pediatrics, Medicatl aHealth Science Center, University of

Debrecen, were assessed in the time interval oustu@l. 2007- March 31. 2013., a 5 %2 year
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long period. Data were collected by the Dept. ofiddd Documentation and Financing and
offered for further processing. An overall 6136itgisvere recorded in the above time interval,
out of which 5432 were handled by the author, regméng 2049 patients. Anamnestic data,
status, presumed or proved diagnosis and suggéstibeér diagnostic tests were assessed and
patients were categorized into one of the 10 caiegdased on the genetic mechanism of their
condition: 1. Chromosomal, visible by G-banding, 2. Gains or lossesof genetic material
detected withfluorescent in situ hybridisation (common microdeletion syndromes, cases with
small supernumerary marker chromosomes, certaiesca$ mosaicism)3. Chromosomal
submicroscopicimbalances detected wittomparative genomic hybridization 4. Mendelian
disorders, 5. Uniparental disomies and methylation defects6. Mitochondrial diseases 7.
Polygenic/Multifactorial , 8. Phenotypically diagnosed but not molecularly preed patients,

9. Patients withinfertility , 10. Unclarified conditions with presumably genetic origin.

Patient data are displayed in corresponding tablesunique cases from each group are
described in details. Informed consent from pareras obtained to perform genetic tests and use

photo material.

The author wishes to remark that access to CGHohar possible only in the past two
years in a foreign laboratory, and several molectgats for monogenic diseases have been
available in Western-European countries only. Bettjuire application for cost-coverage from

the National Health Insurance Fund on an individaais with an average lead time of 3 months.

Technical methods used for diagnosing a syndromearg disease were: G-banded
karyotyping (evaluated by Dr. Erzsébet Balogh, iCdh Genetics Center, University of

Debrecen), region-specific, multicolor and subtedoin FISH (performed by Dr. Anikd Ujfalusi



and Dr. Gabriella P. Szabg, Clinical Genetics Cerdaiversity of Debrecen), DNA sequencing
(performed by Beata Bessenyei - Clinical Genetiesit€r, University of Debrecen, Dr. Istvan
Balogh - Inst. of Laboratory Medicine, Dr. Noémol&ar, Dr. Judit Bene and Dr. Katalin
Komldsi — Inst. of Genetics, University of Pécsddoreign laboratories), CGH (performed by
Dr. Alida C. Knegt, Academisch Medisch Centrum Aendam), Southern-blot (performed by
Beéata Bessenyei, Clinical Genetics Center, Unitseisi Debrecen) , methylation sensitive PCR
(performed by Beéata Bessenyei- Clinical Geneticst€re University of Debrecen and Dr. Petra
Zeitlhofer, Medgen At. Wienna on postnatal and \beronika Karcagi - Inst. of Environmental
Health, Budapest on prenatal samples), DNA micedigat marker analysis (performed by Dr.
Marta R. Czako- Inst. of Genetics, University ofc®éand biochemical assays in metabolic
disorders (performed by Dr. Eszter Karg and Dr.eRerPapp — University of Szeged, and
foreign laboratories). Given the large heterogeneitthe conditions and of their genetic cause
included in the present work, the description & thsting of each and every disorder is not

provided here.

Morphological evaluation of patients(performed by the author)

Morphological evaluation and description of pateemtas performed using terms of the
Elements of Morphology series, based on the comsem$ the world’s leading experts
Syndrome identification was pursued using the it sources: Orphanet - The portal for rare
diseseases and orphan drugs; Winter-Baraitser Dydmolgy Database and Baraitser-Winter
Neurogenetics Database as part of the London MeDiatabases; D.W. Smith & Kenneth L.
Jones: Smith’s Recognizable Patterns of Human Maltions; R.C.M. Hennekam, I.D. Krantz,

J.E. Allanson: Gorlin’'s Syndromes of the Head anecly H.R. Wiedemann, J. Kunze, H.



Dibbern: Atlas of Clinical Syndromes — a Visual AmDiagnosis; and A.Schinzel: Catalogue of

Unbalanced Chromosome Aberrations in Man.

Hidden aberrations in patients were sought with ithelvement of professionals from
other subspecialties. Particularly important waairbiMRI in cases with unexplained mental
retardation, performed by Dr. Ervin Berényi, Dept. Biomedical Laboratory and Imaging

Science. Consultation with foreign experts werdquared in the most challenging cases.

Currently used diagnostic protocol

In general, we applied the following diagnostic tpowml: After a careful record of anamnestic
data, survey of the pedigree and exclusion of ageatic or intrapartum origin, all patients with
any degree of mental retardation (+/- major congémanomalies) were undertakehromosome
testing.In addition,FMR-1 molecular biological analysis was requested inengatients if the
phenotype and/or the pedigree suggested so. Husgicion of a known microdeletion syndrome
was raised, region specifidSH was applied — even as a first-tier test priordoyktyping if the
diagnostic clue was strong. All patients with urnekped mental retardation and normal
karyotype were undertakdmain MRIlimagingto reveal anatomical anomalies that may suggest a
specific genetic origin. Patients with multiple gemital anomalies and at least moderate mental
retardation were tested fosubtelomeric chromosomal rearrangemeniddajor and minor
congenital as well as functional anomalies wereipedy characterized and objectivized by X-
rays, ophthalmological, orthopedic, cardiologicahrthodontic, oto-rhyno-laryngological
examinations, auditory screening. The type andeskegf intellectual disability and behavioural
problems were assessed by neurodevelopmental ex@erl psychiatrists, neurological

disturbances were described by neurologists andtrefEhysiology experts. For suspected

10



metabolic disordergandem mass spectromefor the available 26 metabolites were repeated, if
negative, other specific tests were requested.dWdodrial and storage diseases were attempted
to be proved fromtissue biopsiegmuscle, liver, bone-marrow, skin), and if the diimgs
supported the original suspicion, the correspondoigchemical or molecular tests were
requested. If any features suggested a mendeaBardér, molecular genetic test ofiagle gene

or next generation sequencimg all known responsible genes were requesteddégss of their
availability in Hungary, applying for individual sbcoverage if necessary to a foreign laboratory.
If the underlying genetic condition remained unknogyndrome feature searcliterature check,
consultation with home or foreign experts followadd further tests were performed according
to their suggestions. For consultations, photo aido-material subtitled in English, case
histories, electronic imaging studies were sumneakitf the patient did not have a chromosomal
anomaly visible by G-banding, did not fit into metien disorders, mitochondrial or metabolic
diseasearray CGHwas performed in a foreign laboratory often as $&sp. This protocol was
consistent with the guideline of Shevell et al. 200ut contradicted some most recent others that
suggest CGH to be the first-tier test. Neverthelasa certain extent we had to compromise with

national possibilities.

Results

Chromosomal abnormalities detected by G-banding

220/2049 patients (10.7%) were proved to have ansbsomal abnormality, 188 (85.4%)
of them having numerical or structural aberratioighe autosomes (chromosomes 1-22), 31
(14.1%) had abnormalities of the gonosomes (chromes X and Y), and one (0.5%) had both

105 patients had Down syndrome (5.1% of the totehler of patients and nearly half of all
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chromosome aberrations) — 95 were free trisomyfi2é,patients had a mosaic form, and five
patients carried an apparently balanced transtotati addition to the extra chromosome 21.
Down-syndrome is the only chromosomal abnormaligit does not count as a rare disease, given
its 1/1000 prevalence. Trisomy 13 was diagnosexhapatient, full trisomy 18 was diagnosed in
one patient, and in mosaic form in a further patie28 patients were clinically healthy
individuals carrying balanced reciprocal (robertaonincluded) chromosomal translocations,
seven were apparently balanced reciprocal transbocacarriers with abnormal phenotype,
suggesting submicroscopic gains or losses along btleakpoints. The elucidation of the
underlying genetic cause in this group of patieetyuires the application of CGH. Large (>10
Mb) deletions were seen in 16 patients, two outtleése had it in a mosaic form.
Duplications/partial trisomies were detected ingatients. All patients with duplications and
deletions presented with intellectual deficit andultiple congenital anomalies. Ring
chromosomes were detected in two patients (chromesolO and 21), pericentric inversions
(one breakpoint on the short arm and one on thg &m, possibly disturbing crossing over and
recombination in the offspring) were shown in twimically healthy individuals (one of them
produced an unbalanced offspring). Chromosomalklagea was found in one patient having
Dubowitz syndrome. A small supernumerary markepgiosome was seen in nine cases, their
origins were identified by Prof. Thomas Liehr (Umkkum Jena, Germany) using molecular
cytogenetics, excepted two cases. Complex autos@mamalies (deletion and duplication

together) were seen in one case.

Gonosomal aneuploidies accounted for 14.1% (31/220all chromosomal anomalies,
1,5% of all patients. 45,X Turner syndrome was tbum eight patients, two had trisomy X

(47,XXX). In four patients 45,X/47,XXX/46,XX mosagm, in two 47,XXX/46XX, and in
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another one 47,XXX/45,X was detected. Deletionhe short arm of the X chromosome was
found in one patient. 47,XXY Klinefelter syndrome $ix, 47,XXY/46,XY mosaicism in one
patient. Klinefelter variants with 48, XXXY and 49XXY karyotype were identified in one
patient each. A double Y (47,XYY) was detectedofire patient. 46,XY gonadal dysgenesis with
female external genitalia was proved in two caseembined autosomal and gonosomal

aneuploidy was present in one patient.

Gains or losses of genetic material detected withubrescent in situ hybridization

Positive FISH results were obtained in 62 casedtOrof them (2% of all patients), G-
banded karyotyping provided no diagnostic clue floe underlying problem, hence FISH
provided a diagnosis alone. In 22 cases, G-bandgeglotyping indicated the presence of
derivative or small supernumerary marker chromosomer suggested mosaicism, but
chromosomal origin and true percentage ratio caully be identified by FISH. In the latter
group, karyotyping and FISH were both needed tockemie a diagnosis. (To avoid double-

counting patients, they were listed in the chromasiogroup only).

Using the probes our laboratory possesses, thewimly microdeletion syndromes were
detected: 1p36 deletion syndrome (2 cases), 30@%\{Btelomeric deletion syndrome, 1 case)
4p16.3 (Wolf-Hirschhorn syndrome — 3 cases), 5pX&83-du-chat syndrome — 1 case, and 2
further cases visible by G-banding), 5935 (Sotowleyme — 0 case, 1 case proved with MLPA),
7p11.2 (Williams-Beuren syndrome — 11 cases), %3édefstra syndrome — 0 case, 1 case
detected by CGH), 15p11.2 (Prader-Willi/Angelmamdipme 6/3 cases), 17pl1l1.2 (Smith-
Magenis syndrome — 1 case), 21g22.1 microduplisaf@own-syndrome — 1 case), 22q11.2
(DiGeorge/Velocardiofacial syndrome — 6 cases),1328 (Phelan-McDermid syndrome — 1

case), and Subtelomeric rearrangements (4 cases).
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Chromosomal submicroscopic copy number changes deted with comparative genomic
hybridization (CGH)

We started using CGH for diagnostic purpose inléasetwo years, with foreign help and
individual financing of the Hungarian National Hmalnsurance Fund. In spite of its enormous
clinical need and utility, and in spite of internoaal guidelines that suggest CGH to be the
baseline test and not G-banded karyotyping, thenttg's present financial situation does not
allow to replace first-tier karyotyping with firser CGH.

To date, six patients requesting medical genetilp tveere proved to be affected by a
microdeletion, none had a microduplication. Regiand sizes of deletions were: 1p36.21p36.12
(10.3 Mb), 3p25.3p25.2 (3.4 Mb), 3q29 (not repoxtey34.3 (958 kb), 12p12.1 (254 kb),
21g22.1 (308kb). In one case, an unexpected smiEnfy was the deletion of the Von Hippel

Lindau (VHL) gene within the deleted region (3p25causing Von Hippel Lindau disease.

Mendelian disorders

In 110/2049 cases (5.4%) a single gene disorderfovasl and proved molecularly. Two
of these were metabolic disorders proved biochdiickn overview, mutations of the fibroblast
growth factor receptors FGFR2, FGFR3 and TWIST gemesre found in 7 cases of
craniosynostoses; FMR1 mutations causing Fragisggi€irome were identified in 12 individuals
including female carriers, neuromuscular diseassslting from dystrophin, POMT1 (Protein O
Mannosyltransferase), SMN1 (Survival of motoneurdjsSCHRNE (Choline Receptor, nuclear,
€ subunit) were found in 15 cases including carrigd&1 mutations were detected in 9
neurofiboromatosis patients; osteochondrodysplasaasociated with FGFR2 and FGFR3
mutations were found in 8 patients. Marfan syndraawgsing FBN1 (fibrillin 1) mutations were
detected in 7 patients. MECP 2 ((Metly CpG-bindimgtein) mutations in Rett-syndromic

children were found in 2 cases; metabolic/neurodeggive diseases arising from NPC1,
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(Niemann-Pick C), IDUA ¢-L iduronidase), GAA ¢-glucosidase), GAMT (Guanidino-acetate
methlytransferase) deficiencies, ATM (Ataxia telg@ctasia were identified in 18 patients
including carriers. Three cases out of these wereaa by other institutes. Mutations responsible
for single cases of dysmorphic syndromes were ifilethtin 13 cases - NSD1 (SET-Domain
Protein 1), KAT6B (Lysine-acetyltransferase 6B), Q&L (Treacher-Collins-Franceschetti
syndrome), PTPN11 (Protein tyrosine phosphatasereceptor type), RAF1 (V-RAF1 murine
leukaemia viral oncogen homologue), EXT1,2 (ExdsjpZFHX1B (Zinc-finger E box-binding
homebox 2), ALSM1 (Alstrom Syndrome), NIBPL(Nippl&ilike), HPS1 (Hermansky-Pudlak
syndrome) -, others, e.g. mutations causing famdencer syndromes (WT1, BRCA2) were

found in 19 cases.

An exceptionally rare mendelian disorder was idmatiin a patient presenting with
features of blepharophimosis-ptosis-mental retaydaSay-Barber/Biesecker/Young-Simpson
type, where a de novo heterozygous nonsense nut@b889C>T (p.Argl797*) in the KAT6B
gene (Lysine-acetyltransferase 6B; OMIM 605880) detected, as the first confirmatory study
following the discovery that mutations of the KATGfene are responsible for the SBBYS
phenotype. In addition, our work-group was thetficsidentify neuroanatomical malformations
in a SBBYS patient, the significance of which ipgarted by the knowledge that KAT6B plays a

major role in the structural and functional devetgmt of the brain.

In two cases of Niemann-Pick disease type C, diseassing mutations of the NPC1
gene were identified as first in Hungary. The dghiment of the molecular genetic test in
Debrecen was motivated by the two Hungarian paiestognized by the author and has been

offered to other centers, performed by Dr. IstvatoBh, Inst. of Laboratory Medicine.
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Uniparental disomies, methylation defects

Uniparental disomies and methylation defects weeatified in four patients (0.2% each),

causing Angelman, Prader-Willi, Beckwith-Wiedemamua Russel-Silver syndromes.

Mitochondrial diseases

Mitochondrial diseases were molecularly proved hre¢ patients, and by brain MRI

spectroscopy in an additional one.

Multifactorial disorders

22/2049 (1.1% of all patients) in the reported timerval showed phenotypic features —

isolated abnormalities - that were considered telaisen as multifactorial traits.

Phenotypically diagnosed but not molecularly provegdyndromes

In the reported time interval 249/2049 (12.2%) guals received a diagnosis based on
phenotypic features and not molecular or moleccyéogenetic testd atter (array-comparative
genomic hybridization) would be indicated in alma#itof them according to present standards
but is very unlikely to be made in the near futdte to limitations of technical and financial

resources.

In 30 cases (e.g. Acrodysostosis, Coffin-Siris plél-Trenaunay-Weber syndrome), the
underlying genetic mechanism was not known at ithe bf diagnosis (for Acrodysostosis and
Coffin-Siris syndrome the corresponding genes lmeen very recently identified), some of these
patients would make good candidates for whole exsemgiencing. 18 cases fulfil most of the
clinical criteria of Marfan syndrome and are plathbe be tested, since the molecular genetic test

for fibrillin-1 (FBN1; OMIM 13497) has recently beme available in our center. Yet, the size of
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the gene and the capacity of the personnel doeslloot mass testing. In 12 cases, molecular
testing was done in other centers and patients wsked to go there instead of just sample
shipping, they are out of our sight by now. In 28e&s, molecular or molecular cytogenetic tests
are currently in progress and results are expetdearrive soon. In three cases, testing was
declined by parents or decision-makers. In 100 s;asether molecular genetic tests would be
absolutely necessary. In 11 cases teratogenic ceogkl be identified (maternal alcohol

consumption, retinoic acid treatment for acne dypregnancy).

In 33 cases, no confirmatory molecular tests warggested because the suspected
syndrome shows sporadic appearance with no knowretige mechanism (Poland-anomaly,
hemihyperplasia, oto-auriculo-vertebral defects)tHree cases, where inheritance is autosomal
dominant, the patient has not reached his/herldeygars and parents declared not to opt for
further pregnancies. For five patients, no furthenetics tests can be offered with the syndrome
being evident but confirmatory tests negative. Othelecular mechanisms can be suspected in
these cases but no countries offer further testsregent (e.g. a Nicolaides-Baraitser patient

without SMARCAZ2 mutation).

A patient with Solitary Median Maxillary Centraldisor Syndrome is highlighted from
this etiological group, where the multiplex midlidefect involved the hypophysis region and
caused panhypopituitarism, making the case unigies literature. Patient data and photos were
requested to be included in the London DysmorphoDgtabase. This patient was followed-up
by endocrinologists and received multiple hormomsstution for 15 years prior to the

recognition of the seemingly isolated anomaly —gbigary maxillary central incisor -
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Patients with infertility with or without detectabl e genetic anomalieaccounted for 13.9% of
all cases (285/2049 patients). This group of p#tiemstitute the research field of a colleague

in the cytogenetics laboratory and are therefoteanalysed in details.

Unclarified conditions with presumably genetic orign

365/2049 (17.8%) of all patients and 35.7% of pltgmoally abnormal patients could not
be diagnosed during the time interval of the preseport. In at least 249 cases — patients
showing major congenital anomalies associated waity degree of mental retardation — CGH
would be necessary to narrow the possible diagnagpectrum, in 79, X-linked mental
retardation can be suspected based on male gead&sm spectrum disorder, behavioural
problems, other affected males in the family andeabe of major dysmorphic features. A
considerable proportion of patients in these categoare likely to have detectable genetic
defects. In 42 patients, whole exome sequencinddcpossibly prove the origin of their
conditions, but again, only in the knowledge ofegative CGH array profile. And even if all
these extended tests were carried out in all patiehere needed, a certain proportion would
probably still remain undiagnosed and the mecharifmmugh which their conditions evolved

could not be clarified.

In 36 patients, just by assessing their data fergresent thesis, strong clues for certain
diagnoses arose and their further diagnostic mamageis now delineated. One patient already
proved positive for the suspected diagnosis (DiGeosyndrome). In conclusion, not only
today’s genetic diagnostic tests develop rapidly, the clinicians experience on phenotypes is

increasing with every case, amgbre unsolved cases mean more solved cases.
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Discussion

The diagnosis and management of rare diseasescisnstantly expanding field of
medicine and an increasingly important public Headsue. The unique combination of low
prevalence, yet severe, devastating or chronichhilitating nature of orphan diseases, lack of
sufficient knowledge on their cause, symptoms aedttent call for a global act to improve the
quality of life of the affected patients and redueeurrence risk in families. Scientists, medical
professionals and civil organizations together hawveady achieved enormous advances in the

field.

In the past 5 Y2 years of work as a clinical gemsttithe author's aim was to provide
definitive diagnoses to patients seeking help at abtpatient clinic of the Clinical Genetics
Center operating in the Inst. of Pediatrics, Ursitgrof Debrecen, Medical and Health Science
Center: recognize if there was a suspicion for adedying genetic abnormality, confirm the
presumed diagnosis with properly chosen genetis,tassess recurrence risk, provide a basis for
future prenatal diagnosis, inform families abowt &xpected outcome, and initiate therapy where
possible. The results and of this diagnostic werkimmarized, and conclusion is drawn based
on the experiences obtained to improve our furtli@gnostic work. Another important goal was
to define in what proportion of patients referred dur clinical genetics center a genetic
abnormality/rare disease could be proved; whiclugraf genetic origin they represented and in
what ratio; whether the distribution of the diagemseflect the international prevalence data;
whether the strict policy and limited resourcesh® Hungarian health care system facilitate or
hinder the diagnosis of rare and extremely rareatdiss; and what means would be urgently

necessary to step forward in the critical issueacé diseases.
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Data of overall 2049 patients were assessed amaated by the genetic origin of
symptoms. Of them, 741 patients (36.2%) did notehgegnetic abnormalities — this group of
patients were tested for carrier status of a gendtiess, were referred for isolated minor
anomalies or behavioral problems without true mergtardation, or were healthy relatives of
patients providing blood samples for testing theppsitus (DNA microsatellite marker analysis
for instance). An additional 285 patients were mefé because of infertility and tested negative
for chromosome abnormalities. Thus, the diagno&is0@3 patients remained to be solved. Of
them, 21 were carriers of an autosomal recessivelmked recessive disease but symptom-free
themselves — as their genetic defects have impmetanfuture prenatal tests they are counted as
diagnosed patients. The number of phenotypicdllyoemal patients was 2049-(741+285-21) =
1002. The number of mentally retarded patients B&@& the remaining 429 patients had normal

cognitive functions or corrigible, mild developmahdelay.

Altogether 658/1023 patients (carriers includedeieed a reliable diagnosis: 220 (21.5%) were
chromosomal (G-banded numerical and structural)348%) were microdeletions detectable by
FISH including 4 cases with subtelomeric rearranges) 6 had pathological CNVs (0.6%,
irrelevant ratio, due to limited access to the mdjh110 patients (10.7%) were affected by a
mendelian disorder, 4 (0.4%) had methylation defe4 (0.4%) had UPD-s, 3 (0.3%) were
mitochondrial and 2,2% multifactorial of origin. 2fatients (24.3%) had a clear diagnosis based
on phenotypic features, but molecular tests coatdoe offered for them because of no estimated
recurrence risk in the family in the near futuieahcial obstacles or no known gene causing the

syndrome. 365 patients (35.7%) remained undiagnosed

Considering that literature data relevant for congaa are available only on the distribution of

genetic causes in the mentally retarded patientilptipn, our data were reevaluated using only
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the data of the 573 patients who were intellecyudibabled. In this patient population, using the
report of Rauch et al. 2006. as a basis for corapayithe following etiological distribution was
found: Numerical chromosome aberrations were detiett 19.5% in our center vs. 11.3% of
cases reported by Rauch et al.; data derived fhrenatray technique are irrelevant (0.6% vs.6.6%
by Rauch et al.) due to our very limited accesthétechnique; the proportion of microdeletion
syndromes with 5.6% and 5.3% are quite similar; ogemic/mendelian disorders with 5.4 % vs.
7.5% differ - other than failure in recognition,ffdrences in the percentage of confirmed
monogenic syndromes are likely to be related toverg long procedure, paperwork and limited
approval of molecular genetic tests prior to tegiim each syndrome whose genetic diagnosis is
not available in Hungary.

Detected subtelomeric rearrangements represensathmsame proportions with 1.2 and 1.3%.
The ratio of genetic or suspected conditions ofnamkn origin are also similar, 53.9% vs.59.3%.
Comparison of the data reflects that the diagnaisiare genetic diseases as much as itis a
matter of human knowledge and experience can camwgiéh international standards, however,

the spectrum and availability of certain genetgtgenust be expanded urgently.

VI. Original observations

* A survey to assess the results and efficiency efdiagnosis of rare genetic diseases in
the Clinical Genetics Center of the University cgldbecen was performed in a 5 % year
long period between August 01. 2007. — March 31.3200 my knowledge, this is the
first comprehensive report in Hungary that reliassach a large number of patients of all

major etiological groups.
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An overall 658/1023 patients received a diagndis3%), in 365 (35.7%) the underlying
genetic defect remained unknown. This is in acawdawith international standards. In
387 patients (37.8%), the diagnosis was based aitiy® cytogenetic or molecular
genetic results, in 271 (25.5%) the diagnosis detie phenotypic features supported by
the clinical picture and anamnestic data. In 32ep&, the underlying genetic defect is
unknown and as such, cannot be proved at the prsts#ns of genetic knowledge; in 11
patients clear evidence of a teratogenic causd, exsl in 22 the symptoms suggest
multifactorial origin. In the remaining 204 patisrfurther genetic tests would be needed
to prove the suspected syndrome (already in pregreS0 cases). In the 365 patients
whose diagnosis is unclarified, array CGH wouldabsolutely necessary, and depending
on its results, further genome-wide tests shouldcbasidered. In some of them,
dysmorphic syndromes could probably be recognizeg inmore experienced
syndromologists, but a one-by-one consultationbigiausly not executable in so many
patients.

First in Hungary, the diagnostic success of théautthe number and ratio of different
etiological groups of genetic disorders were coragao that of foreign experts/expert
centres. Results are similar, except for the ratfosubmicroscopic chromosomal
abnormaltities, due to our limited access to CGH.

In the past 5 %2 years the author has establisigadarecooperation with 17 European
expert centers, and an additional 15 centers wer@\ied in occasional genetic testings
of rare disease patients. Four scientific publaaiwere produced from this international

work and another is in progress. The value of thes®ections lies in their utility in
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improving the genetic diagnosis of rare diseasegshm future and in helping our
professional obtain sufficient knowledge in evere rantities.

Patients with Niemann-Pick C disease, GAMT deficigrMowat-Wilson, SMMCI, Say-
Barber/Biesecker/Young-Simpson, Phelan-McDermidio§03929 deletion, Kleefstra,
Hermansky-Pudlak syndromesere recognized by the authorand were proved
molecularlyas first in the country, with the help of foreign and home laboratoriezm®

of these syndromes are exceptionally rare worldwimige with such association of
symptoms has not been described before. Upon ttierai initiation, the molecular
diagnosis of Niemann-Pick C and Hermansky-Pudlaldsymes were established at the
University of Debrecen as the only site in Hungaiye number of proved microdeletion
syndromes (proved by FISH) has increased by 9ifolte past 8 years.

Array CGH was first performed in 2011 for our patients in a foreign laboratopon
the authors request, and a fruitful collaborati@s lbeen maintained ever since. Our
positive results called the attention of decisiomkers to the importance of the method
and to the need of its introduction in Hungary.

Based on the results of molecular genetic tgatshatal diagnosiswas successfully
performed on 6 occasions. In 2 cases a healthd @aks born, in 4 the pregnancy was
terminated. Prenatal diagnosis can be offered enfature for all diagnosed patients at
risk.

Several cases, including the one with the solitargdian maxillary central incisor
underpin the importance of physical and morpholaigexamination in the diagnosis of

rare syndromes.
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» A fibroblast bank to ensure DNA for postmortem diagnoses was estaddi and is
handled by the author.

» Case-consultations with expert centers were intedwn a regular basis mostly through
the Internet, and by personal consultations as. Wil two most valued consultants are

Prof. Raoul Hennekam and Dr. Alida C. Knegt, in Aendam.

VII. Summary

The diagnosis and management of rare genetic syrefraare often extremely difficult, time
consuming and pricy. Recognition itself — not tontien biochemical or molecular confirmation
— may take years due to lack of knowledge of pligsg limited or no access to certain
diagnostic tests, and confusing patient routes. &voos rare diseases are rapidly fatal or
devastating, a considerable ratio of affected idials die shortly after the onset of symptoms,
therefore a fast and reliable diagnosis would lessary to predict outcomes, reduce recurrence
risk in families and decide on the availability o@rative treatment for the patient. This
discrepancy between expectations and limitatiorgels determine today’s situation in the health
care of rare disease patients.

In the present report the author aimed to assessesults of her (and many others’ in the field of
laboratory diagnostics) work as a clinician dealmith patients with mental retardation and/or
congenital anomalies. Apart from defining in whaedgortion of them a genetic abnormality/rare
disease could be proved and which group of germeiign they represented, an important goal
was to compare the succes rate and distributicsuofdiagnoses with international data. It was

challenging to find out whether the clinical reciigm and laboratory confirmation of rare
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diseases is as good as or worse than in Westeop&am countries and to what factors success
and failure can be attributed to.

Some very rare syndromes diagnosed in the reppdedd are presented.

Our data reflect that the detection of chromosoatadormalities visible by G-banding, that of
microdeletions detected by FISH, UPD and methyfatiefects can compete with international
figures, and that the diagnosis of extremely rgredsomes with or without known etiology also
meet high standards - this hypothesis is suppadotedigures and accepted publications.
Emphasizing the significance and irreplacable tytilof syndromologic knowledge, Van
Karnebeek et al. reported that dysmorphologicaluat®mn was essential for the proper diagnosis
of 62% of cases with a rare condition, and contdbuin 79% of cases.

We do, however, have much to improve in the diaigno§ monogenic disorders (including
metabolic diseases), especially X-linked mentahrdztion, submicroscopic pathological copy
number changes and nonsyndromic mental retarddtienobvious that the introduction of CGH
into routine diagnostics can no longer be postppaed promising steps are made in this issue at
a nation-wide level. Likewise, it is evident and@gtable that centralization of laboratory tests of
rare diseases serves cost-efficiency and maintenahexpertize regarding entities that are
included in the diagnostic spectrum of a given ladom convinced, however, that an easier route
for the use of certain diagnostic tests offeretbneign countries, inclusion of frequently ordered
genetic tests of foreign laboratories into routiimancing that proved to be beyond reproach on
several occasions; acknowledging the work of a gymdlogist or rare disease expert by making
their ,backstage” work visible in the now existingde-system of the national health care would

significantly improve the time and costs the diagja®f a rare disease demands.
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