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KOMENTAR

Vzacnd onemocnéni predstavuji navzdory své individudlné nizké prevalenci zdvazny zdravotni
a spoleCensky problém. V Evropské unii jsou definovéna jako zivot ohrozujici nebo zévazna
chronicka onemocnéni s prevalenci nizsi nez 5 osob z 10 000 [1]; obdobn4, ¢iselné odlisna vymezeni
pouzivaji USA (Orphan Drug Act, 1983) [2] i Japonsko [3]. Souhrnné postihuji pfiblizné 1 z 16
obyvatel Evropy, tedy 27-36 miliont osob [4,5], a celosvétove stovky milionti pacientii. Ptiblizn¢ 80
% vzacnych onemocnéni ma geneticky podklad, asi 70 % se manifestuje jiz v détském veéku [1] a az
30 % postizenych déti se nedozije péti let [6].

Jejich diagnostiku komplikuje mimotfadnd heterogenita klinickych obrazli, omezena dostupnost
specializované expertizy a u Casti pacientd i dosud nepoznany molekularni nebo nozologicky
podklad. Diisledkem je diagnosticka odysea, ktera podle dat EURORDIS trva v priméru 4,7-5 let,
u Ctvrtiny pacientd piesahuje pét let a u poloviny az tfi ¢tvrtin nemocnych zahrnuje alesponl jednu
chybnou diagnézu [7,8]. Habilita¢ni prace na tento problém nereaguje pouze popisem dostupnych
metod a pfistupd, ale syntetizuje vysledky programu, ktery pro tyto pacienty budujeme ve FN Brno
od roku 2019, a to od klinické indikace a genomické analyzy pies funkéni ovéfeni variant az
po terapeutické a systémové vyuziti ndlezu a multioborovou péci.

Vychodiskem bylo ovéfeni vyuzitelnosti singleton WES v pilotni kohorté¢ nediagnostikovanych
détskych pacienti ve FN Brno. Publikace [29] prokazala diagnostickou vytéZnost srovnatelnou
se zahrani¢nimi programy a soucasné dolozila proveditelnost multidisciplindrniho organiza¢niho
modelu pro nediagnostikované détské pacienty ve FN Brno. Vysledky se staly podkladem pro vznik
Multioborové indikaéni komise, zalozeni prvni samostatné Ambulance pro détské pacienty bez
diagnézy v CR v roce 2023 a ustanoveni UDP (undiagnosed patients) programu FN Brno. V kohort&
58 pacientl bylo nalezeno 28 relevantnich variant u 25 déti (43 %), pticemz klinickd vyuzitelnost
nalezu dosédhla 76 %. Navazujici publikace rozsitily fenotypové spektrum u kauzalnich gentt PMM?2
[79], MYRF [81] a DYRKIA [82] a popsaly prvni Ceské piipady onemocnéni asociovaného
s PPP2R5D [80] a ReNU syndromu [83], pficemz rychlé zachyceni ReNU syndromu zaroven
ukdzalo vyznam pribézné reanalyzy genomickych dat. K dneSnimu dni bylo jiz do UDP programu
FN Brno zatazeno celkem 387 pacientt s diagnostickou vytéznosti 38 %.

Dalsi rovinu predstavuje propojeni klinického programu s funkéni genomikou a transla¢ni precizni
medicinou v centru CREATIC LF MU. Jedna se o integrujici koordinacni platformu, v niz klinicka
charakterizace urcuje smér laboratorniho vyzkumu a jeho vysledky se vraceji do péce o konkrétniho
pacienta. Funk¢ni analyzy variant CYP2U1 kombinujici strukturni molekulové modelovani, bunééné
modelové systémy a enzymatické testy umoznily objasnit jejich patogenitu, podpofily reklasifikaci
a oteviely prostor pro Givahy o experimentdlni genové terapii [84]. Obdobny pfistup byl uplatnén
u varianty v genu ADAR [85]. Soucasti rozvijené platformy je také individualizovany repurposing
1é¢iv, ktery neni zaméfeny na nemoc, ale na konkrétni gen a variantu daného pacienta.

ZkuSenosti z UDP programu FN Brno umoznily vznik programu Baby Fox, ktery je z FN Brno
laboratorn¢ i klinicky koordinovan jako prvni celonarodni program rychlého celogenomového
sekvenovani kriticky nemocnych novorozencti a déti v CR. K srpnu 2026 dosahl u 89 pacienti
diagnostické vytéznosti 43,8 %, klinicky relevantniho vysledku u 57,3 % a primérné doby péti dnd
od odbéru do vydani protokolu. U 60 % diagnostikovanych pacientli mél nalez ptimy dopad na péci.

Vyznam UDP programu navic pfesahuje ramec jednotlivych publikaci a projekt a promita se také
do organizace systému. ZkuSenosti ziskané pfi jeho budovani byly vyuzity pfi pfipravé Narodni
strategie pro vzacna onemocnéni 20262035, ktera ve SWOT analyze uvadi UDP program FN Brno
jako jednu ze silnych stranek systému. UDP program tak ukazuje, Ze klinicky ukotveny model mtize
ucinné propojovat genomickou diagnostiku, specializovanou péci a transla¢ni vyzkum a soucasné
ptispivat k dal§imu rozvoji péce o pacienty se vzacnymi a nediagnostikovanymi onemocnénimi i na
narodni Grovni.



COMMENTARY

Despite their individually low prevalence, rare diseases represent a major health and societal
challenge. In the European Union, they are defined as life-threatening or serious chronic conditions
with a prevalence of fewer than 5 in 10,000 people [1]; the United States (Orphan Drug Act, 1983)
[2] and Japan [3] use similar definitions with different numerical thresholds. Collectively, rare
diseases affect approximately 1 in 16 Europeans, corresponding to 27-36 million people [4,5], and
hundreds of millions worldwide. Approximately 80% of rare diseases have a genetic basis, around
70% manifest during childhood [1], and up to 30% of affected children do not survive beyond the age
of five [6].

Their diagnosis is complicated by the extraordinary heterogeneity of clinical presentations, limited
access to specialized expertise and, in some patients, a molecular or nosological basis that has yet to
be identified. The resulting diagnostic odyssey lasts an average of 4.7-5 years according to
EURORDIS data, exceeds five years in one quarter of patients, and includes at least one misdiagnosis
in one half to three quarters of affected individuals [7,8]. Rather than merely describing the available
methods and approaches, this habilitation thesis synthesises the results of a program that we have
been developing at University Hospital Brno (UHB) since 2019, encompassing the entire pathway
from clinical indication and genomic analysis through functional validation of variants to the
therapeutic and systemic application of diagnostic findings.

The program originated from an evaluation of the utility of singleton WES in a pilot cohort of
undiagnosed pediatric patients at UHB. The results [29] demonstrated a diagnostic yield comparable
to that of international programs and confirmed the feasibility of a multidisciplinary organizational
model for undiagnosed pediatric patients at UHB. The results further provided the basis for
establishing the Multidisciplinary Indication Committee, the first dedicated Outpatient Clinic for
Undiagnosed Pediatric Patients in the Czech Republic in 2023, and the UHB Undiagnosed Patients
(UDP) Program. In a cohort of 58 patients, 28 relevant variants were identified in 25 children (43%),
with the clinical utility of the findings reaching 76%. Subsequent publications broadened the
phenotypic spectrum associated with the causative genes PMM?2 [79], MYRF [81] and DYRK1A4 [82]
and described the first Czech cases of disorders associated with PPP2R5D [80] and ReNU syndrome
[83]. The rapid identification of ReNU syndrome also demonstrated the importance of continuous
genomic data reanalysis. To date, a total of 387 patients have been enrolled in the UHB UDP Program,
with a diagnostic yield of 38%.

A further dimension is the integration of the clinical program with functional genomics and
translational precision medicine at the CREATIC. This integrated coordination platform enables
clinical characterization to guide the direction of laboratory research and its results to be translated
back into the care of the individual patient. Functional analyses of CYP2UI variants combining
molecular structural modelling, cellular model systems and enzymatic assays clarified their
pathogenicity, supported their reclassification and opened the possibility of exploring experimental
gene therapy [84]. A similar integrative approach was applied to a variant in the ADAR gene [85].
The developing platform also includes individualized drug repurposing focused not on the disease in
general, but on the specific gene and variant identified in the individual patient.

Experience gained through the UDP program enabled the establishment of Baby Fox, the first
nationwide rapid whole-genome sequencing program for critically ill neonates and children in the
Czech Republic, which is coordinated both clinically and at the laboratory level from UHB. By
August 2026, the program had enrolled 89 patients and achieved a diagnostic yield of 43.8%, a
clinically relevant result in 57.3%, and a mean turnaround time of five days from sample collection
to report issuance. In 60% of diagnosed patients, the finding had a direct impact on clinical care.

The significance of the UDP program extends beyond individual publications and projects and is also
reflected in the organization of the healthcare system. Experience gained during its development



informed the preparation of the National Strategy for Rare Diseases 20262035, whose SWOT
analysis identifies the UHB UDP program as one of the strengths of the system. The program
therefore demonstrates how a clinically embedded model can effectively integrate genomic
diagnostics, specialized care and translational research while contributing to the further development
of care for patients with rare and undiagnosed diseases at the national level.



1. Vzacna onemocnéni a détsti pacienti bez diagnozy — teoreticky avod

1.1 Defini¢ni vymezeni a klasifikace

Definice vzacného onemocnéni se mezindrodné lisi. Evropskéa komise vymezuje vzdcné onemocnéni
prevalenci niz§i nez 5 : 10 000 [1]; v USA se za vzacné povazuje onemocnéni postihujici mén¢ nez
200 tisic obyvatel (~1 : 1600), definice zavedena Orphan Drug Act z roku 1983 [2]; v Japonsku je
hranici 50 000 postizenych osob (~1 : 2500) [3] (ptehledné v Tab. 1). Nejcastéjsi skupiny vzacnych
onemocnéni tvoii dédicné metabolické poruchy, systémova autoimunitni a revmatologicka
onemocnéni, nervosvalova onemocnéni, vybrana kardiovaskuldrni a endokrinologicka onemocnént,
poruchy imunity a autoinflamatorni onemocnéni a vzacnd nadorova onemocnéni. Vzicna
onemocnéni se mohou manifestovat od narozeni (infantilni forma spindlni muskuldrni atrofie,
osteogenesis imperfecta) pres rany détsky vek (Gaucherova a Niemann-Pickova choroba) az
po dospélost (Huntingtonova choroba, amyotroficka lateralni skler6za); u nékterych je klinicky obraz
ptitomen jiz v détstvi, ale diagnoza je stanovena pozdéji (Rettlv syndrom, syndrom fragilniho X).
Velice specifickou oblast, a to jak z hlediska diagnostiky, tak péce, potom piedstavuji tzv. ultra-
vzacna onemocnéni (ultra-rare diseases, s prevalenci nizsi nez jeden pacient na 200 tisic osob, nebo
celosvétove pocet popsanych ptripadi nizsi néz 30) a pacienti bez diagnézy (viz kap. 2).

Tabulka 1. Srovnani definic vzacnych onemocnéni, odhadované postizené populace a legislativniho ramce dle regionu.

Region / ramec Definice prevalence Odhad postizené populace | Kli¢ovy legislativni ramec
S Natizeni (EK) ¢. 141/2000
— Q0
Evropska unie <5:10000 27-36 milionit (6-8 % o 1é¢ivych ptipravcich pro
populace) L «
vzéacna onemocnéni
< 1 -
USA 6020‘;0 000 0s0b (~1: 11 2 9530 milion Orphan Drug Act, 1983
] <50 000 osob (~1 :2 y Designated Intractable
aponsko neuvedeno souhrnné )
500) Diseases
1 <2000 osob na y Therapeutic Goods
Australie S neuvedeno souhrnné e .
diagnozu Administration
- specificky seznam y First List of Rare Diseases
Cina . neuvedeno souhrnné
diagnéz (2018)
qe e gt WHO doporuceni, ICD-11
Celosvétove rizné narodni definice StOka. miliond (fadové 300~ kédovani vzacnych
400 mil.) Y
' onemocnéni

Lécba je dostupna jen u necelych 5 % vzacnych onemocnéni [11]; v EU je registrovano pies 230 tzv.
orphan drugs s cilem rozsifit jejich pocet o dalSich 1 000 do roku 2027 [12]. Vzhledem k heterogenité
klinickych obrazli a chybéjicim jednotnym Ié€ebnym doporucenim vznikla Evropska referenéni sit’
center pro vzacna onemocnéni (ERN), do niZ je zapojeno i n&kolik pracovist z CR (viz kap. 1.5).

,»Sirot¢i* (orphan) charakter vzacnych onemocnéni je dan pfedevsim skutecnosti, ze az do posledni
dekady byly tyto nemoci mimo oblast hlavniho zajmu klinické mediciny, s vyjimkami nékterych
onemocnéni z oblasti dédiénych poruch metabolismu. Vziacna onemocnéni proto piedstavuji
vyznamny medicinsky i spolecensky problém.



1.2 Prevalence a epidemiologie

Epidemiologie vzacnych onemocnéni pracuje spiSe s prevalenci nez incidenci. V soucasnosti je
popsano vice nez 6 000 vzacnych onemocnéni [4]. Souhrnné postihuji 6-8 % populace EU
(27-36 miliont lidi) [4], metaanalyza Nguengang Wakap et al. (2020) na zaklad¢ datab4dze Orphanet
odhaduje kumulativni prevalenci na 3,5-5,9 % populace, pfi¢emz rozlozeni vzacnych onemocnéni
podle prevalenénich pasem znazorfuje Obr. 1 [5]. V CR mé nékteré z vzacnych onemocnéni vice nez
600 tisic obyvatel.

90 —N=

77,3-80,7 %
80

(9]
()]
©
S
(]
o
()
o
M % of RDs
0 .
(ﬁqc;i;oatlents 17,6-20,8 %
H % of patients N = 241
(min) (6,7 %)

<1/1000000 1-9/1000000  1-9/100 000 1-5/10 000

Obrazek 1. Rozlozeni vzacnych onemocnéni podle prevalencnich pasem a podilu na celkovem poctu postizenych
pacientii (analyza databaze Orphanet). Upraveno podle Nguengang Wakap et al., 2020 [5].

1.3 Diagnosticka odysea

Diagnostickd odysea popisuje dlouhou a obtiznou cestu pacienti se vzidcnym onemocnénim
k stanoveni diagnézy, typicky provdzenou opakovanymi navstévami specialisti (primérné 4-8),
zatézujicimi a ndkladnymi vysetfenimi a ¢asto i chybnymi diagnézami [7]. Termin ma sviij ptivod
v Homérové eposu. Desetileta cesta Odyssea domili symbolizuje nepiedvidatelné prekazky,
kterym pacienti ¢eli.
Vice nez 80 % téchto chorob
Je geneticky podminéno Témér polovina pacientu

a priblizné 2/3 se projevi se alespori jednou setka
v détském véku se $patnou diagnézou

5;\;?\)
Pfiblizné 30 mil. pacient v EU Pacient navstivi primérné Primérny ¢as do diagnozy,

trpi nékterou z vice nez 6000 sedm lékafskych specialistt délka diagnostické odysey,
vzacnych onemocnéni se pohybuje mezi 5 az 7 lety

Obrazek 2. Klicova cisla diagnostické odysey u vzacnych onemocneni: cca 30 milionit pacientit v EU, vice nez 80 %
onemocneéni geneticky podmineno, priumérné 7 navstivenych specialistii, témer polovina pacientii se setkd s mylnou
diagnozou, doba do diagnozy 5-7 let. Upraveno podle dat EURORDIS Rare Barometer [7].



Dle dat EURORDIS Rare Barometer trva diagnosticka odysea v EU primérné 4,7-5 let, u Ctvrtiny
pacientil déle nez 5 let; ptiblizné 50—73 % pacientii obdrzi v jejim prubéhu alespon jednu nespravnou
diagnozu [7,8]. Americka studie Delayed Diagnosis Study odhaduje délku odysey na 6 let
s ekonomickym dopadem az 500 tisic USD na pacienta v nakladech, kterym lze zkradcenim
diagnostiky predejit [13]. Zkraceni diagnostické odysey piindsi prospéch ve tfech rovinach:
komplikacim a télesnému postizeni, (iii) eliminuje dal$i nadkladnd, zatézujici a zbyte¢na vySetteni
[13].

V Ceské republice nejsou k dispozici zadna systematickd data o délce diagnostické odysey ani
o prevalenci nediagnostikovanych détskych pacient, coz je jedna z mezer, kterou ma fesit
pfipravovany registr pro détské pacienty bez diagnézy ROADS (Registry fOr PAtients Without
DiagnoSis, viz kap. 2 a 5), ktery pfipravujeme v ramci programu pro détské pacienty bez diagnozy
FN Brno (UDP program FN Brno) spolecn¢ s centrem excelence CREATIC (Central European
Advanced Therapy and Immunotherapy Center) Lékaiské fakulty Masarykovy univerzity.

Klinické nastroje pro rozpoznani pravdépodobné geneticky podminéného stavu

Mnemotechnicka pomiicka ,,Family GENES* (pracovni skupina Genetics in Primary Care) shrnuje
klicové varovné signaly:

e F (Family), pozitivni rodinnd anamnéza

e G (Group of anomalies), skupina vrozenych anomalii; dvé a vice anomalii vyrazné zvysuje
pravdépodobnost genetického podkladu

e E (Extreme presentations), extrémni/vyjimecné projevy béznych stavi (Casny nastup
kardiovaskularniho onemocnéni, nadort, renélniho selhani)

e N (Neurodevelopmental), opozdéni neurologického vyvoje nebo degenerace

e E (Extreme pathology), extrémni nebo vyjimecné patologické nalezy

e S (Surprising labs), ptekvapivé laboratorni hodnoty [14]

V souvislosti se vzacnymi onemocnénimi, a pfedevsim s povédomim (awareness) o jejich existenci
napfi¢ lékati riznych odbornosti, zvlasté pak praktickych lékait, se ¢asto hovofi o tzv. konceptu
»3P, zahrnujicimu postupné pét nasledujicich krokt: pomyslet — poslat — poznat — pomoci —
profinancovat [1].

1.4 Mezindrodni a narodni sité pro nediagnostikované pacienty

Programy pro nediagnostikované pacienty (Undiagnosed Diseases Programs, UDP) vznikly
v poslednich 15 letech ve vétsin€ vyspélych zdravotnich systému. Prikopnicky je americky
Undiagnosed Diseases Program NIH (od 2008) a jeho narodni rozsifeni Undiagnosed Diseases
Network (UDN) [15,16,17]. Mezindrodné vSak pfesto zlstavaly potieby téchto nediagnostikovanych
pacientii neuspokojeny. Aby se tento problém zagal fesit, sponzoroval Spoleény fond v ramci Utadu
feditele NIH spolu se §védskou Wilhelmovou nadaci dvé mezinarodni konference (Rim, 29.—-30. zafi
2014, a Budapest, 26.-27. ¢ervna 2015). Zcastnili se jich zastupci 16 zemi ze 4 kontinentil. Nasledné
byla vytvofena mezinarodni sit’ Undiagnosed Diseases Network International — UDNI [18].

Krom¢é mezinarodni sit¢ UDNI vznikaly v poslednich deseti letech také narodni programy a sité
pro pacienty bez diagnozy, naptiklad v Kanadég, Velké Britanii, Japonsku, Italii a dal§ich. V rdmci
téchto programti probihaji v daném case kohortové studie, do kterych jsou pribézné zatazovani
pacienti bez diagndzy. V tomto kontextu vznikl i monocentricky UDP program FN Brno. Pichled
téchto programi a studii je v Tabulce 2 v¢etné poctu doposud zatazenych pacientd/rodin.

Tabulka 2. Prehled mezindrodnich programii pro nediagnostikované pacienty.



Program / zemé Rok zaloZeni | Rozsah / pocet pacienti Klicova charakteristika
UDP/UDN, USA 2008/2015 | 12 Klinickych center, tisice | *20F Pro fadu naroqnllf,h
[15,16,17] (sit) pacientit programu, systematicke
T publikovani vystupti
Care4Rare, Kanada [19] | 2011 > 1 dekada vysledki Zamefrer,n na Oboj evovéni novych
kauzalnich genti
UD-PrOZA, Belgic [20] | 2018 multldlscvlp,hnarm program Cllenva adaptace modelu pro
pro dospélé dospélou populaci
IRUD, Japonsko [21] 2015 celonarodni sit’ 6 let Z}(usenostl, systematicky
reporting
Korejsky UDP [22] faze | rozsifujici se sit’ Budovanl dlouhodobé narodni
infrastruktury
Singapursky UDP [23] |- ilotni kohorta Genomicka analyza podporujici
BApUISKy P klinicky management
Jihoafricky UDP [24] | - prvnich 100 exomii Program v rozvijejicim se
zdravotnim systému
SpainUDP, Spanélsko . Lo Budovéani dlouhodobé narodni
- narodni sit .
[25] infrastruktury
Victoria's UDP, , . , ) C
Austrélie [26] - prvnich 150 rodin Komplexni diagnosticky piistup
Systémova integrace WGS do
100. 000 Genomes 2013 4660 rodin (pilot) NHS (National Health Service,
Project, UK [27] ., , .
vetejny zdravotni systém UK)
Svédsky narodni WGS i 3219 pacienti Vysv(?lfa chggn(’)stl.cka vytéznost
program [28] napfic klinickymi entitami
BDZI;]program FN Brno 2019 387 probandii (08/2026) srgllil specializovany program

Sdileni dat mezi jednotlivymi centry umoziuji mezinarodni platformy jako GeneMatcher [30]
a PhenomeCentral [31], které¢ slouzi k parovani pacientli s podobnym genotypem nebo fenotypem
a k objevovani novych genii asociovanych s onemocnénim (viz kap. 4.4).

1.5 Systém organizace péce o vzacna onemocnéni v Ceské republice a EU

Vedle mezinarodnich a narodnich siti pro nediagnostikované pacienty (kap. 1.4) stoji péce o pacienty
se vzacnymi onemocnénimi na $ir§im instituciondlnim ramci budovaném na turovni EU i Ceské
republiky pfiblizn€ od roku 2010. Tento ramec tvoii ptimé systémové pozadi, do né¢hoz je zasazen
1 UDP program FN Brno popsany v kapitolach 2—5 [32].

Kli¢ovym ndastrojem koncentrace odbornosti na evropské urovni jsou Evropské referencni sité
pro vzacna onemocnéni (ERN), jejichz vznik navrhla v roce 2013 pracovni skupina EUCERD
(The European Union Committee of Experts on Rare Diseases) a jejichz pravni zaklad tvofi
¢l. 12 smérnice 2011/24/EU o uplatiiovani prav pacientii v ptreshrani¢ni zdravotni péc¢i [33]. Sité
sdruzuji expertizu jednotlivych narodnich pracovist pro 24 diagnostickych skupin vzacnych
onemocnéni, vedou dlouhodobé registry a v ramci mezinarodni spoluprace vzdjemné vyhodnocuji
a optimalizuji kvalitu poskytované péce. V roce 2017 zahajilo ¢innost 24 ERN sdruzujicich témét
900 vysoce specializovanych center; sit’ se od té doby rozsifila na vice nez 1 600 zdravotnickych
jednotek z témét 400 nemocnic ve vSech 27 ¢lenskych statech EU a v Norsku [34].



Do 22 z 24 ERN jsou v soucasnosti zapojena i pracovisté z Ceské republiky, chybi zastoupeni pouze
v ERN TRANSPLANT-CHILD a VASCERN (Tab. 3). Z hlediska u¢asti v ERN je CR mezi novymi
¢lenskymi staty EU na prvnim misté a v ramci celé¢ Unie na osmém misté, coz svéd¢i o vysoké kvalité
pé&e o pacienty se vzacnymi onemocnénimi v CR i o naro¢nosti procesu mezinarodniho auditu,
kterému musi zadatelské centra pod dohledem externiho auditora Evropské komise vyhovét [33,34].

Tabulka 3. Zapojeni vybranych ceskych pracovist do Evropskych referencnich siti (ERN) pro vzdacna onemocnent
(08/2026).

Instituce E(l):;t zapojenych Priklady siti relevantnich pro obor autorky
Endo-ERN, EpiCARE, ERN-RND, ERKNet, ERN-
BOND, ERN-CRANIO, ERN-GENTURIS, ERN-

FN Motol a Homolka 15 ITHACA, ERN-LUNG, ERN-RITA, ERNICA,
EURACAN, EURO-NMD, GUARD-HEART, PaedCan-
ERN

VFN Praha 7 f{?ggE& _eII{JI\II{]g)GEN, ERN EYE, MetabERN, ERN

FN Brno 6 EpiCARE (s FN u sv. Anny), EuroBloodNet, EURO-
NMD, ERN PaedCan, ERN Skin, ERN LUNG

Masaryktiv onkologicky ) EURACAN. GENTURIS

ustav ’

FN Brno je zapojena do sedmi ERN vyznamnych pro spektrum diagndz, se kterymi se setkdvame
v ramci UDP programu FN Brno (kap. 2) a v programu Baby Fox (kap. 5), od vzacnych epilepsii
a nervosvalovych onemocnéni po vzacna kozni, plicni a hematoonkologickd onemocnéni vcetné
nadort détského veku. V zavislosti na typu diagndzy jsou samoziejmé pacienti referovani také
do ERN center mimo FN Brno, napt. MetabERN a ERN RITA ve VFN Praha, nebo ITHACA ve FN
Motol a Homolka.

Na nérodni trovni koordinuje agendu vzacnych onemocnéni Mezioborova komise pro vzicna
onemocnéni (MEKOVO), poradni organ Ministerstva zdravotnictvi CR odpovédny za piipravu
strategickych dokumentt (ndrodni strategie, narodni akéni plan) a za koordinaci ¢innosti Narodni sité
center pro vzadcnd onemocnéni. Realizaci narodnich strategii zajiStuje Narodni koordinaéni
centrum pro vzacna onemocnéni (NKCVO) se sidlem ve FN Motol a Homolka, které mimo jiné
pravidelné Skoli praktické Iékafe v rozpoznavani Casnych piiznakii vzadcnych onemocnéni [35].
Partnerem NKCVO je Ceska asociace pro vzicna onemocnéni (CAVO), zastieSujici organizace
vice nez 45 pacientskych sdruzeni a pres 140 individudlnich ¢lend, véetn€ rodin s ultra-vzacnymi
diagnézami. CAVO provozuje také odbornou helplinku (help@vzacna-onemocneni.cz) a virtualni
Platformu ultra-vzacni a nediagnostikovani [36]. Tato platforma po fadu let pfedstavovala jedinou,
byt pouze virtualni, formu podpory nediagnostikovanych pacientt v CR.

Od roku 2023 je realizovan narodni projekt SYPOVO, jehoz cilem je vytvofit standardy sdilené péce
(,,shared care®) napfi¢ vysoce specializovanou, specializovanou, v§eobecnou, primarni, paliativni
a socialni péci a jasné definovat kompetence jednotlivych poskytovatell v cesté pacienta systémem.
Ve vyzkumné oblasti se CR prostiednictvim Agentury pro zdravotnicky vyzkum CR zapojuje
do evropského partnerstvi European Rare Diseases Research Alliance (ERDERA), které
koordinuje a spolufinancuje nadnarodni vyzkum vzacnych onemocnéni, pfipravu na klinické studie
a budovani sdilenych vyzkumnych infrastruktur [37].

Pieshrani¢ni rozmér péce upravuje smérnice 2011/24/EU, kterd zavadi nérodni kontaktni mista
pro pieshrani¢ni zdravotni péci a princip thrady nakladd na péci Cerpanou v jiném cElenském staté
do vySe, na niz by mél pacient narok v zemi pojisténi [33]. V praxi tento mechanismus nardzi
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na limity zejména u léCivych piipravki pro vzdcnd onemocnéni (LPVO), jejichz thrada se
mezi ¢lenskymi staty vyrazné lisi. Tato disparita je relevantni i pro pacienty popsané v kap. 4, jejichz
rodiny se v pfipad¢ experimentalni 1éCby obraceji na zahrani¢ni pracovisté a klinické studie
(viz Kazuistika 3 v kap. 4.2, kde se rodina zapojila do pfipravy klinické studie genové terapie
planované v Australii).

Instituciondlni rAmec popsany v této podkapitole (ERN, MEKOVO/NKCVO, CAVO, SYPOVO
a ERDERA) tvoifi syst¢émové pozadi vlastntho UDP programu FN Brno. Lokdlni program
pro nediagnostikované pacienty (kap. 2) a program Baby Fox (kap. 5) reaguji na dlouhodobé
chybgjici dedikovanou sit’ pro pacienty bez diagnézy v CR, zatimco zapojeni do projektu JARDIN
a do piipravy Narodni strategie pro vzacna onemocnéni 20262035 (kap. 3) propojuje tyto aktivity
s narodnim a evropskym ramcem péce o vzdcna onemocnéni.

1.6 Komplexni diagnosticky proces u détskych pacientii bez diagnézy

Diagnosticky proces u détskych pacientli bez diagnézy je ze své podstaty komplexni a vicestupiiovy,
zahrnuje fadu klinickych, laboratornich i systémovych kroki, které se navzajem prolinaji a v piipadé
potieby opakuji. Nejde ptitom pouze o vlastni genetické vySetieni. Proces zahrnuje standardizovanou
fenotypovou charakterizaci pacienta, volbu a indikaci vhodné diagnostické metody, piipadnou
periodickou reanalyzu dfive ziskanych dat, mezindrodni sdileni nalezl a pribézné ptizpisobovani
klinické péce na zaklad€ novych zjisténi, a predevsim o zajisténi péce o pacienty, kteti i pies veskeré
usili ziistavaji bez diagnozy. Tento cyklicky proces, uplatiiovany v rdimci UDP programu FN Brno,
je schematicky zndzornén na Obrazku 3 a jeho jednotlivé kroky jsou podrobnéji rozvedeny
v nasledujicich podkapitolach.

Referujici lékaF - Krok 1: Zafazeni pacienta |——! Kritéria pro (inclusion) / proti (exclusion)

Pfimy kontakt pacientem zarazeni do programu
Vstup do programu ]'— Krok 2 : Komplexni klinicky popis Vyuziti existujicich

a standardizované fenotypovani (HPO) lékaFskych zaznama,
doplnéni vySetfeni

| Krok 3: Pokrocila (vyzkumna) diagnostika ’—' Celogenomoveé sekvenovani
Reanalyza sekvenacnich dat
RNA sekvenovani, sekvenovani
s dlouhymi ready apod.

‘ Krok 4: Sdileni dat a matchmaking |

| Informovani pacienta \'7 Krok 5: Vysledky testovani, Referujici lékar

nastaveni péce a sledovani

Obrazek 3. Obecny diagnosticky proces v UDP programu FN Brno. Upraveno podle viastnich dat autorky [9].

1.6.1 Piehled diagnostickych metod

Vyvoj diagnostiky vzacnych a nediagnostikovanych onemocnéni byl v poslednich 15 letech pohanén
zejména zavadénim technologie sekvenovani nové generace (next generation sequencing, NGS).
Kli¢ovym milnikem bylo pouziti celoexomového sekvenovani (WES) k identifikaci kauzalni
varianty u mendelovsky dédéného onemocnéni (Ng et al., 2010) [38], které¢ nasledn¢ prokazalo svoji
klinickou uzitecnost v fad¢ kohortovych studii [39,40]. Celogenomové sekvenovani (WGS) dale
rozSifuje sekvenacni pokryti i na nekoddujici oblasti a strukturdlni varianty a v pfimém srovnani
prokazuje vys$si zachyt patogennich variant nez WES [41,42]; trio design (dité + oba rodice) dale
zvySuje diagnostickou vytéZnost oproti singleton piistupu, jak doklada pifimé srovnani Tan et al.
(2019) [43]. Tabulka 4 shrnuje silné stranky a limitace jednotlivych diagnostickych metod
pouzivanych v programu. Zatimco WES a jeho trio uspofaddani zlstava nejdostupnéjsi vstupni
metodou, ktera je i sou¢asti a nejkomplexngj§i moznosti vysetieni v ramci uhradového systému v CR,
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pfechod na celogenomové sekvenovani piinasi nejvyssi diagnostickou vytéznost, pfi¢emz rychlé
WGS (rWGS) s casem do vysledku 3—7 dni jiz potvrdilo klinickou uzite¢nost u kriticky nemocnych
déti a novorozencu (viz kap. 1.7.2). Dopliitkové metody, optické mapovani genomu, sekvenovani
s dlouhym ¢tenim, RNA-seq a metylomova analyza, nejsou urCeny k plosnému vyuziti, ale cilené
dopliuji diagnosticky algoritmus u pacientd, u nichz standardni ptistupy selzou (viz kap. 1.6.3).
Periodickd reanalyza dat a mezinarodni sdileni nalezti (matchmaking) pak piedstavuji
nizkonékladové, ale Casoveé a odborn€ narocné nastroje, které dokazou dodatecné zvysit vytéznost
1 u jiz dfive negativné vySetfenych pacientd.

Tabulka 4. Rozsirené srovnani diagnostickych metod pouzivanych v programu péce o nediagnostikované pacienty. TAT,
turnaround time. *Orientacni hodnoty dle viastnich dat autorky a citované literatury [32—48].

Aot Typicky . Dg. Naklady _
Metoda Princip TAT Detekuje vftémost* (relativnd) Limitace
Chybi trio
Sekvenovani SNV. malé indel kontext,
Singleton WES | kodujicich oblasti, | tydny v exo’nech Y 1~30-40 % nizké nekodujici
pouze proband oblasti, CNV
omezeng
Chybi
[ . nekodujici
. + ; .
Trio WES WE§ dité + oba tydny SNV, indely; de ~40-45 % stfedni oblasti,
rodice novo status s
strukturalni
varianty
SNV, indely, Cena,
. Celogenomové , CNV, cast ~45-55% , bioinformaticka
WGS (trio) sekvenovani tydny nekodujicich (v¢. VUS) vysoké a interpretacni
variant Zatez
. Cena,
Rychlé (rapidni) SNV, indely, . bioinformaticka
rWGS (trio) celogenomové 3—7 dni CvV, cast ~45-55% vysoké a interpretacni
. nekodujicich (v¢. VUS) Coxs ,
sekvenovani . zatéz, provozni
varlant foxy
zatez
Optické Zobrazeni dny— | Velké strukturdlni | doplikova | Stiedni— | Nedetekuje
mapovani dlouhych DNA , . , .
o tydny varianty, CNV metoda vysoké bodové varianty
genomu fragmenti
L L Strukturalni Cena, nizsi
Sekvenovani s Sekvenovani . o .

AR S 4o Dny— varianty, dopliikova velmi dostupnost,
dlouhym Ctenim | dlouhych sl tydn; fazovani metoda vysoké bioinformaticka
(ONT, PacBio) | DNA yany ’ y oI toTmatic

metylace narocnost
RNA-se Sekvenovini tydn; szfit;illi()v:x resni doplfikovd stiedni giir:?i\é?ta
d transkriptomu yany anty, exp metoda P
zmény exprese
, Epigenetické . S
Metylom (EPIC | Analza , Zzmény, doplikova | . . | Bioinformaticka
metylacniho tydny . 0. stiedni a interpretacni
array) imprinting, metoda foxy
profilu i Zatéz
episignatures
dle
’ P§r10d1cka intervalu Nové popsané +10-15 % o Persopalnl ’
Reanalyza dat reinterpretace (obvykle env/variant dodatetne nizké kapacita, systém
existujicich dat 12-24 geny Y pfipominani
mesici)
Funkéni validace | Ex vivo exprese, , . Casové a
(bunééné enzymaticka meésice Potvrzem reklasifikace vysoké personalni
2 patogenity VUS | VUS—P/LP o
modely) aktivita naro¢nost
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Matchmaking . . , . objevovani Zavislé na
Sdileni dat mezi tydny— | Nové gen-nemoc , f s 1 r e

(GeneMatcher, o . novych nizké globalni ucasti
centry mésice | asociace o

PhenomeCentral) syndromut center

1.6.2 Klasifikace variant a interpreta¢ni ramec

Interpretace nalezenych variant se fidi doporu¢enimi ACMG/AMP (American College of Medical
Genetics and Genomics ve spolupraci s Association for Molecular Pathology), publikovanymi
Richards et al. (2015) [44], a jejich naslednymi obecnymi upfesnénimi ¢i upfesnénimi specifickymi
pro dany gen a chorobu, zejména doporuc¢enimi ClinGen Sequence Variant Interpretation (SVI,
https://clinicalgenome.org/working-groups/sequence-variant-interpretation/). ~ Tato  doporuceni
rozdéluji varianty do péti tiid na zakladé sméru (patogenni vs. benigni) a sily souboru dikazii (Tab.
5) a v klinické praxi se dnes pro klasifikaci genovych variant pouzivaji témét vyhradné. Klasifikace
se vzdy vztahuje ke konkrétnimu genu, onemocnéni a zptisobu dédicnosti.

Klasifikace vychédzi z kombinace nezavislych typt dikazi s definovanou vahou. Ve prospéch
patogenity se hodnoti: PVS1 (very strong), tj. pfedpokladand varianta se ztratou funkce v genu (napf.
nonsense, frameshift, kanonicka sestfihova mista), u n¢hoz je ztrata funkce zavedenym mechanismem
onemocnéni. Sila PVS1 se posuzuje podle typu varianty, jeji polohy a ocekdvaného dopadu
na transkript. Kritéria PS1-PS4 (strong) zahrnuji napf. stejnou aminokyselinovou zménu jako u diive
prokéazané patogenni varianty (PS1), potvrzeny vyskyt de novo (PS2), dobfe zavedené funkéni studie
(PS3) nebo zvyseny vyskyt u postizenych oproti kontroldm (PS4). Kritéria PM1-PM6 (moderate)
zahrnuji napt. lokalizaci v muta¢nim hotspotu ¢i kritické funkéni doméné (PM1), absenci nebo
extrémné nizkou ¢etnost v populacnich databédzich (PM2; podle aktualnich doporuceni ClinGen SVI
se obecn¢ pouziva v podplrné sile), prikaz vyskytu v frans s patogenni variantou u recesivniho
onemocnéni (PM3) a ptedpokladany vyskyt de novo bez potvrzeného rodicovstvi (PM6). Kritéria
PP1-PP4 ptedstavuji podpurné diikkazy. Segregace s onemocnénim nalezi ke kritériu PP1 a vice
vypocetnich predikci podporujicich Skodlivy ucinek ke kritériu PP3; specifickda shoda fenotypu
s onemocnénim zpuisobenym danym genem muze naplnit PP4. Kritérium PP5 zaloZzené pouze
na tvrzeni ditvéryhodného zdroje bez dostupnych primarnich podkladii se podle doporuceni ClinGen
SVI nema pouZzivat.

Proti patogenité, tedy ve prospéch benigni klasifikace, se hodnoti: BA1 (stand-alone), alelova
frekvence vyssi, nez je slucitelné s danym onemocnénim; BS1-BS4 (strong), napt. frekvence vyssi,
nez odpovidd ocfekdvané maximalni frekvenci alely, nebo absence segregace; a BP1-BP7
(supporting), mimo jiné missense varianta v genu, u n¢hoz jsou patogenni predevsim varianty vedouci
ke ztraté funkce. Kritérium BP6, obdobné PP5 a zalozené pouze na tvrzeni externiho zdroje, se podle
doporuceni ClinGen SVI nemé pouzivat. Finalni klasifikace vznikd kombinaci splnénych kritérii
podle stanovenych pravidel a s pfihlédnutim k pfipadnym tpravam specifickym pro dany gen
a onemocnéni. Kombinace PVS1 + PM2 odpovida podle ptivodnich pravidel Richards et al. (2015),
pfi pouziti PM2 v sile moderate, tfidé¢ 4 pravdépodobné patogenni, nikoli patogenni (tfida 5).
Kombinace PS3 + PM2 + PM3 + PP2 + PP3 mize podle plivodniho ramce vést ke tiid€ 5 patogenni
pouze tehdy, je-li kritérium PS3 hodnoceno jako strong a kritéria PM2 i PM3 jako moderate;
pti soucasném obecném pouziti PM2 v podpiirné sile tato kombinace bez dalSiho diikkazu zpravidla
odpovida tfidé 4 pravdépodobné patogenni. Klasifikaci varianty CYP2UI p.Argl86His uvedenou
v kap. 4.2 je proto nutné posuzovat a vztahovat ke konkrétni sile jednotlivych pouzitych kritérii
a k verzi pouzitych specifikaci.
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Zvlastni postaveni maji funk¢ni studie (PS3 ve sméru patogenity, BS3 ve sméru benignity), které
byly dilezité pti reklasifikaci varianty CYP2UI popsané v kap. 4.2; in vitro test prokazal ztratu
enzymatické aktivity, resp. nestabilitu proteinu. V piivodnim ramci Richards et al. (2015) jsou PS3
a BS3 definovana jako kritéria se silou strong, samotny funkéni vysledek vSak nelze automaticky
hodnotit touto vahou. Podle soucasnych doporuceni ClinGen SVI se sila PS3/BS3 stanovuje podle
biologické relevance testu, jeho analytické validace, reprodukovatelnosti a poctu i typu patogennich
a benignich kontrol a mlze byt supporting, moderate, strong, pfipadné u PS3 ve vyjimecnych
ptipadech very strong. Funkéni dikaz proto muze byt pro reklasifikaci rozhodujici, musi vSak byt
kombinovan s ostatnimi nezavislymi dikazy a nesmi dochazet k jejich dvojimu zapocteni.

Tabulka 5. Systém peéti trid ACMG/AMP pro klasifikaci variant s priklady platnych kombinaci kritérii podle Richards et al.
(2015) [44]; uvedené sily kritérii mohou byt naslednymi obecnymi nebo genoveé specifickymi doporucenimi upraveny.

Trida Klinicky vyznam Priklady kombinaci kritérii podle Richards et al. (2015)

napt. PVS1 + PS1; PVS1 + PM1 + PM2; nebo PS3 + PM1 +
PM3 + PP2 + PP3

Trida 5 Patogenni (Pathogenic, P)

Pravdépodobné patogenni (Likely

Trida 4 . napf. PVS1 + PM2; PS3 + PM2; nebo PM1 + PM2 + PM3

pathogenic, LP)
o Varianta nejasného vyznamu kritéria jsou nedostate¢na nebo si diikazy pro patogenitu a

Trida 3 s .,
(VUS) benignitu odporuji

Ttida 2 Pravdépodobné benigni (Likely | -« pq1 4 Bpa; nebo BP1 + BP4
benign, LB)

Ttida 1 Benigni (Benign, B) napt. BA1; nebo BS1 + BS2

1.6.3 Pristup u exom-negativnich pacientii

Vétsina nediagnostikovanych pacientl pfichazejicich a posuzovanych v ramci UDP center v USA
a EU (vcetné¢ UDP programu FN Brno) jiz pfichdzi po genetickém vySetieni a jsou tzv. “exom-
negativni”. U téchto geneticky nevysvétlenych ("exom-negativnich") pacientl je tieba
implementovat komplexni pfistup zahrnujici reanalyzu dat [45], sekvenovani s dlouhym ¢tenim [46],
RNA-sekvenovani k zachytu sestfihovych defekt [47], metylomovou analyzu, a funk¢ni validaci
[48,49,50]. Integrace téchto pfistupli je zndzornéna na Obr. 4 a tvoii koncepéni zéaklad
pro diagnostické workflow v rdmci UDP programu FN Brno a jeho vyzkumné platformy v rdmci
centra CREATIC (viz kap. 2 a kap. 4).
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Bezna diagnosticka vysetreni jsou negativni
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Obrazek 4. Integrované diagnostické workflow pro pacienty s negativnim standardnim genetickym vysetrenim.
Upraveno podle Marwaha S. et al., Genome Medicine, 2022 [48].

U pacientt, kde tento postup opét nevede k diagnoze, ale k nalezeni klinicky relevantnich
kandidatnich VUS, jsou k dispozici funkéni studie in vitro i ex vivo (bunééné modely, organoidy,
modelové organismy), jejichz princip a pouziti v podminkdch centra CREATIC jsou popsany
v kapitole 4.

V poslednich letech se téziste vyzkumu u pacienti, ktefi zlstavaji bez diagnozy po vSech standardnich
genetickych vySetenich, pfesouvd k integraci vice ,,omickych® pfistupt: transkriptomiky,
metylomiky a sekvenovani s dlouhym ¢tenim. Tabulka 6 shrnuje klicové recentni studie kvantifikujici
dodate¢ny diagnosticky pfinos jednotlivych pfistupli nad ramec samotného exomu/genomu.

Tabulka 6. Studie zamérené na prinos multi-omickych pristupi (long-read sekvenovani, transkriptomika, metylomika) u
exom/genom-negativnich pacientii se vzacnym onemocnénim.

Studie Pristup Kohorta Dvordatecny/absolutm Rok
prinos

Cummings et al., mendelovské prikaz konceptu

Sci Transl Med RNA-seq (svalova tkan) nervosvalové transkriptomové 2017

[51] nemoci diagnostiky
kazuistika prikaz konceptu pro

Merker et al., e (kauzalni strukturalni varianty

Genet Med [52] WGS s dlouhym étenim (long-read) strukturalni nedetekovatelné short- 2018
varianta) read
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Frésard et al.,, Nat | RNA-seq (leukocyty) + velké kontrolni geneticky identifikace kauzalnich

nevyfesené gend z transkriptomu | 2019

Med [53] kohorty pripady leukocyti
ticky “ .

Lee et al., Genet . Eeneticky +7 % dodatecnych
Med [54] RNA-seq (transkriptom) nevyfesené diagnéz 2020

pripady

geneticky rozsifeni
Levy et al, HGG Nové diagnostické episignatury nevyfesené epigenetického spektra | 2021
Adv [55] o ,

pripady mendelovskych chorob

vytéznost 47 % —

Lunke et al.,, Nat | WGS + transkriptomika + metylomika | australska 54 %: 77 % ndlezii se | 2023

Med [56] + dlouhé¢ éteni — integrované narodni kohorta 9
zménou managementu
ticky +18 % diagndz u drive
Kerkhof et al. .. gene .
; Metylomové episignatury nevyfesené nejednoznacnych 2024
Genet Med [57] pripady nalezl
. identifikace prediktort
Pucel et al., Genet , . rare disease AR ,
Med [58] WES/WGS v heterogenni populaci kohorta ugpesr}eho stanoveni 2024
diagnoézy
Lagorce et al., Eur | Prioritizace variant na zakladé rglzgetf{ccéke}rllé lriletr?glr(ﬁiozgalgiky pristup 2024
J Hum Genet [59] | fenotypové podobnosti vy prioritiz .
pripady kandidatnich variant
enctick kompletni multi-
Vollger et al., Nat | Synchronizované long-read rglev feée}rllé omicka charakterizace 2025
Genet [60] genom/metylom/epigenom/transkriptom | ., M z jedné long-read
pripady
platformy

Tato literatura je vychodiskem pro nastaveni vlastniho vyzkumného programu UDP programu FN
Brno a centra CREATIC, ktery na klinickou kohortu popsanou v kapitole 2 navazuje pilotnimi daty
s funk¢ni validaci a implementuje obdobny stupnovity multi-omicky piistup u pediatrickych pacientd
zustavajicich bez diagnézy po WES.

Z jednotlivych studii vyplyva, Ze ptinos jednotlivych ,,omickych* pfistupl je komplementarni, nikoli
zaménitelny. Lunke et al. (2023) [56] v celondrodni australské kohorté prokazali, Ze pIn¢ integrovany
multi-omicky ptistup (WGS spolu s transkriptomikou, metylomikou a sekvenovanim s dlouhym
¢tenim) zvySuje vytéznost z 47 % na 54 % a u 77 % nové diagnostikovanych pacientll piimo méni
klinicky management. Jde o dosud nejsilngjsi evidenci pro plosné zavedeni tohoto pfistupu. Samotné
RNA-sekvenovani pfinasi u nevyfesenych mendelovskych onemocnéni dodatecnych 5-7 % diagnoz
(Cummings et al. [51], Lee et al. [54]), zatimco metylomové episignatury dokdzou reklasifikovat az
18 % dtive nejednoznacnych nélezti (Kerkhof et al. [57]). Sekvenovani s dlouhym ¢tenim (long-read)
ma naproti tomu jedinecnou schopnost zachytit strukturalni varianty nedetekovatelné klasickym
sekvenovanim s kratkym ctenim (Merker et al. [52]) a v nejnovéjsi podobé (Vollger et al., 2025 [60])
umoziuje kompletni genomovou, metylomovou 1 transkriptomovou charakterizaci z jediné
platformy.

1.7 Pi'ehled kli¢ovych studii

Piedchozi podkapitoly byly zaméfeny na jednotlivé diagnostické metody a jejich technické
parametry; tato kapitola je dopliiuje o systematicky ptehled publikované evidence, ktery umoziuje
zasadit vlastni vysledky UDP programu FN Brno do Sir§$iho mezinarodniho kontextu. Vzhledem
k tomu, Ze diagnosticka vytéznost i klinicky dopad genomickych metod se vyznamné lisi podle typu
klinické populace a naléhavosti indikace, je kapitola rozdélena na dvé samostatné ¢asti. Podkapitola
1.7.1 shrnuje evidenci z programl pro ambulantni nediagnostikované pacienty (UDP), u nichz je
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diagnosticky proces zpravidla dlouhodobéjsi a klade dlraz na komplexni fenotypovou charakterizaci
a piipadnou reanalyzu dat. Podkapitola 1.7.2 naproti tomu shrnuje evidenci z programii rychlé
genomiky (rES/rWGS) u kriticky nemocnych pacientli na neonatologickych a pediatrickych
jednotkach intenzivni péce (NJIP/JIP), kde je klicovym parametrem rychlost vysledku a jeho
okamzity dopad na klinické rozhodovani.

1.7.1 Studie zamérené na nediagnostikované pacienty

Studie zamétené na nediagnostikované pacienty tvoii metodologicky zéklad oboru a zahrnuji jak
specializované ambulantni programy, tak narodni a mezinarodni sit€¢ popsané v podkapitole 1.4.
Spole¢nym znakem téchto studii je heterogenni, zpravidla chronické pacientska populace s dlouhou
diagnostickou odyseou, u niz je diagnosticky proces zalozen na kombinaci komplexni fenotypové
charakterizace, celoexomového ¢i celogenomového sekvenovani a piipadné periodické reanalyzy dat
a aplikace multiomickych pfistupt. Nasledujici tabulka shrnuje diagnostickou vytéznost a klinicky
dopad vybranych reprezentativnich programil, véetné kohorty z UDP programu FN Brno (detailngji
v kap. 2.3).

Tabulka 7. Prehled diagnostické vytéznosti a klinického dopadu vybranych programii pro nediagnostikované pacienty
(UDP), vcetné UDP kohorty FN Brno.

Studie / program Populace, N Metoda Dg. vytéznost | Klinicky dopad | Rok
Ng et al., prvni L
diagnosticky WES ka;ulstlka WES /1 (proof of zavedeni metody | 2010
[38] (Miller sy.) concept)

382 pacienttl
Splinter et al., UDN | (komplet. WESNVGS’ (o 21 % zména

. multidisciplindrni 35% . 2018

[61] hodnoceni), tym terapie

USA
Tan et al., trio vs. komparativni trio > nizsi naklady na
singleton [43] kohorta WES singleton dg. u tria 2019

. 3219 pacientd, s 1
S}rapnehelm et al. celostatni WGS 40 % vysoky klinicky 2021
(Svédsko) [28] program dopad
100 000 Genomes . 0 systémovy dopad
Project (UK) [27] 4660 rodin WGS 25 % na NHS 2021
. 58 pediatrickych o

Slaba K etal., Sci pac. bez dg., FN | Singleton WES 43 % 76 .A) . 2024
Rep [29] Brno actionability

6004 rodin systematicka
Solve-RD, Laurie et | (reanalyza), 37 M ¥ 12,6 % (8,4 % .
al. [62] evropskych reanalyza +4,1%) nové diagnozy 2025

’ center WES/WGS ’

387
UDPprogram EN | .. trickych | WES/WGS/IFWGS | 38 % neuvedeno 08/2026
Brno (kap. 2.3) e souhrnné

Napfi¢ uvedenymi programy se diagnostickd vytéZznost u ambulantnich nediagnostikovanych
pacientii pohybuje v rozmezi 25-46 %, pricemz vysledky UDP programu FN Brno (38 %) jsou pln¢
srovnatelné s velkymi zahrani¢nimi programy (UDN, USA, 35 % [61]; Svédsky celostatni program,
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~40 % [28]). Systematicka reanalyza dat v rdmci evropského konsorcia Solve-RD dosahuje klinicky
vyznamné vytéznosti (12,6 %), coz potvrzuje hodnotu periodické reanalyzy jako dopliikového
nastroje k prvotnimu negativnimu vysetfeni u pacientli bez diagnozy [62].

1.7.2 Rychla genomika u kriticky nemocnych pacienti

Na rozdil od ambulantnich UDP programt je rychla genomika u kriticky nemocnych pacientl
diagnostickym néstrojem nasazovanym piimo u lizka na jednotkéch intenzivni péce, kde rozhoduje
o volbé ¢i ukonceni intenzivni terapie béhem hodin az dnti. Metodicky se opira predevsim o trio
celogenomové sekvenovani se zkracenym bioinformatickym pipeline, jehoz cilem je dosaZeni
klinicky pouzitelného vysledku v fadu jednotek dnti od odbéru vzorku. Nasledujici tabulka shrnuje
diagnostickou vytéznost a klinicky dopad publikovanych programi rychlé genomiky u novorozencii
a déti na NJIP/JIP véetné vlastnich vysledkil projektu Baby Fox.

Tabulka 8. Srovnani diagnosticke vytéznosti a klinickeho dopadu u vybranych programii rychlé genomiky (rES/rWGS) u
kriticky nemocnych novorozencii a deti na NJIP/JIP.

Studie / program Populace, N Metoda Dg. vytéZznost | Dopad Rok
. zkraceni doby do
. 65 probandt (32 o
Petrikin et al., WGS/33 Trio tWGS, RCT 31 /00(10/32) dg., (13 vs. 107 2018
NSIGHT1 [63] kontrol), USA vs. 3 % kontroly | dni), potvrzeni
’ proveditelnosti
42 snizeni morbidity
Farnaes et al. [64] novorozenct/déti, | IWGS 43 % (18/42) a nakladu 2018
USA hospitalizace
USA ,
Baby Bear, ’ . A0 uspora 14 265
Dimmock et al. [65] I‘g‘}vcoé"ze““ rWGS 40% USD/dits 2021
g;i;?;l" é:elﬁgriles novorozenci Trio rWGS vs. 36,6 % (vs. Superiorita WGS 2021
Project [66] NICU, Cina proband rES 20,3 % rES) nad WES
0, 0, 41
Krantz et al., 100 novorozenc, 390 70 (32 %+ 2x Vysst
NICUSeq [67] USA rWGS 7 % pravdépodobnost | 2021
pravdépodobna) | zmény péce
. 130 novorozenc, .
Baby Bambi, Marom | 17 ' ndrodni | rWGS (trio) 50 % (65/130) | dopaddop&éeu 1,4, ,
et al. [68] pilot) Casti pacientl
Kingsmore et al., 44 studii, déti na 0 , 26 % dopad do
metaanal{za [69] NICU/PICU rWGS/URGS/TES | 37 % nova dg. péte 2024
Baby Fox, vlastni 89/120 pacienti . 43,8 % (57,3 % | 60 % primy
data (kap. 5.2) NJIP/JIP AN (D) v&. VUS) splco e | DA

Diagnosticka vytéznost rychlé genomiky u kriticky nemocnych novorozencii a déti (37-50 %) je
srovnatelnd s vytéznosti dosahovanou u ambulantnich nediagnostikovanych pacientl, pficemz
projekt Baby Fox (43,8 %, resp. 57,3 % vcetn¢ VUS) dosahuje spiSe vysSich hodnot napfiic
uvedenymi programy. Klinicky piinos je konzistentné vysoky napii¢ programy, od piimé uspory
naklada (Baby Bear, 14 265 USD/dit¢) po zménu 1écby u vyznamné ¢asti diagnostikovanych pacientd
(Baby Fox, Baby Bambi), coz doklada robustnost rychlé¢ genomiky jako diagnostiky prvni volby
v prostfedi intenzivni péde napii¢ odlisngmi zdravotnimi systémy. Casnd evidence
z randomizovanych studii NSIGHT1 (Petrikin et al., 2018) [63] a observacnich kohort (Farnaes et al.,
2018) [64] potvrdila, Ze 1 pti skromné&j$im rozsahu (42—65 pacientil) vede rWGS k signifikantnimu
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zkraceni doby do diagnézy oproti standardni pé¢i. Cinsky narodni program (Wu et al., 2021) [66]
a americké randomizovana studie NICUSeq (Krantz et al., 2021) [67] nasledné na vétSich kohortach
(100 a vice pacientl) dolozily konzistentni diagnostickou vytéznost 3540 % a pfiblizné
dvojnasobnou pravdépodobnost zmény klinické péfe oproti standardnimu postupu. Metaanalyza
Kingsmore et al. (2024) [69], zahrnujici 44 studii, potvrzuje analytickou u klinickou utilitu rtWGS
pfi primérné diagnostické vytéznosti na trovni 37 % novych diagnéz a 26 % zmeény lécebného
postupu, ¢imz rozsifuji mezinarodni dikazni zdkladnu, do niz se zapojuje také Cesky projekt Baby
Fox koordinovany z FN Brno.

1.8 Terapeutické pristupy u vzacnych onemocnéni

Kauzalni 1é¢ba bohuzel zlistava i po objasnéni genetické etiologie dostupna jen u malé ¢asti vzacnych
onemocnéni. Pfijeti Orphan Drug Act v roce 1983 umoznilo vyvoj vice nez 500 1éCivych piipravki
pro vzacnd onemocnéni [70] a v EU je dnes registrovano pies 230 tzv. orphan drugs s cilem rozsifit
jejich pocet o dalsich 1 000 do roku 2027 [12]. Pfesto ma schvalenou 1é€bu jen necelych 5 % vzéacnych
onemocnéni, u dalSich pfiblizné 15 % je 1éCivy ptipravek ve vyvoji nebo s udélenym orphan drug
designation [71]. Ojedinélym ptikladem uspésného vyvoje 1éCiva pro ultra-vzacné onemocnéni je
hereditarni orotova acidurie (popsana u méné nez 25 pacientl celosvétove), kde byl na zékladé
omezenych dat faze I1I v roce 2015 schvalen uridin triacetat (Xuriden). Jedné se o dosud nejvzacnéjsi
onemocnéni s registrovanou lécbou [72].

Genova terapie

Genova terapie (GT) je zaloZena na cilené modifikaci bunééné DNA nebo interakci s bunéénou
DNA/RNA za ucelem aktivace nebo inaktivace konkrétniho genu a piedstavuje jeden
z nejperspektivnéjSich ptistupt k 1é¢bé monogenné podminénych vzacnych chorob. V letech 2017—
2023 bylo v Evropé zahdjeno vice nez 90 klinickych studii s pfipravky genové terapie u vzacnych
onemocnéni, 12 ptipravki jiz bylo registrovano a dalSich 15 je ve tieti fazi klinick¢ho hodnoceni [73].
Zakladnim cilem GT je (i) nahradit funkeci poskozeného genu vlozenim jeho funkéni kopie do bunck
pacienta, genovd augmentace, (ii) utlumit patologicky aktivni gen pomoci terapeutickych
oligonukleotidi, nebo (iii) opravit poskozeny gen pomoci genové editace. Na rozdil
od symptomatické 1écby jde o lécbu kauzélni, obnovujici funkci poskozeného genu. Zakladni
strategie genové terapie, genova augmentace, umlceni genu a genova editace, jsou shrnuty na Obr. 6.

Ptenos genetického materidlu Ize provést in vivo (ptfimo v téle pacienta) nebo ex vivo, kdy jsou buniky
pacienta geneticky modifikovany mimo télo a nasledné vraceny zpét; ex vivo pfistup umoziiuje
selekci a kontrolu uspésné modifikovanych bunék pted jejich aplikaci. Podle nosice (vektoru)
rozliSujeme virovou GT (retroviry, lentiviry, adenoviry, AAV — adeno-asociované viry), pouzivanou
zejména u genové augmentace, a nevirovou GT, uplatiovanou pfedevSim u terapeutickych
oligonukleotidi.
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Obrazek 5. Zakladni strategie genové terapie: (A) genova augmentace, (B) umlceni genu, (C) genova editace s moznymi
vysledky opravy pomoci homologni rekombinace nebo nehomologniho spojovani koncit.

funkéni alela

funkéni alela po cileném
vioZeni genu

Registrované 1é¢ivé piipravky vyuZzivaji vSechny tfi zakladni principy: ex vivo genova augmentace
autolognich hematopoetickych kmenovych bun¢k (Strimvelis u ADA-SCID, historicky prvni nemoci
l1écené genovou terapii), ex vivo genova editace pomoci CRISPR/Cas9 (Casgevy u srpkovité anémie),
in vivo podani virového vektoru AAV2 nesouciho funkéni kopii genu RPE65 (Luxturna u retinalni
dystrofie) a systémové podavany AAV9 vektor nesouci funkéni gen SMNI (Zolgensma u spinalni
muskularni atrofie, SMA), jehoz uc¢inek ptetrvava dlouhodobé¢ po jednordzovém podani [74]. Cena
ptipravku Zolgensma v CR piesahuje 50 milionti K& na pacienta.

Terapeutické oligonukleotidy

Terapeutické oligonukleotidy jsou kratké nukleotidové sekvence interagujici s cilovou (pre-)mRNA,
délené¢ na ASO (antisense oligonucleotides), které se vazi na komplementarni RNA a blokuji jeji
translaci nebo moduluji sestiih, a siRNA (small interfering RNAs), vyvolavajici endonukledzovou
degradaci cilové mRNA. Typickym ptikladem ASO je nusinersen, ktery u SMA moduluje sestiih
pre-mRNA pseudogenu SMN2 tak, aby zabranil vynechani exonu 7; u Duchennovy muskuldrni
dystrofie vyuzivaji pfipravky golodirsen a casimersen princip exon skippingu k obnoveni cteciho
ramce genu DMD. Terapeutickd siRNA inklisiran (Ié¢ba hypercholesterolémie) vyvazuje mRNA
kodujici proteazu PCSK9, ¢imz snizuje odbouravani LDL receptorti. Obdobnym mechanismem cili
patisiran a vutrisiran na mRNA transthyretinu (TTR) v 1é€b¢ hereditarni transthyretinové amyloidézy.
Mala velikost cilové sekvence a vysoka konzervovanost Cini atraktivni kandidaty pro obdobné
terapeutické strategie také z nekodujicich RNA, jako je snRNA RNU4-2 u ReNU syndromu (kap. 2,
Ptiloha 6).

Lékovy repurposing

Lékovy repurposing (repozicovani 1é¢iv), tedy hledani novych indikaci pro jiz existujici 1éCiva,
predstavuje efektivni a ekonomicky dostupnou strategii urychleni vyvoje 1é€by vzacnych

onemocnéni, nebot’ vyuziva existujici znalosti o bezpec¢nosti, farmakokinetice a klinické toleranci
[75]. Moderni ptistupy propojuji genomicka, transkriptomickd, proteomicka a metabolomicka data
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metodami sitové mediciny (network medicine) a um¢lé inteligence a umoznily identifikovat
ptes 1000 potencidlnich kandidati pro dosud neléené vzacné choroby [75]. Klinicky ovéfenymi
ptiklady jsou sirolimus (piivodné imunosupresivum) jako inhibitor mTOR u tuber6zni sklerdzy,
metformin v terapii mitochondridlnich a nddorovych onemocnéni, propranolol v 1é¢bé infantilnich
hemangiomd, sildenafil u plicni arteridlni hypertenze, riluzol jako dopliikové terapie u SMA ¢i
Huntingtonovy choroby a dantrolen v terapii spasticity u neuromuskularnich poruch. Zvlastnim
smérem je tzv. personalizovany repurposing, kdy se 1é¢ivo vybird podle individualniho genomického
profilu pacienta (N-of-1 pfistupy), princip, na némz je pifimo postavena platforma pro repurposing
1é¢iv realizovand v rdmci centra CREATIC a popsana v kap. 4.5.

Ekonomické a regulac¢ni aspekty

Zasadni prekazkou dostupnosti modernich terapii zistavaji vysoké néklady, slozity regulacni proces
a jejich omezend dostupnost napfi¢ ¢lenskymi staity EU (kap. 1.5). Cena jednorazovych lé¢ivych
ptipravki genové terapie presahuje moznosti vétSiny narodnich systému verejného zdravotnictvi; EU
na to reaguje systémem regulacnich pobidek (danové tlevy, prodlouzena trzni exkluzivita, védecké
poradenstvi pro vyrobce) v ramci Orphan Drug Regulation, pfesto pouze malé procento vzacnych
onemocnéni dosdhne faze registrace a komer¢ni dostupnosti [76]. Neziskové a pacientské organizace,
v Ceském kontextu zejména CAVO (kap. 1.5), sehravaji kli¢ovou roli v koordinaci klinického
vyzkumu, ndboru pacientd a poskytovani dat pro postregistracni sledovani t¢innosti [77,78].

VLASTNi PRINOS A KOMENTAR K RELEVANTNIM PUBLIKACIM, Kkapitola 1

Vlastni prace publikovana v Casopise Scientific Reports [29] dokladd, ze systematické zavedeni
singleton WES, tedy celoexomového sekvenovani samotného probanda bez soucasného vysetreni
srovnatelnou s vysledky velkych zahrani¢nich programii. Vyznam prace nespociva pouze
ve vyhodnoceni diagnostické vytéznosti jedné genomické metody, ale také v ovéfeni organiza¢niho
modelu, v némz jsou indikace k vySetfeni, interpretace nalezt a jejich pfevod do klinické péce
zajiStovany prostfednictvim multidisciplinarni spoluprace.

Ziskana data poskytla odborny podklad nezbytny pro rozhodnuti o institucionalizaci programu pro
nediagnostikované pacienty ve FN Brno (UDP program FN Brno) a pro vytvofeni jeho stabilniho
klinického a organizacniho zdzemi (viz kap. 2). Pilotni projekt se nésledné stal vychodiskem
pro postupné rozsifeni programu od singleton WES k celogenomovému a rychlému
celogenomovému sekvenovani, k zaclenéni multiomickych metod a funkéni genomiky a k budovani
integrované vyzkumné platformy propojujici klinickou diagnostiku s experimentalnim ovéfovanim
variant a hledanim individualizovanych terapeutickych moznosti (kap. 4-5). Publikace [29] tak
predstavuje nejen souhrn vysledkii pilotni kohorty, ale také klicovy dikaz proveditelnosti
a klinického vyznamu koncepce, z niz se nasledné rozvinul komplexni transla¢ni program péce o déti
s ultra-vzacnymi a dosud neobjasnénymi onemocnénimi.
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2. Institucionalizace péce o nediagnostikované pacienty ve Fakultni
nemocnici Brno

2.1 Historie a vznik programu

Vyvoj programu Ize rozdélit do nékolika na sebe navazujicich fazi, shrnutych v Tabulce 9. Vyzkumny
UDP program vznikl v zafi 2019 jako spolec¢na iniciativa Pediatrické kliniky FN Brno, Biologického
ustavu LF MU a CEITEC MU, financovana zpocatku ze StartUp grantu FN Brno. V letech
2019-2023 probéhla pilotni faze programu s vyuzitim singleton WES u 58 pacientli; na tuto fazi
v letech 2022-2024 navazal rozSifujici projekt (spolufesitelé K. Slabd a P. Jabandziev,
EK: 12-071222/EK).

Zasadnim institucionalnim milnikem bylo zaii 2023, kdy byla oteviena prvni Ambulance pro détské
pacienty bez diagnézy v CR a zaroven ustavena Multioborovéa indikaéni komise (pfedseda P.
Jabandziev, mistopfedsedkyné K. Slaba) na Pediatrické klinice FN Brno a LF MU. Od ledna 2024
byla navdzana spoluprace s centrem excelence CREATIC (Central European Advanced Therapy and
Immunotherapy Center, https://creatic.muni.cz), translacnim pracovisttm Masarykovy univerzity
zaméfenym na vyvoj pokro€ilych terapii, financovanym mimo jiné z programu Horizon Europe
Teaming for Excellence (grant ¢. 101059788). Soubézné byla navazana spoluprace s narodni
infrastrukturou CZECRIN (Czech Clinical Research Infrastructure Network) a jejim centrem CAATS
(https://czecrin.cz/en/caats/), které poskytuje expertni podporu pii vyhleddvani a screeningu
vhodnych klinickych studii a terapeutickych moznosti pro pacienty s nejasnou nebo vzacnou
diagn6zou. UDP program FN Brno je zaloZen na Siroké mezioborové spolupraci v ramei FN Brno
a propojeni s akademickymi a vyzkumnymi pracovisti. Diky spolupraci s CEITEC MU
a Biologickym ustavem LF MU Ize vyuzivat pokrocilé genomické metody nad ramec soucasného
systému thrad v CR, spoluprice s CREATIC LF MU pak rozsifuje moznosti vyhledavani
experimentalni 1é¢by a klinickych hodnoceni v mezinarodnim kontextu.

V srpnu 2024 byl program formaln¢ zaclenén pod noveé vzniklé Centrum precizni mediciny FN Brno
(www.fnbrno.cz/cpm), ¢imz ziskal S$ir$i infrastrukturni a expertni zdzemi. Zaclenéni do CPM
soucasné prispé€lo k lepsi komunikaci programu smérem k pacientlim i odborné a Siroké veiejnosti,
mimo jiné¢ prostfednictvim prezentace pacientskych piibéhid a medializace aktivit programu
(https://www.fnbrno.cz/cpm-pribehy-pacientu, https://www.fnbrno.cz/napsali-o-nas/t7866). O mésic
pozdéji, v zati 2024, byl zahajen multicentricky projekt Baby Fox pro rychlou genomiku u kriticky
nemocnych déti a novorozencti, sponzorovany spolecnosti [llumina Inc.. Projekt a jeho vysledky jsou
podrobné popsany v kapitole 5. V lednu 2026 zalozili rodic¢e pacientli z UDP programu FN Brno
pacientskou organizaci Maly Odyseus (https://malyodyseus.cz). V bieznu 2026 schvalila vlada CR
Narodni strategii pro vziacna onemocnéni 2026-2035, ktera explicitné zmiiluje UDP program
FN Brno (viz Nérodni strategie pro vzacnd onemocnéni, kap. 3). V kvétnu 2026 byla v ramci
CREATIC LF MU zaloZena samostatna vyzkumna skupina Ultra-vzacnd onemocnéni a pacienti bez
diagnozy (vedouci K. Slaba), kterd program dale integruje jako vyzkumnou platformu, a pro ctvrté
ctvrtleti 2026 je ve spolupraci s CREATIC planovano spusténi registru ROADS (Registry for Patients
Without Diagnosis) pro détské pacienty bez diagnozy.

Tabulka 9. Casova osa institucionalizace UDP programu FN Brno.

Datum Milnik Financovani / ramec

Zalozeni vyzkumného UDP programu (Pediatrickd klinika FN Brno, StartUp grant FN Brno;

09/2019 Biologicky tstav LF MU, CEITEC MU) EK: 31-270420/EK

interni grant FN Brno
2019-2022

2022-2024 Navazujici projekt (spolufesitelé K. Slaba, P. Jabandziev) EK: 12-071222/EK

2019-2023 Pilotni faze, singleton WES, 58 pacient
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https://www.fnbrno.cz/cpm-pribehy-pacientu
https://www.fnbrno.cz/napsali-o-nas/t7866

Otevieni Ambulance pro détské pacienty bez diagnozy (prvni svého
druhu v CR) + ustanoveni Multioborové indika¢ni komise pro détské | institucionalni ukotveni ve

09/2023 pacienty bez diagnozy na Pediatrické klinice FN Brno a LF MU FN Brno
(predseda P. Jabandziev, mistopfedsedkyné K. Slaba)
Zahajeni spoluprace s centrem CREATIC (https://creatic.muni.cz) a Horizon Europe Teaming
01/2024 infrastrukturou CZECRIN a jejim centrem CAATS for Excellence (CREATIC
https://czecrin.cz/en/caats/#cinnosti CAATS), expertni podpora — Grant agreement number
g
terapeutickych moznosti a screening klinickych studii 101059788)
08/2024 Zatazeni UDP programu pod Centrum precizni mediciny FN Brno www.fnbrno.cz/cpm
09/2024 Zahajeni multicentrického projektu Baby Fox pro rychlou genomiku u | Sponzorovano Illumina Inc.
kriticky nemocnych déti a novorozencti (Baby Fox)
01/2026 Rodice pacientt UDP programu FN Brno zakladaji pacientskou hitps:/malyodyseus.cz

organizaci Maly Odyseus

Vlada CR schvaluje Narodni strategii pro vzacna onemocnéni 2026—
03/2026 2035, ve ktere je obsazen 1 UDP program FN Brno jako silna stranka MZCR
systému péce o vzacna onemocnéni CR [10]

Zalozeni vyzkumné skupiny Ultra-vzacna onemocnéni a pacienti bez
05/2026 diagnoézy (vedouci Katefina Slaba) v ramci CREATIC LF MU jako CREATIC a LF MU
integrované vyzkumné platformy UDP programu

2.2 Diagnosticky proces a multioborovy pristup

Vlastni klinicky proces v ramci Ambulance pro détské pacienty bez diagnézy FN Brno (dale
Ambulance) mé standardizovanou strukturu: pfi prvni navstéveé je provedena komplexni geneticka
konzultace, klinicky popis, odbér biologického materidlu pacienta a v indikovanych ptipadech i obou
rodici (trio pfistup) a zahdjena fenotypova anotace pomoci HPO (Human Phenotype Ontology)
terminologie. Na zakladé fenotypu a pfedchozi diagnostické historie je volena vstupni metoda
(singleton nebo trio WES, ptipadné¢ WGS) a v piipadé negativniho néalezu jsou k dispozici navazné
metody popsané v podkapitole 1.6 (transkriptomika, metylomika, sekvenovani s dlouhym ¢tenim,
funk¢ni validace). V ptipadé stanoveni diagnozy, a kdyz to dand diagndézy umoziiuje, jsou pacienti
dle dominantniho fenotypu referovani do ptislusného ERN centra ve FN Brno nebo mimo FN Brno,
napt. MetabERN a ERN RITA ve VFN Praha nebo ITHACA ve FN Motol a Homolka. Pacienti, ktefi
ptes veskeré usili zistavaji bez diagnozy (cca 50-60 %), jsou dale sledovani v ramci Ambulance,
kterd koordinuje jejich péci a mimo jiné zajistuje periodickou reanalyzu genomickych dat ptipadné
pouziti novych technologickych postupi a metod. Ambulance poskytuje také konziliarni ¢innost
v ramci Détské nemocnice FN Brno.

Multioborovost procesu je zajiSténa slozenim Multioborového tymu pro détské pacienty bez diagnozy
shrnutym v Tabulce 10: vedle lékatky ambulance a predsedy indika¢ni komise se na hodnoceni podili
klinicky genetik a molekularni biolog z CEITEC MU/ LF MU, specialisté podle fenotypu pacienta
(neurologie, endokrinologie, gastroenterologie aj.) a od roku 2024 také expert centra
CREATIC/CZECRIN, ktery zajistuje screening klinickych studii a moznosti experimentalni 1écby
nebo 1ékového repurposingu (kap. 4.5). Tato struktura umoziuje, aby vysledek genomické analyzy
byl vzdy interpretovan v plném klinickém kontextu pacienta a aby diagnosticky zavér byl
bezprostitedné provazan s navrhem dal$iho klinického postupu, vcetné ptipadného zapojeni
do specifické 1écby nebo klinické studie.
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Tabulka 10. Slozeni multioborového tymu podilejiciho se na péci o nediagnostikované pacienty ve FN Brno.

Role Odbornost Naplii v procesu

Lekarka Ambulance pro Klinické hodnoceni, indikace vysetfeni,

gfat:;eo' ss?gltgrﬁzz Klinicka genetika, pediatrie sd8lovéni diagnézy, sledovani

ig?gis:eda indikacni Pediatrie Koordinace komise, klinicka korelace nalezi
o, . Zpracovani sekvenacnich dat, filtrace variant,

Klinicky genetik CEITEC MU, LF MU interpretace nélezi

Molekularni biolog CEITEC MU. LF MU Laboratorni zpracovani vzorki, NGS,

IrWGS, funkéni genomika

Neurologie, endokrinologie,

Specialisté dle fenotypu gastroenterologie aj.

Konziliarni hodnoceni, doplikova vySetieni

Expert Translaéni medicina Screening klinickych studif, moznosti
CREATIC/CZECRIN experimentalni 1écby, 1ékovy repurposing

2.3 Charakteristika a vyvoj souboru pacientii

Velikost i vytéznost kohorty se v Case vyvijely, jak doklada Tabulka 11. Pokles vytéznosti mezi lety
2023-2026 odrazi rostouci komplexitu nové piijimanych pacienti. Z pacienti vySetfenych
v ambulanci v letech 2025 a 2026 jiz 83 % pted odeslanim podstoupilo genetické vySeteni, pficemz
u 60 % z nich bylo provedeno WES s negativnim vysledkem.

Kohorta ambulance je vedena oddélené od projektu Baby Fox, popsaného v kapitole 5. Zatimco
ambulance je ur¢ena pfevazn¢ pro dosud nediagnostikované pacienty s chronickymi obtizemi
bez akutni indikace, projekt Baby Fox se zaméiuje na akutné nemocné novorozence a déti
hospitalizované na jednotkach intenzivni péce. Vysledky projektu Baby Fox proto nejsou zahrnuty
do udajti prezentovanych v této podkapitole.

Ambulance byla formalné zfizena v zafi 2023, ¢imz vznikl vyhrazeny prostor pro systematické
vySetfovani vétSiho poctu pacientii. K srpnu 2026 zahrnovala kohorta ambulance 387 pacientd
s celkovou diagnostickou vytéznosti 38 %. Tato vytéznost zlstava relativné stabilni navzdory
pokracujicimu narGstu poctu pacientil, jejich stile rozsahlejSimu ptredchozimu diagnostickému
vySetfeni a rozsifujicimu se geografickému spadu ambulance.

Tabulka 11. Vyvoj kohorty pacientit UDP programu FN Brno a diagnostické vytéznosti.

Obdobi N pacienti | Metoda Dg. vytéznost | Median véku | Poznamka
2019-2023 | 58 WES 43 % 4 roky pilotni faze

Nartst poctu piipadt po
k 01/2025 | 268 WES/WGS 40% 5 let institucionalizaci UDP

programu FN Brno

Celkovy pocest pacientl

WES/WGS/IrtWGS/ Y UDP oioeram FN
k 08/2026 | 387 multiomika/funkéni | 38 % 5 let programv
genomika Brno (mimo projekt Baby
Fox)
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K lednu 2025 zahrnovala kohorta 268 pacientt, z nichz pfiblizn¢ 70 % bylo mladSich 5 let (54 %
chlapcii, 46 % divek). Neurologicka symptomatologie byla pfitomna u 85 % pacientli a zahrnovala
zejména vyvojové opozdéni, epilepsii, poruchy autistického spektra ¢i intelektu a suspektni
neuromuskuldrni onemocnéni. Regiondlné pfevazovali pacienti z Moravy; v souboru bylo rovnéz 7
pacientii ze Slovenska a postupné naristal podil pacienti z Cech (z 8 % v roce 2024 na 14 % v roce
2025).

V aktudlni kohorté (N = 387) tvofi piiblizné 60 % déti mladsi 5 let. Neurologicka problematika
zustava v souboru dominantni (53 %). Mezi pacienty s potvrzenou molekuldrni diagnézou tvoii
dédicné poruchy metabolismu (DPM) 15 %. Soucasné se rozsifuje geograficky spad ambulance,
v roce 2026 jiz pacienti z Cech piedstavuji 20 % souboru. Nejéast&ji jsou pacienti do ambulance
odesilani odbornymi specialisty (50 %), vyznamny je vSak i podil pacientl pfichazejicich z iniciativy
rodici (30 %). Niz8i zastoupeni pacienti odesilanych praktickymi lékati pro déti a dorost (20 %)
poukazuje na vyznam dalSiho zvySovani povédomi o moznostech opakované ¢i rozsifené genetické
diagnostiky u dosud neobjasnénych ptipadii (Tabulka 12).

Tabulka 12. Referovani pacientit do Ambulance pro détské pacienty bez diagnozy FN Brno.

Zdroj reference Podil
Specialisté (neurolog, endokrinolog, gastroenterolog aj.) 50 %
Zéadost rodi&t 30 %
Prakticky lékat pro déti a dorost 20 %

2.4 Publikované vysledky a prehled vybranych kazuistik

Hlavnim publikacnim vystupem pilotni faze je souhrnnd prace popisujici diagnostickou vytéznost
a klinickou vyuzitelnost WES u souboru 58 pacientl [29]. P&t kazuistickych sdéleni doklada
konkrétni diagnostické nélezy identifikované v rdmci tohoto souboru, jejichz klicové parametry
shrnuje Tabulka 13.

Tabulka 13. Prehled kazuistickych sdéleni autorky vzeslych z pilotni kohorty (kap. 2).

Publikace Gen / syndrom | Typ nalezu Klinicky vyznam
Neobvykla
Slaba K et al., Front Genet PMM?2 (PMM2- , . manifestace vyraznym
2020 [79] Nova sestiihova varianta . o
. CDG) perikardialnim
Priloha 2 ,
vypotkem
Slaba K et al., Cesk Slov Prvni popsany desky
Neurol N 2021 [80] PPP2R5D Znama patogenni varianta TVl popsany Y
., pripad
Priloha 3
Slaba K et al., Mol Genet Patogenni sestiihova Podezieni na gonadalni
Genomic Med 2023 [81] MYRF 08 mozaicismus u dvou
,, varlanta
Priloha 4 sester
Slaba K et al., Ces-slov Pediat Rozsifeni klinického
2022 [82] DYRKIA Znama patogenni varianta
. spektra syndromu
Priloha 5
Slaba K et al., Cesko-slov Prvni popsany cesky
Pediatrie 2025 [83] RNU4-2 (ReNU Intronova varianta pripad ReNU
o syndrom)
Priloha 6 syndromu
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Hustrativni kazuistiky

Kazuistika 1. Matéj — 13leta diagnosticka odysea s neprospivanim

Chlapec s neprospivanim a hypotonickym syndromem pfitomnym od kojeneckého véku, s normalnim
psychomotorickym vyvojem. Od 8 let byl opakované vySetfovan pro tézkou malnutrici az kachexii
a rychlou unavitelnost, postupné se ptidala hypernazalni fe¢, svalovd hypotrofie a progredujici
kyfoskolidza. Rozsahla gastroenterologickd, endokrinologickd, metabolickd 1 zdkladni geneticka
vySetfeni pfiCinu obtizi neobjasnila. Ve 14 letech byl vySetfen v Ambulanci pro détské pacienty
bez diagnozy. WES, plivodné hodnocené se zamétenim na lipodystrofie, bylo negativni. Néasledn¢ se
rozvinula zavaznd respiraéni insuficience v disledku zavazné atelektdzy. Neurologické vySetteni
provedené za hospitalizace odhalilo areflexii v kvadridistribuci a EMG myopaticky vzorec. Doplnéni
neuromuskularniho fenotypu vedlo k bioinformatické reanalyze WES dat, kterd odhalila
homozygotni variantu nejasného vyznamu ¢.1562G>C, p.(Arg521Pro) v genu MEGF10; oba rodice
byli heterozygotnimi pienaSeci. Nasledné provedena svalova biopsie potvrdila myopatické zmény
charakteru kongenitadlni myofibrilarni ,,desmin storage” myopatie. Korelace klinického,
molekularniho a histopatologického nalezu vedla ke stanoveni diagn6zy EMARDD (early-onset
myopathy, areflexia, respiratory distress and dysphagia). Stanoveni diagndézy mélo bezprostiedni
dopad na dalsi 1é€bu, nebot’ umoznilo indikovat operaéni korekci tézké skolidzy; bez potvrzeni
myopatie pacient v daném case nespliloval indikacni kritéria a skoliéza by byla nadale feSena
konzervativné. Soucasn¢ byla na zadkladé¢ dostupnych poznatkli o mozném piiznivém ovlivnéni
myopatického profilu u MEGF(0-asociované myopatie zahdjena off-label terapie SSRI v ramci
Iékového repurposingu. Volba SSRI byla vyhodna i s ohledem na vyraznou uzkostnost pacienta
souvisejici s dlouhodobym onemocnénim. Po zavedeni PEG, operacni korekci skolidzy a komplexni
terapii doslo k vyznamnému zlepseni nutri¢niho i celkového stavu.

Obrazova dokumentace ke kazuistice 1. Fotografie zvefejnéna se souhlasem rodici.
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Kazuistika 2. Matya$ — multisystémova porucha s progeroidnim vzhledem

Chlapec narozeny ve 36+1. tydnu pro tézkou fetalni riistovou restrikei (porodni hmotnost 1610 g)
mél od novorozeneckého obdobi vyrazné neprospivani, centralni hypotonii a prakticky chybé&jici
podkozni tukovou tkéan s charakteristickym progeroidnim vzhledem. V prvnim tydnu Zivota se
rozvinula zavazna hyponatrémie, hypochlorémie a hyperkalémie. Kongenitalni adrenalni hyperplazie
nebyla potvrzena. Pro znamky pietrvavajici primarni adrenalni insuficience s mineralokortikoidni
nedostatecnosti vSak byla zahéjena substituce hydrokortizonem a fludrokortizonem, pro subklinickou
hypotyreozu také levothyroxinem. Navzdory adekvatni substituci a dostatecnému energetickému
pfijmu pfetrvavalo vyrazné neprospivani. Dale byla diagnostikovdna pfevodni nedoslychavost
pti oboustranné sten6ze zevnich zvukovodu a bilateralni kryptorchismus. Psychomotoricky vyvoj byl
pouze mirn€ opozdén. Rozsahla geneticka diagnostika vcetné karyotypu, array CGH a singleton WES
pri¢inu obtizi neobjasnila. Ve dvou letech byl proto chlapec odeslan do Ambulance pro détské
pacienty bez diagnozy, kde pro pretrvavajici syndromovy fenotyp bylo indikovano trio WGS.
Vysetieni odhalilo dvé varianty v genu MCM?7 in trans konfiguraci: maternalné zdédénou c.776G>C,
p.(Gly259Ala), klasifikovanou jako pravdépodobné patogenni, a dosud nepopsanou paternalné
zdédénou c.401+2dup, ptivodné klasifikovanou jako VUS. Cilend RNA analyza nasledné prokézala
poruchu sestfihu a umoznila reklasifikaci druhé varianty na pravdépodobné patogenni (Obr. B).
Korelace klinického fenotypu, genomického nélezu a funkéni analyzy vedla k potvrzeni diagnozy
MCM?7-asociovaného Meierova—Gorlinova syndromu s progeroidnim fenotypem, generalizovanou
lipodystrofii a primarni adrenalni insuficienci. Jedna se o druhého dosud popsaného pacienta s timto
specifickym fenotypem asociovanym s bialelickymi variantami v genu MCM?7. Na zakladé
molekularni diagnézy bylo cilen¢ doplnéno ortopedické vySetteni, které prokazalo dalsi
charakteristicky znak onemocnéni, oboustrannou aplazii patel. Cilené CT vysSetieni hrudniku dale
prokézalo plicni emfyzém, rovnéz popisovany v souvislosti s timto onemocnénim. Aktualné ve véku
ti let psychomotoricky i feCovy vyvoj odpovida véku.

Obrazova dokumentace ke kazuistice 2. Fotografie zvefejnény se souhlasem rodict.
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VLASTNi PRINOS A KOMENTAR K RELEVANTNIM PUBLIKACIM, kapitola 2

Vlastni publikacni vystup [29] shrnuje vysledky pilotni kohorty 58 pacientt. U 25 z nich (43 %) bylo
identifikovano celkem 28 variant, z toho 11 patogennich, 13 pravdépodobné patogennich a 4 varianty
nejasného vyznamu (VUS); 11 variant dosud nebylo popséno. Klinickd vyuzitelnost nalezu,
zahrnujici zménu dal$iho sledovéni, odeslani pacienta ke specialistovi, tipravu medikace nebo
indikaci ¢i kontraindikaci diagnostického nebo 1écebného vykonu, dosahla 76 %.
U diagnostikovanych pacientii byly zaznamenany v priméru dva konkrétni dopady na klinickou péci.
Publikace tak dokldd4a naplnéni vSech tii dil¢ich cili pilotniho projektu: ovéfeni proveditelnosti
programu v podminkidch ceského zdravotnictvi, porovnani jeho diagnostické vytéznosti
s mezinarodnimi vysledky a institucionalizaci péfe prostfednictvim multidisciplinarni indikacni
komise a specializované ambulance.

Tuto zkuSenost dale prohlubuje pét navazujicich kazuistickych sdéleni autorky ze souboru uvedeného
v Tabulce 13, kterd dokumentuji vyznam genomické diagnostiky na tirovni jednotlivych pacientu.
Publikace vénovand PMM2-CDG [79] popisuje novou sestiihovou variantu genu PMM?2
a neobvyklou manifestaci onemocnéni v podobé vyrazného perikardidlniho vypotku. Prace o genu
MYRF [81] poukazuje na pravdépodobny gonadalni mozaicismus u zdravého rodi¢e v rodiné
se dvéma postizenymi sestrami se stejnym autozomalné¢ dominantnim onemocnénim, piestoze
varianta nebyla v bézné vySetfovaném materidlu rodicl prokazéna. Kazuistika syndromu
asociovan¢ho s genem DYRK A [82] ptispiva k rozsiteni jeho zndmého fenotypového spektra.

Publikace tykajici se genu PPP2R5D [80] a navazujici kazuistika ReNU syndromu zptsobeného
variantou v genu RNU4-2, ktery kdduje malou jadernou nekodujici RNA tvotici soucést spliceozomu
[83], ptfedstavuji prvni popsané Ceské piipady téchto jednotek. Zatimco PPP2R5D byl v dobé
publikace jiz etablovan jako kauzalni gen neurovyvojového onemocnéni, ReNU syndrom byl popsan
teprve v kvétnu 2024 na zakladé dvou rozsahlych studii z Velké Britanie a USA. Jeho odhadované
zastoupeni mezi pacienty s neurovyvojovymi poruchami dosahuje pfiblizné 0,4 %. Identifikace
prvniho ¢eského ptipadu v horizontu necelého roku od ptiivodniho popisu proto doklada schopnost
naseho pracovisté rychle reagovat na vyvoj pozndni, prubézné reanalyzovat genomickd data
a prenaset noveé publikované poznatky do klinické diagnostiky.
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3. Systémovy a narodni dopad

Narodni strategie pro vzicna onemocnéni 2026-2035

Nérodni strategie pro vzacna onemocnéni 2026-2035, schvalena vladou CR dne 30. 3. 2026, navazuje
na piedchozi strategicky dokument pro obdobi 2010-2020 a reaguje na doporuceni Rady EU (2009/C
151/02) o opatfenich v oblasti vzacnych onemocnéni. Dokument byl ptfipravovan od roku 2024
expertni pracovni skupinou pifi Ministerstvu zdravotnictvi CR za w&asti zastupcii odbornych
spole¢nosti, pacientskych organizaci (véetné CAVO), akademickych pracovist a center vysoce
specializované péce a definuje strategické cile v oblastech Casné diagnostiky, koordinace péce,
dostupnosti 1écby, vyzkumu a mezinarodni spoluprace.

V samotném strategickém dokumentu je doloZzeno pifimé uznani UDP programu FN Brno: v rdmci
SWOT analyzy (Narodni strategie pro vzacna onemocnéni 2026—2035, str. 42, oddil Silné stranky
— Oblast zdravotni péce) je uvedeno: ,,Existence ambulance pro nediagnostikované pacienty
(v Brné) — Specialni pracovisté pro pacienty bez diagnoézy.“ Analyticka Cast strategie (Pfiloha 1,
str. 59—60) [10] dale obsahuje samostatny narativni popis ambulance i projektu Baby Fox jako
ptikladu dobré praxe véetné dobovych souhrnii klinickych dat.

Mezi konkrétni opatfeni strategie patii ptiprava Narodniho registru pro vzacna onemocnéni (NRVO),
rozSifeni sité¢ center vysoce specializované péce, systematizace koordinace mezi jednotlivymi
urovnémi péce (prakticky lékat, specializovand centra, ERN) a podpora zavadéni pokrocilych
diagnostickych metod, v¢etné rychlé genomiky, do standardni klinické praxe. ZkuSenosti z pilotniho
UDP programu FN Brno a projektu Baby Fox byly souc¢ésti analytickych materiald pro formulaci
téchto doporuceni.

Zatazeni UDP programu FN Brno do strategického dokumentu na narodni tirovni potvrzuje, Ze model
kombinujici specializovanou ambulanci, multioborovou indikacni komisi a pfimou navaznost
na translaéni vyzkum v ramci spoluprace se Spickovymi akademickymi centry (kap. 4) predstavuje
jeden z ovétenych pristupti, na jejichz zakladé¢ 1ze budovat systém péce o pacienty s ultra-vzacnym
onemocnénim a pacienty bez diagnozy.

Evropskeé iniciativy JARDIN a ERDERA

Projekt JARDIN (Joint Action on integration of ERN into national health systems) je spole¢nou akci
(Joint Action) financovanou z programu EU4Health, sdruzujici ptes 25 ¢lenskych a pfidruzenych
stath EU s cilem systematicky zakotvit fungovani Evropskych referencnich siti (ERN, kap. 1.5)
do struktur narodnich zdravotnich systémti. Pracovni bali¢ek 7 je zaméfen na problematiku pacientii
bez diagnozy a formuluje konsensudlni doporuceni pro identifikaci, diagnostiku a koordinaci péce
o nediagnostikované¢ pacienty napfi¢ zapojenymi zemémi, vcetné¢ jednotné terminologie
a minimalnich standardd péce, které maji slouzit jako podklad pro navazujici narodni politiky
obdobné Narodni strategii pro vzacna onemocnéni popsané v kap. 3. Diky zkuSenostem s UDP
programem FN Brno se za CR podilime na plnéni ciléi tohoto pracovniho balicku (https:/jardin-
ern.eu/work-package/national-reference-networks-nrn-and-undiagnosed-disease-programmes-or-
equivalent-strategies-interlinked-with-ern/).

Ve vyzkumné oblasti jsme zapojeni prostiednictvim Agentury pro zdravotnicky vyzkum CR jako
staly zastupce narodniho delegata také do evropského partnerstvi European Rare Diseases Research
Alliance (ERDERA). ERDERA byla spusténa v roce 2024 v ramci programu Horizon Europe a je
nejvetsi evropskou vyzkumnou iniciativou v oblasti vzacnych onemocnéni, kterd sdruzuje pies 180
instituci z vice nez 30 zemi. Zamétuje se na budovani sdilené vyzkumné infrastruktury (biobanky,
registry, standardizace multi-omickych dat), podporu ¢asnych fazi klinickych studii a urychleni
translace zdkladniho vyzkumu do klinické praxe. Zapojeni do tohoto partnerstvi dopliuje klinicky a
organiza¢né orientovanou agendu JARDIN o vyzkumny rozmér a vytvaii pfimou vazbu mezi
evropskou vyzkumnou infrastrukturou a translacnim vyzkumem.
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VLASTNi PRINOS A KOMENTAR K RELEVANTNIM PUBLIKACIM, kapitola 3

Vlastni pfinos na systémové urovni spo€iva v prenosu praktickych klinickych a organiza¢nich
zkuSenosti z vlastniho pracovisté a z budovani programu pro nediagnostikované pacienty ve FN Brno
do formulace narodni politiky v oblasti vzacnych onemocnéni. ZkuSenosti ziskané pfi vytvaieni
specializované péce o déti bez stanovené diagndzy, pii zavadéni modernich genomickych metod
a pti koordinaci mezioborové spoluprace poskytly konkrétni podklady pro identifikaci systémovych
potieb této skupiny pacientll. Patfi mezi né¢ zejména zajisténi v€asného piistupu ke komplexni
diagnostice, navaznost klinické péce na vyzkumné a funkéni metody, dlouhodoba reanalyza
negativnich genomickych nélezli, mezinarodni sdileni dat a vytvotfeni udrzitelné¢ho organizacniho
ramce pro pacienty, u nichz dosavadni standardni diagnostické postupy nevedly k jednoznaénému
diagnostickému zavéru.

Explicitni uvedeni Ambulance pro détské pacienty bez diagnézy FN Brno mezi silnymi strankami
ceského zdravotniho systému ve SWOT analyze Narodni strategie pro vzacna onemocnéni
2026-2035, schvélené vladou CR dne 30. 3. 2026, piedstavuje piimy doklad tohoto systémového
dopadu. Samostatny narativni popis programu v analytické Casti strategie [10] navic potvrzuje,
ze zkuSenosti z lokélniho pracovisté byly pfi pfipraveé strategického dokumentu vyuzity nad rdmec
jednotlivé citace. Program FN Brno zde slouzi jako ptiklad prakticky realizované¢ho modelu péce,
najehoz zékladé lze formulovat opatieni sméfujici k lepSi organizaci diagnostiky
nediagnostikovanych pacienttl, efektivnéjSimu propojovani specializovanych center a dostupnosti
inovativnich diagnostickych a transla¢nich postupii. Vlastni pfinos tak nespociva pouze v rozvoji
jednoho klinického programu, ale také v prevodu zkusenosti z kazdodenni péce o konkrétni pacienty
do strategické koncepce s potencidlem ovlivnit organizaci péce o vzacna onemocnéni na celostatni
urovni.
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4. Funk¢ni genomika a translace smérem Kk terapii

4.1 Tti zéakladni oblasti transla¢ni precizni mediciny u vzacnych onemocnéni

V ramci vyzkumné skupiny Ultra-vzacnd onemocnéni a nediagnostikovani détsti pacienti v centru
excelence CREATIC (jedna se o sdilenou vyzkumnou skupinu s Pediatrickou klinikou FN Brno a LF
MU) je provadén integrovany translacni vyzkum, ktery navazuje na klinicky program popsany
v kapitole 2. Cilem skupiny je systematicky pievadét genomické ndlezy u nediagnostikovanych
détskych pacientil a pacientl s ultra-vzdcnym onemocnénim do konkrétnich diagnostickych zavéria
a v indikovanych piipadech i do experimentalni nebo klinicky dostupné 16¢by. Cinnost skupiny se
opira o tfi vzajemné provazané oblasti translac¢ni precizni mediciny.

Jednak o komplexni genomickou analyzu, kterd vyznamné ptresahuje standardni moznosti testovani
v ramci systému péée v CR, a zahrnuje nejen standardni diagnosticka pipeline (WES, WGS a rychlou
genomiku popsané v podkapitole 1.6 a v kapitole 5) ale i ndvazné metody pro exom-negativni
pacienty, transkriptomiku, metylomiku a sekvenovani s dlouhym ¢tenim (podkapitola 1.6.3). Skupina
zde tzce spolupracuje s vyzkumnym tymem Ondieje Slabého v CEITEC MU a na Biologickém
ustavu LF MU.

V ptipad¢ identifikace klinicky relevantnich kandidatnich VUS je v rdmci této spoluprace provadéna
funk¢ni validace kandidatnich variant v ex vivo a bunénych modelech, od enzymatickych eseji
ptes expresi v heterolognich systémech (napt. HEK293T) az po in silico pokrocilé strukturni
modelovani (AlphaFold). Reprezentativnim piikladem je reklasifikace varianty CYP2UI popsana
v podkapitole 4.2.

Al-driven platforma pro lékovy repurposing (podkapitola 4.5) systematicky prohledavéa dostupné
farmakologické a literarni databaze s cilem identifikovat 1é¢iva jiz registrovana pro jiné indikace,
kterd by mohla byt vyuzita pro konkrétni molekularni diagnozu, tj. konkrétni kauzalni gen s konkrétni
mutaci. Veskeré molekuldrni modelovani a Al-driven platforma jsou realizovany ve spolupréci
s tymy prof. Jiftho Damborského a doc. Davida Bednafe z Loschmidtovy laboratofe proteinového
inzenyrstvi na Piirodovédecké fakult¢ MU.

4.2 Priklad funkéni genomiky, ovéreni varianty nejasného vyznamu CYP2U1

Kazuistika 3. Vilik s variantou nejasného vyznamu v genu CYP2U1

U chlapce bez perinatalnich rizik a negativni rodinné anamnézy se mezi 3.—4. mésicem véku objevily
obCasné stavy staceni do opistotonu, od 6. mésice nasledované progresivni spasticitou dolnich
koncetin. V 8. mésici véku bylo provedeno prvni neurologické vySetfeni se zavérem regrese
psychomotorického vyvoje na troven patologického novorozence, centralni hypotonie, koncetinové
spasticity a dystonickych postur. MRI mozku prokazalo opozdénou myelinizaci, EMG
demyeliniza¢ni zmény. WES identifikovalo dvé varianty v genu CYP2U! v konfiguraci in trans,
paternaln¢ zdédénou pravdépodobné patogenni variantu c.1376C>T, p.(Pro459Leu) a maternalné
zdédénou variantu nejasného vyznamu (VUS) ¢.557G>A, p.(Argl86His). Diagndza autozomalné
recesivni hereditarni spastické paraplegie typu 56 (SPG56) byla pomoci WES stanovena béhem 8 dnti
od odbéru krve. Vzhledem k velmi ¢asnému a zdvaznému fenotypu a pfitomnosti VUS byla nésledné
provedena funk¢ni validace a in silico strukturni modelovéni variant CYP2U1, jejichz vysledky jsou
popsany dale. Po stanoveni diagnézy byla zahajena symptomatickd 1écba spasticity a empiricka
substituce kyselinou folinovou na zéklad¢ diive publikovaného piipadu cerebralniho deficitu folatu
u SPG56. Vcasné stanoveni molekularni diagndzy navic pacientovi otevielo moznost budouci 1écby
genovou terapii vyvijenou pro SPG56.

Obrazova dokumentace ke kazuistice 3
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MRI mozku pacienta ve veku 9 mésicu. (4) T1 vazeny obraz, transverzalné: oboustranné symetrické oblasti snizené signdlové
intenzity v periventrikularni bilé hmoté frontalnich lalokii (odpovidajici vékové podminénému stupni myelinizace); (B, C)
T2+FLAIR, transverzalné: pruhovité hyperintenzity bilé hmoty v obou sekvencich (prevdzné vievo frontdalné a vpravo
okcipitalné), odpovidajici opozdeéné myelinizaci,; (D) T1 vazeny obraz, sagitdlni rovina. Prevzato z [84], Priloha 8.

Funk¢ni validace obou identifikovanych variant popsanych v Kazuistice 3 probihala v nékolika
navazujicich krocich. Nejprve byla provedena in silico strukturni analyza ve spolupraci s prof. J.
Damborskym. Modelovani (AlphaFold DB, doplnéni hemu metodou AlphaFill, srovnani
s AlphaFold3, mutace vnesené v PyMOL) potvrdilo, Ze mutace p.Argl86His je lokalizovana
na Sroubovici v pfimém kontaktu s hemem, 1 mirna distorze proto muze narusit vazbu hemu a vést
k poskozeni katalytické funkce; mutace p.Pro459Leu na smycce je predikovana jako strukturné
destabilizujici (stericky stfet postranniho fetézce leucinu s okolnimi rezidui) (viz Obr. 6).

Obrazek 6. Strukturni model proteinu CYP2UI (AlphaFold DB, doplneny o hem metodou AlphaFill) s vyznacenim
lokalizace mutaci Arg186His (Cervend) a Pro459Leu (zelena). Mutace Argl86His lezi na Spici Sroubovice v primém
kontaktu s hemem ve vzdalenosti 12 A; mutace Pro459Leu lezi na smycce cca 18 A od hemu. Zdro [84], Priloha 8.

Nasledn¢ byl protein CYP2UI exprimovan v bunééném modelu HEK293T a jeho ptitomnost
a stabilita byla ovéfena Western blotem: u varianty p.Argl86His byl protein detekovatelny stejné
jako u wild-typu, zatimco u varianty p.Pro459Leu byl konzistentné nedetekovatelny, coz sveédéi
o nestabilité¢ proteinu zplisobené touto variantou. Jedna se o zndmou variantu klasifikovanou jako
pravdépodobné patogenni. Ve tfetim kroku byla stanovena enzymaticka aktivita, kdy inkubace lyzatt
s kyselinou arachidonovou a nasledna detekce vznikajicich metaboliti 19-HETE a 20-HETE ukazala,
Ze zatimco nemutovany enzym oba metabolity tvofil, obé studované varianty vedly ke kompletni
ztraté enzymatické aktivity. Na zdklad€ téchto zjisténi byla varianta p.Argl86His podle kritérii
ACMG (PS3, PM2, PM3, PP2, PP3) reklasifikovana z varianty nejasného vyznamu na patogenni (dle
nejnovejsich pravidel ClinGen SVI by byla hodnocena spiSe jako pravdépodobné patogenni), ¢imz
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byla potvrzena diagnéza, a nova klasifikace byla zapsina do mezinarodni databaze ClinVar
(accession SCV006311003, SCV006586705) [84].

Kombinovana genomickd, bunécnaé a in silico analyza tak potvrdila u varianty p.Argl86His ztratu
enzymatické aktivity pii zachované expresi proteinu, zatimco u varianty p.Pro459Leu byla prokazana
nestabilita proteinu vedouci k jeho nedetekovatelnosti, jde tedy o dva odlisSné molekularni
mechanismy patogenity v t¢émze genu.

Reklasifikace VUS na patogenni umoznila rodin€ pacienta se prostfednictvim mezinarodni sité rodin
pacientll s SPG56 zapojit do pfipravy akademické klinické studie genové terapie (AAV9 nesouci
terapeuticky gen CYP2UI), planované v Australii s predpokladdanym zahajenim v roce 2026.

4.3 Priklad molekularniho modelovani, dominantné negativni efekt varianty ADAR

Kazuistika 4. Honzik s jednou chybéjici variantou v genu ADAR

U chlapce se kolem 6. mésice véku objevila vyrazna drdzdivost, progresivni spasticita a regrese
motorického i1 kognitivniho vyvoje. Ve 13 mésicich jiz dominovala kvadruspasticita s regresi vyvoje
na uroven patologického novorozence. Somaticky byla pfitomna mikrocefalie, celkova hypotrofie,
kryptorchismus a mikropenis, soucasné se rozvijely vyznamné obtiZe s pfijmem pevné stravy. MRI
mozku prokazalo dysgenezi corpus callosum, dilataci komorového systému a mirnou kortikalni
atrofii, souCasn¢ byla patrnd hypoplastickd adenohypofyza se ztenCenym infundibulem. Nélez
koreloval s laboratorné potvrzenym deficitem gonadotropin a riistového hormonu. Pro rychle
progredujici neurologicky fenotyp byl pacient zatfazen do programu Baby Fox. Trio tWGS bé¢hem
5dnt od odbéru krve identifikovalo heterozygotni de novo patogenni variantu c.3019G>A,
p.(Gly1007Arg) v genu ADAR. V kontextu klinického fenotypu a soucasnych poznatkii o dominantné
negativnim efektu nékterych de novo variant genu ADAR byla stanovena diagndéza Aicardi-
Goutieresova syndromu typu 6 (AGS6).

AGS6 je klasicky popisovan jako autozomalné recesivni onemocnéni, avSak naristajici pocet
publikovanych pozorovani heterozygotnich de novo variant ADAR s fenotypem pfipominajicim
hereditarni spastickou paraparézu ¢i détskou mozkovou obrnu podporuje u vybranych variant
dominantni mechanismus dédicnosti. V literatufe byly do doby publikace popsany pouze tii ptipady
se shodnou variantou ¢.3019G>A a dominantné negativni mechanismus byl u ni dosud pouze
hypoteticky navrzen, nikoli experimentalné potvrzen ani podpotfen molekularnim modelovanim.

Molekularni modelovani a mechanismus dominantné negativniho efektu

Reziduum Glyl007Arg je soucasti vysoce konzervovaného motivu GEG (G1007-E1008-G1009)
v tzv. base-flipping smycce katalytické deamindzové domény ADARI, kterd umoziiuje vysunuti
cilového adenosinu z RNA helixu do aktivniho mista, kde probiha deaminace. Ob¢ glyciny lemujici
katalyticky glutamat Glul008 poskytuji diky malé velikosti a konformacni flexibilité¢ prostor
pro interkalaci postranniho fetézce Glul008 do malého Zlabku dsRNA substratu, coz je nezbytnym
krokem pro vyklopeni cilové baze. Substituce glycinu za objemny, kladné€ nabity arginin v pozici
Argl007 pravdépodobné narusuje tento mechanismus jak stericky, kdy postranni fetézec argininu
koliduje s konformaci smycky a jeji schopnosti zasunout se do malého zlabku, tak elektrostaticky,
nebot’ v zavislosti na rotameru mize nové vznikly kladny naboj Argl007 vytvofit solny mustek
se zaporné nabitym sousednim reziduem Glul008, coz by aktivitu enzymu dale poskodilo.
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Obrazek 7. Poloha varianty Glyl1007Arg vici katalytickemu centru ADARI. Klicova rezidua aktivniho mista jsou
zobrazena jako ,,stick “ struktury, koordinovany katalyticky zinecnaty iont jako koule. Mutované reziduum Gly1007
(purpurove) lezi v bezprostiedni blizkosti Argl009 ve smycce GRG kritické pro vazbu RNA a katalyzu, ve vzdalenosti
9,9 A od Zn2+ (koordinovaného rezidui His910, Glu912, Cys966 a Cys1036), zavedeni kladného naboje varianty
Gly1007Arg by mohlo zvysit afinitu mutovaného proteinu k zaporné nabité fosfatoveé kostie dsRNA. Struktura byla
pripravena pomoci AlphaFold3 (DeepMind/Google), poloha zinecnatého iontu byla prevzata ze struktury PDB ID
9D5K. Prevzato [85], Priloha 7.

Hypoteticky dominantné negativni efekt varianty Glyl007Arg lze vysvétlit dvéma mechanismy:
(a) kompetitivni inhibici, kdy mutovany protein vykazuje potencialné€ zvysenou afinitu k vazbé RNA
a tim blokuje wild-type enzym, a (b) tvorbou nefunk¢nich heterodimerti mutovaného a wild-type
proteinu, ¢imz se snizuje mnozstvi funkénich komplexi ADARI1. Dostupna experimentalni data v
soucasnosti neumoznuji mezi obéma mechanismy rozliit a je tfeba je povazovat za hypotetické;
interpretaci dale limituje neuplnost strukturnich informaci ve vetejnych databéazich a vysoka nejistota
v predikci vzajemného uspotfadani jednotlivych domén enzymu. VyfeSeni struktury ternarniho
komplexu s navdzanou RNA vcetné oblasti varianty by vyzadovalo rozsahlejsi strukturni analyzy.
I pfes tato omezeni vSak provedeny strukturni model dominantné negativni efekt varianty G1007R
podporuje, nebot’ lokalizuje mutaci do bezprostiedni blizkosti katalytického centra s ptedpokladanym
dopadem na vazbu RNA i deamindzovou aktivitu enzymu.

4.4 Matchmaking a mezinarodni sdileni dat

Propojovani dosud diagnosticky neuzavienych pacientti s podobnym genotypem nebo fenotypem
probiha prostfednictvim federované mezinarodni sit¢ Matchmaker Exchange a jejich zapojenych
sluzeb, mezi néz patii naptiklad GeneMatcher, MyGene2 a PhenomeCentral. Tyto néstroje umoziuji
bezpecné sdileni tdajit mezi klinickymi a vyzkumnymi pracovisti a vyhledavani pfipadii s variantami
ve stejném kandidatnim genu nebo s podobnymi klinickymi projevy. Porovnavani fenotypi je
podporovano jejich standardizovanym popisem pomoci termintit Human Phenotype Ontology (HPO),
coz usnadiiuje systematické hodnoceni podobnosti pacientd napfi¢ jednotlivymi centry a zemémi.

Nalezeni vice nepfibuznych pacienti se srovnatelnym fenotypem a variantami ve stejném genu mize
vyznamné podpofit objasnéni pfi¢iny dosud nevysvétleného onemocnéni a prispét k identifikaci
nového vztahu mezi genem a onemocnénim. Zjednodusenym piikladem muze byt nckolik
nepiibuznych pacienti se shodnou nebo funkéné obdobnou variantou vzniklou de novo
a s prekryvajicimi se klinickymi projevy. Takové pozorovani mize vést k definici nového syndromu,
obvykle v§ak musi byt doplnéno dalSimi genetickymi, funkénimi a klinickymi dikazy.

Vyznamnou soucdsti tohoto procesu je spoluprace klinickych genetikil, laboratornich diagnostik,
bioinformatikii a vyzkumnych pracovniktl, ktefi spolecné posuzuji genotypova a fenotypova data a
planuji ptipadné funkéni ovéteni nalezenych variant. Sdileni Gdaji soucasné vyzaduje diislednou
ochranu soukromi pacientli, omezeni rozsahu preddvanych identifikujicich informaci, kontrolovany
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pfistup k datim a odpovidajici informovany souhlas. Mezindrodni propojovani piipadi tak
pfedstavuje dulezity nastroj nejen pro diagnostiku vzacnych onemocnéni, ale také pro objevovani
novych gent a presnéjsi vymezeni klinického spektra jiz znamych genetickych jednotek.

Kazuistika 5. Nela s variantami v genu s dosud nejasnym klinickym vyznamem

Divka zdravych neptibuznych rodi¢t se narodila v terminu po nekomplikované gravidité. Jiz ¢asné
po narozeni byla neurologicky vySetifena pro hyperexcitabilitu, poruchu piijmu potravy s perioralni
cyandzou a desaturacemi a vyrazné kolisani svalového tonu od tézké hypotonie
po hypertonii. Od 3. dne Zivota se objevily motoricko-tonické epileptické paroxysmy s korelatem
v EEG. Neurologicky nélez dale prokazal areflexii a vyraznou axialni hypotonii, somaticky byla
patrna kraniofacidlni dysmorfie s mikrognacii a $ir§im kofenem nosu. EEG a aEEG vykazovaly téZce
patologicky obraz burst suppression, MRI mozku prokézala dysgenezi corpus callosum. Rozsahlé
laboratorni a metabolické vySetieni pficinu obtiZi neobjasnilo, terapeuticky test pyridoxinem nebyl
ucinny. Onemocnéni mélo zavazny progresivni prib¢h a divka zemiela ve véku 6 mésicti.

V ramci projektu Baby Fox bylo provedeno trio rWGS bez nalezu jasné korelujiciho s fenotypem.
Bylo doplnéno standardni vySetieni akreditovanou laboratofi: karyotyp, array CGH a WES, vse
bez nalezu. Jedinym néalezem WGS byly dvé missense varianty v pozici trans v genu ADGRBI:
c.1451C>T, p.Ser484Phe (maternalni) a c.1851G>C, p.Glu617Asp (paternalni). Gen ADGRBI,
kodujici adhezni receptor sptazeny s G proteinem (BAI1), nebyl v dob¢ nalezu asociovan s zddnym
monogenné dédiénym onemocnénim u ¢lovéka ani uveden v databazi OMIM, jednalo se o tzv. GUS
(gene of unknown significance), ob¢ varianty byly klasifikovany jako VUS. Studie na zvifecich
modelech naznacovaly roli genu ve vyvoji nervového systému a mozkové excitabilité, klinicka
relevance u ¢lovéka vSak nebyla prokazana.

Vzhledem k tomu, Ze gen ADGRBI dosud nebyl asociovan s zadnym popsanym lidskym
onemocnénim, byl kandidatni gen se struénym shrnutim fenotypu vloZen do mezinarodni databaze
GeneMatcher s cilem najit dal$i pracovisté zabyvajici se stejnym genem. Prostfednictvim
GeneMatcheru byl nasledné navdzan kontakt s prof. Andrewem Escaygem, Ph.D. (Department of
Human Genetics, Emory University, USA), jehoz laboratof dlouhodobé studuje funkci genu
ADGRBI na mysim modelu. Prof. Escayg byl pfes GeneMatcher jiz diive osloven i dal§imi pracovisti
a eviduje nyni n€kolik rodin s variantami v ADGRBI a podobnym fenotypem, jejichz klinicky
vyznam bude jeho tym funkéné ovétovat. Do spoluprace se zapojil i Dr. Randy Hall, odbornik
na GPCR receptory, jehoz laboratoi zahgjila testovani funkéniho dopadu variant ADGRBI nasi
pacientky in vitro.

Rodice souhlasili se sdilenim sekvenacnich dat v mezinarodni datab4dzi PhenomeCentral s cilem
umoznit parovani genotypu a fenotypu s dalsimi pacienty. Posledni reanalyza WGS prob¢hla v kvétnu
2026, zatim bez nové informace. I ptes aktudlni klasifikaci variant jako VUS bylo rodi¢tim v ptipadé
dalsi gravidity doporuceno zvazit asistovanou reprodukci s preimplantacnim genetickym testovanim
monogennich onemocnéni (PGT-M). Toto doporuceni vychazelo z odborné diskuse v ramci
tzv. DYSMO klubu, celorepublikového setkani klinickych a lékafskych genetikii zaméteného
na diagnosticky nejasné a zavazné piipady. Pfipad ilustruje typickou situaci v diagnostice
neobjasnénych onemocnéni, kdy je k potvrzeni kauzality kandidatniho genu nezbytna nezavisla
evidence v podobé dal$iho pacienta se shodnou variantou a fenotypem nebo data z funkénich
experimentll. GeneMatcher v tomto pfipadé umoznil navdzani mezinarodni spoluprace vedouci
k funkénimu ovéfeni patogenity nalezenych variant a ve svém diisledku mozna v budoucnu k definici
nového syndromu.

4.5 Platforma pro repurposing lé¢iv

Repurposing 1é¢iv predstavuje hleddni nového terapeutického vyuziti jiz schvalenych nebo klinicky
provétenych 1€¢iv mimo jejich pivodni indikaci. U vzacnych genetickych onemocnéni je tento
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pfistup vyznamny zejména proto, ze vyvoj zcela nového lé¢iva byva vzhledem k malému poctu
pacientl Casové, finan¢né i organizacné obtizny, zatimco u znamych 1é¢iv jsou jiz dostupné informace
o jejich farmakologickych vlastnostech, bezpecnosti a davkovani (viz kap. 1.8).

Néami vyvijena platforma pro repurposing 1éCiv (spoluprace CREATIC a Biologicky ustav LF
MU/CEITEC MU/Piirodovédecka fakulta MU) je koncipovédna jako individualizovana translacni
pipeline urcend nikoli obecné pro urcité onemocnéni, ale pro konkrétniho pacienta, jeho konkrétni
gen a kauzalni variantu (Obr. 8). Proces za¢ina klinickym posouzenim potencidlniho pfinosu cilené
intervence. Piipady bez redlné¢ho terapeutického potencidlu jsou vytazeny pii prvni klinické tridzi
(prvni dropout). Nésledné je nutné nalézt vhodny funkéni test a vytvofit relevantni bunéény nebo
tkaiiovy model, ktery umozni zachytit disledky dané varianty a objektivné méfit odpovéd’ na 1écbu.
Cely tento proces, véetn¢ vyberu terapeutickych kandidatd a jejich experimentalniho ovéfeni, musi
byt dokoncen do 12 mésicti, aby mohl mit vysledek piimy vyznam pro dané¢ho pacienta. Pokud neni
pravdépodobné, Ze se to v tomto Casovém ramci podafi ziskat presvédciva experimentalni data, je
ptipad pii druhé laboratorni tridzi ukoncen (druhy dropout). Kandidatni 1é¢iva jsou vyhleddvana
pomoci vypocetnich metod a ume¢lé inteligence (Al repurposing) nebo prostiednictvim
vysokokapacitniho screeningu (HTS). Kandidatni 1é¢iva dale posoudi a prioritizuje farmakologicky
tym ve spolupraci s infrastrukturami CREATIC, CZECRIN a CAATS (bezpec¢nostni profil,
dostupnost 1é¢iva v CR, piiméfenost odekavaného piinosu viiéi rizikiim, prichod hematoencefalickou
bariérou apod.) a prioritizovani kandidati jsou nasledné testovani na bunkach pacienta. V piipade,
ze zadny kandidat neni doporucen, ptipad je ukoncen (tieti dropout). Pokud se repurposing znamych
léciv ukaze jako nevhodny, muze SirSi platforma v budoucnu zahrnovat také vyvoj
individualizovanych antisense oligonukleotidli nebo genové terapie v ¢istych prostorach CREATIC.
Vysledkem celého procesu je strukturovany protokol ptedany klinickému tymu jako podklad
pro rozhodnuti o dal$im individualnim terapeutickém postupu. Prvnim pacientem, ktery je touto
platformou modelové feSen, je pacient popsany v kap. 4.2.

Prvni dropout Druhy dropout
- . Posouzeni
. < Identifikace vhodného
Nal hod ické
I fauifz'::ll':sgay';e bunééného/tkafiového I fam_|ak.olog|ckfe
modelu ovlivnitelnosti
Klinicka bt [P ® Laboratorni
triage PPN PP triage \
.. . MM s —— W
I Potencidlni b = "‘. ‘_ —, Vyhodnoceni
klinicky ° ) —— proveditelnosti '
Kauzélni genovd varianta benefit (<12 mésicd) °
7\
| Al lékovy repurposing Vysokokapacitni screening ASO Genova terapie ‘
VYROBA V RAMCI
i T 99 .
3% Exon ® CISTYCH PROSTOR
| 2 | CREATIC
Treti dropout 4mmmm Farmakologické V
vyhodnoceni a ® n -
prioritizace ° orr
kandidati . — —s
°
CREATIC/CZECRIN & +
CAATS Test ucinnosti kandidatt Vysledkovy protokol
na burikdch pacienta uréeny klinickému tymu

Obrazek 8. Schéma platformy na repurposing léciv.
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VLASTNi PRINOS A KOMENTAR K RELEVANTNIM PUBLIKACIM, Kkapitola 4

Hlavni pfinos v oblasti funkéni genomiky a translacni precizni mediciny spociva ve vytvoreni
a koordinaci integrované platformy zaméfené na diagnostiku a hledani terapeutickych moznosti u déti
s ultra-vzdcnymi a dosud neobjasnénymi onemocnénimi. Tato platforma propojuje klinicky UDP
program Pediatrické kliniky FN Brno a LF MU s vyzkumnou skupinou Ultra-vzacnd onemocnéni
a nediagnostikovani détsti pacienti v centru excelence CREATIC. Jejim cilem je prevadét vysledky
komplexnich genomickych analyz do konkrétnich diagnostickych zavért, funkéné ovétrovat klinicky
relevantni varianty a v indikovanych ptipadech hledat moZznosti cilené terapie.

Realizace tohoto programu vyzaduje koordinaci fady odborné rozdilnych pracovist a vyzkumnych
infrastruktur. Zahrnuje spolupraci klinickych genetikli, pediatri, molekuldrnich biologd,
bioinformatikii, strukturnich biologl, farmakologi a odbornikli na klinické studie. Vyznamnou
soucasti je rovnéz rozvoj individualizované platformy pro repurposing léciv, kterd neni zaméfena
obecné na urcitou diagnozu, ale na konkrétniho pacienta, jeho kauzalni gen a konkrétni variantu.
Hlavnim ukolem lékate je zde identifikovat klinicky vhodné ptipady, formulovat biologicky
a klinicky relevantni otazky, koordinovat jednotlivé analytické a experimentalni kroky a integrovat
jejich vysledky do podoby vyuzitelné pro diagnostické nebo terapeutické rozhodovani.

Prakticky vyznam tohoto pfistupu dokladaji dvé relevantni publikované prace. V piipadé€ pacienta
se spastickou paraplegii typu 56 umoznilo propojeni klinického zhodnoceni, strukturniho modelovani
a buné¢nych a enzymatickych experimentl objasnit funkéni dopad variant genu CYP2UI. U varianty
p-Argl86His byla prokdzana ztrata enzymatické aktivity pfi zachované expresi proteinu, zatimco
varianta p.Pro459Leu vedla k jeho nestabilité. Vysledky podpoftily reklasifikaci ptivodni varianty
nejasné¢ho vyznamu, potvrdily molekuldrni diagnozu a vytvorily predpoklad pro dalsi Givahy o cilené
1écbé (Priloha 8).

Druhd prace se tykd de novo varianty p.Glyl1007Arg v genu ADAR. Molekuldrni modelovani
lokalizovalo variantu do bezprostfedni blizkosti katalytického centra ADAR1 a podpoftilo hypotézu
jejiho dominantné negativniho tc¢inku prostiednictvim naruseni vazby RNA, katalytické aktivity
nebo poskozenim tvorby funkénich proteinovych komplexti. Ob¢€ publikace ilustruji pfistup, v némz
klinick4 charakterizace pacienta urcuje smér navazujiciho laboratorniho vyzkumu a vysledky funkéni
genomiky se nasledné vraceji zpét do diagnostické a potencidlné terapeutické péce (Ptiloha 7).
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5. Baby Fox, narodni program rychlé genomiky u kriticky nemocnych déti

5.1 Zdivodnéni a design studie

Genetickd onemocnéni predstavuji jednu z hlavnich pfi¢in mortality u novorozenct a détskych
pacientl na jednotkdch intenzivni péfe. Metaanalyza 44 studii (Kingsmore et al. 2024 [69])
prokézala, Ze rychlé celogenomové sekvenovani jako diagnostickd metoda prvni volby vede
u kriticky nemocnych déti k nové diagndze u 37 % pacientl a ke zméné 1é¢ebného postupu u 26 %,
pii soucasné uspote nakladii (Dimmock et al. 2021, projekt Baby Bear: 14 265 USD/dité [65]).

Na tuto klinickou evidenci navazuje ¢esky projekt Baby Fox, klinicky i laboratorné koordinovany
v ramci UDP programu FN Brno, ktery si klade za cil vytvofit diikazy z redlné praxe o klinické

vyuzitelnosti r'WGS v ramci ¢eského zdravotniho systému.

Tabulka 15. Design a parametry studie Baby Fox.

Parametr Hodnota
Design Trio rWGS (dité + oba rodice)
Planovany pocet pacienti 120

Obdobi

09/2024-12/2026

Zapojena centra

FN Brno/LF MU (koordina¢ni a sekvenac¢ni centrum), FN Motol a I:Iomolka, VEN
Praha, FN Olomouc, FN Ostrava, FN Hradec Kralové, Nemocnice Ceské Bud¢€jovice

Cilovy TAT

<7 dni od odbéru

Vstupni kritéria

Suspekce na geneticky podminéné onemocnéni; hospitalizace na JIP/NJIP; vék < 18
let

Vylucovaci kritéria

Potvrzena genetickd diagndza; jasné negeneticka pric¢ina (HIE, sepse s odpovédi na
terapii, izolovana prematurita, izolovana nekonjugovana hyperbilirubinémie, apod.);
odmitnuti podpisu informovaného souhlasu zakonnymi zastupci

Sekvenacni platforma

[llumina NovaSeq 6000 (kratké cteni); doplikové long-read TruPath pro fazovani

Bioinformaticky pipeline

Dragen, Emedgene a fenotypové fizend analyza na zdkladé¢ HPO kodu;
standardizovany reporting

Podpora

[llumina Inc. (spotiebni material, bioinformatické nastroje)

Mezinarodni zasazeni

Neformalni konsorcium GIICS (Genomics in infantile Intensive Care Setting) spolu
se zastupci Baby Bambi — Izrael, Baby Lion — Némecko, Baby Lynx — Spanélsko,
Baby Wolf — Italie, a dal§imi)

GERMANY

[N

GERMANY

) \ /
PRAGUE® o

“"""oCZECHK REPUBLIC P
P \

Fakultni nemocnice Hradec Kralové

Fakultni nemocnice Motol a Homolka
VSeobecnd fakultni nemocnice v Praze

opavalQy -

mouc

Fakultni nemocnice Ostrava

Fakultni nemocnice Olomouc

Fakultni nemocnice Brno (koordinator)

Nemocnice Ceské Budéjovice

Obrazek 9. Mapa sedmi center zapojenych do celonarodniho ceského projektu Baby Fox.
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5.2 Prubézné vysledky

Projekt Baby Fox byl zahajen v 09/2024 a jeho ukonceni je planovéno na 12/2026 (viz Tabulka 15).
Nize uvedena data proto predstavuji priibézné (interim) vysledky uzaviené k datu 8/2026, nikoliv
findlni zhodnoceni celého souboru pacienti. Kompletni analyza bude k dispozici po dosazeni

planovaného poctu 120 zatazenych pacientt.

Tabulka 16. Interim vysledky projektu Baby Fox k 8/2026 (vlastni data autorky).

Ukazatel

Hodnota

Zarazeno pacienti

89 /120 (74,2 % cilového poctu pacientii)
87 trio (proband plus rodice)
2 duo (proband plus jeden z rodici)

Median véku

35 novorozencti (39,3 %), vék <90 dni
54 déti (60,7 %), median 22,5 mésice

Pomeér pohlavi 43 divek (48,3 %), 46 chlapct (51,7 %)
Primérny pocet HPO kodi 10 (rozmezi 1-32)
Vysledek do 7 dnti 97,8 % pripadl (2 ptipady 8-9 dni, porucha sekvenatoru)

Priimérna doba od odbéru krve do vydani
vysledkového protokolu (TAT)

5 dni (rozmezi 2-9)

Primérna doba od doruceni vzorku do
laboratofe do vydani vysledkového
protokolu

4 dny (rozmezi 2-8)

Diagnosticka vytéZznost (ACMG tiida 4/5) | 39 pacienti (43,8 %)
VUS (tfida 3) 12 pacientti (13,5 %)
Negativni 38 pacientt (42,7 %)
Celkova klinicka vytéznost (tfida 4/5 + 573 %

klinicky relevantni kandidatni VUS)

9 pacientt (10,1 %), TNNT2, TTN, BRCA1, BRCA2, PALB2, PMS2,
MSH6

23 pacienti (60 %)

Kategorie klinické vyuzitelnosti (zména medikace, referovani na
specializované pracovisté, zména sledovani, dietetické opatient,
chirurgicky vykon — indikace/zruSeni, prechod na paliativni péci)

Sekundarni nélezy

Dopad do klinické péce (actionabilita)

Varianty nedetekovatelné WES 7 pacientil (7,9 %), nekodujici varianty, CNV

Diagnoza stanovena se zpozdénim, mimo
ramec rychlého testovani (reanalyza,
doplnéni funkéniho testu, apod.)

3 pacienti

Diagnosticka vytéznost 43,8 % v ramci projektu Baby Fox je pln€ srovnatelnd s vysledky recentni
metaanalyzy (37 %) [69] i1 vysledky publikovanych zahrani¢nich "Baby" projektii, Baby Bear (40 %)
i Baby Bambi (53 %), a potvrzuje robustnost vysledku napti¢ odliSnymi zdravotnimi systémy. Zv1asté
vyznamny je nalez, ze u 7,9 % pacientl (n = 7) by kauzalni varianta nebyla detekovatelna standardnim
WES (2x CNV [1x u AD onemocnéni de novo, 1% jako druhd alterace u AR onemocnéni], 5x hluboka
intronova/nekddujici varianta [1x u AD onemocnéni de novo, 3% jako druhd alela u AR onemocnént,
1% homozygotné u AR onemocnéni]). Jde o pfimy argument pro superioritu vyuziti WGS nad WES
u kriticky nemocnych déti a novorozenct.
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5.3 Ilustrativni kazuistiky

Kazuistika 6. Jasmina s molekularni diagn6zou vedouci k icinné 1é¢bé kardiomyopatie

U divky byl v 6 mé&sicich v€ku implantovan ICD pro komorovou tachyarytmii, echokardiografické
vySetieni prokazalo trabekulizaci myokardu. V 18 mésicich byla hospitalizovana na jednotce
intenzivni péce pro ,.elektrickou boufi" s opakovanymi defibrila¢nimi vyboji ICD, antiarytmicka
terapie byla bez efektu; MRI srdce a biopsie s nadlezem histiocytoidni kardiomyopatie. Pacientka byla
zafazena na waiting list transplantace srdce. Genetické vySetfeni klinického exomu provedené
v 6 mésicich bylo negativni. V 18 mésicich byla proto pacientka zatazena do projektu Baby Fox, kde
rWGS identifikovalo heterozygotni de novo variantu ¢.370 _371del, p.(Argl24AlafsTer29) v genu
NDUFBI11 (NADH-ubiquinone oxidoreductase subunit B11, deficit mitochondridlniho komplexu I),
klasifikovanou jako pravdépodobné patogenni (tfida 4). Piestoze je NDUFBI11 v OMIM primarné
asociovan se syndromem mikroftalmie s linedrnimi koznimi defekty typu 3, v literatufe jsou popsany
také pacienti s NDUFBII-asociovanou histiocytoidni kardiomyopatii a zdvaznymi komorovymi
arytmiemi, coz odpovidalo fenotypu pacientky. Molekularni néalez tak potvrdil diagnozu
multisystémového mitochondridlniho onemocnéni. Na zdkladé diagnézy byla upravena lécba
(karvedilol, amiodaron a ketogenni dieta) s ndslednym vymizenim recidiv komorovych arytmii.
Soucasné vedlo potvrzeni multisystémového charakteru onemocnéni k piehodnoceni indikace
k transplantaci srdce a pacientka byla po projednani na indika¢nim seminati Détského kardiocentra
FN Motol a Homolka z transplanta¢ni ¢ekaci listiny vytazena.

Pacientka zarazena do studie Baby Fox ve FN Motol a Homolka (MUDr. Miroslava Balascakova, Ph.D).

Kazuistika 7. Samuel, kterému sekvenovani s dlouhym ¢tenim umoznilo potvrdit diagn6zu

Samuel byl ve véku 19 mésicli neurologicky vySetfen pro globalni vyvojové opozdéni s centralni
hypotonii a mozeckovym syndromem. V dal§im pribéhu se postupné rozvinula akrdlni spasticita
dolnich koncetin, oboustranna semiptdza, tfes a svalova hypotrofie. Ve véku dvou let, kdy byl zafazen
do projektu Baby Fox, pfetrvavalo vyznamné opozdéni psychomotorického vyvoje a neprospivani.
EMG prokézalo myogenni nélez, v mozkomi$nim moku byla zjist€éna mirn¢ zvysSena koncentrace
laktatu a kontrolni MR mozku nové prokédzala atrofii mozeCku. Kombinace progresivniho
neurologického fenotypu, svalového postizeni a laboratornich nalezii vedla k podezieni
na mitochondrialni onemocnéni. Genomovym vySetfenim byly nalezeny dvé varianty v genu SCO?2,
c.418G>A p.(Glul40Lys) a c.697C>G p.(Pro233Ala) (tfidy 3 a 4), jedna paternalniho pivodu a druha
de novo. Vzhledem k autozomalné recesivni dédi¢nosti onemocnéni asociované¢ho s SCO2 bylo
zasadni urcit vzajemnou fazi variant. Sekvenovani s dlouhym ¢tenim (TruPath, Illumina) potvrdilo
jejich polohu v trans konfiguraci na rozdilnych haplotypech. Diagn6zu nasledné podpoftilo vySetteni
svalové biopsie s prukazem deficitu cytochrom c oxidazy (COX).

Obrazova dokumentace ke kazuistice 7.
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Pacient zarazen do studie Baby Fox ve VFN Praha (prof. MUDr. Tomas Honzik, Ph.D.).
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Kazuistika 8. Tobias, u kterého geneticka diagnoza vedla k zahajeni paliativni péce

U novorozence se bezprostfedné po narozeni rozvinulo tézké respiracni selhani vyzadujici umélou
plicni ventilaci v rezimu HFOV. RTG plic vykazoval obraz intersticidlni plicni patologie, soucasné
byla pfitomna perzistujici plicni hypertenze novorozence s nutnosti obéhové podpory. Po prvnim
podani surfaktantu doslo pouze k pfechodnému zlepSeni, opakovana aplikace jiz byla bez efektu.
Pro zavazny stav bylo indikovano rychlé genomické vySetfeni v rdmci programu BabyFox.
Trio rWGS identifikovalo dvé varianty v genu ABCA3 v konfiguraci in trans: paternalné zdédénou
patogenni variantu c¢.127C>T, p.(Arg43Cys) a materndlné¢ zdédénou pravdépodobné patogenni
synonymni variantu ¢.2883C>T, p.(Gly961=), ¢imz byla potvrzena diagnoza poruchy metabolismu
plicniho surfaktantu typu 3. Molekularni diagnéza méla bezprostiedni dopad na dalsi vedeni péce.
Vzhledem k zavaznosti onemocnéni a nepiiznivé progndéze umoznila multidisciplindrnimu tymu
spolecné s rodinou piehodnotit dalsi eskalaci intenzivni 1é€by a piejit k paliativni péci. Stanoveni
kauzalni diagndézy soucasn¢ umoznilo cilené genetické poradenstvi rodiné vcetné stanoveni rizika
rekurence a moznosti PGT-M ¢i prenatalni diagnostiky v budoucim té¢hotenstvi.

Obrazova dokumentace ke kazuistice 8. Fotografie zvefejnéna se souhlasem rodicu.

Pacient zarazen do studie Baby Fox ve FN Motol a Homolka (MUDr. Miroslava Balasc¢akova, Ph.D).

Kazuistika 9. Petiik — od Zivot ohroZujiciho stavu k u¢inné 1é¢bé a priznivé prognoze
Sestitydenni kojenec byl vySetiovan pro suspektni vrozené selhani kostni diené &i syndrom
kongenitalni neutropenie. Klinicky dominovala tézka agranulocytdza s anémii a trombocytopenti,
neprospivani, prijem a hepatomegalie, soucasné¢ byly ptfitomny neurologické projevy zahrnujici
kiece, abnormalni ocni pohyby a axidlni hypotonii. Pro zdvazny multisystémovy stav bylo indikovano
rychlé¢ genomické vySetfeni v rdmci programu BabyFox. Béhem 4 dni od pfijeti vzorku byla
identifikovana homozygotni varianta c.1195C>T, p.(Arg399Ter) v genu TCN2, klasifikovana jako
pravdépodobné patogenni a zdédéna od obou rodicl, kterd vedla ke stanoveni diagnézy deficitu
transkobalaminu II. Po ptekladu na specializované metabolické pracovisté byla potvrzena vyrazna
elevace kyseliny metylmalonové a homocysteinu pii téméf neméfitelné hladin€ aktivniho vitaminu
B12. Bezprostfedné zahajend intramuskularni 1écba hydroxokobalaminem vedla k rychlé upravé
hematologickych parametrt, zlepSeni pfijmu potravy i neurologického stavu. Pti posledni kontrole
v metabolickém centru ve v€ku 6 mésicii byl neurologicky nalez prakticky v normé, pretrvavala
pouze mirna rezidudlni axidlni hypotonie. Pacient bude vyzadovat celozivotni substituci
hydroxokobalaminem. Rychld molekularni diagnostika tak umoznila v€asné zahajeni specifické
1écby jesté v obdobi, kdy bylo mozné zabranit rozvoji zdvazného a potencidlné ireverzibilniho
neurologického postiZeni.

Pacient zarazen do studie Baby Fox ve FN Hradec Kralové (MUDr. Jan Maly, Ph.D.)
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VLASTNi PRINOS A KOMENTAR K RELEVANTNIM PUBLIKACIM, Kkapitola 5

Vlastni ptinos spociva pfedevsim v iniciaci, koncepcnim névrhu a klinické koordinaci programu Baby
Fox, prvniho celonarodniho programu rychlého celogenomového sekvenovani uréeného kriticky
nemocnym détem a novorozenctim v Ceské republice. Program vznikl jako dal§i vyvojovy projekt
UDP programu FN Brno a ptevadi zkuSenosti s genomickou diagnostikou nediagnostikovanych
pacientii do prostredi détské intenzivni péce, kde musi byt diagnosticky vysledek dostupny v fadu
dnli, aby mohl bezprostfedn¢ ovlivnit 1écbu. Déle spociva v podilu na vytvoreni klinického
a laboratorniho designu studie, nastaveni indikacnich a vyluCovacich kritérii, standardizaci
fenotypového popisu pomoci HPO termint a organizaci toku vzorkt, dat a vysledki mezi sedmi
zapojenymi centry. Dtulezitd je rovnéz klinickd interpretace nalezli, komunikace vysledka
multidisciplinarnim tymim a koordinace spoluprdce mezi intenzivisty, klinickymi genetiky,
laboratornimi odborniky, bioinformatiky a specialisty jednotlivych oborid. Vyznamny je také
mezinarodni rozmér programu prostfednictvim zapojeni do neformalniho konsorcia GIICS a sdileni
zkuSenosti s obdobnymi zahrani¢nimi iniciativami.

Projekt navazuje na mezinarodni studie dokladajici ptinos rychlé genomiky u kriticky nemocnych
déti. Metaanalyza Kingsmore et al. [69] uvadi diagnostickou vytéZznost 37 % a zménu lécebného
postupu u 26 % pacientd. Pribéznd vlastni data programu Baby Fox k srpnu 2026 tyto zavéry
potvrzuji v podminkach ¢eského zdravotniho systému: u 89 zatrazenych pacientd bylo dosazeno
diagnostické vytéznosti 43,8 %, klinicky relevantniho vysledku u 57,3 % a primérné doby péti dnd
od odbéru krve do vydani protokolu. U 60 % diagnostikovanych pacientii nalez pifimo ovlivnil
naslednou péci. Zvlast vyznamné je, ze u 7,9 % pacientli byla zachycena kauzalni varianta, kterou
by standardni WES nebylo mozné detekovat, coz poskytuje pfimy argument pro vyuziti WGS v této
klinické situaci.

Klinicky vyznam programu ilustruji jednotlivé ptipady: identifikace varianty v genu NDUFBI 1 vedla
ke zméné lécby kardiomyopatie a vyfazeni pacientky z cekaci listiny na transplantaci srdce;
kombinace rWGS, sekvenovani s dlouhym ¢tenim a funkéniho vysetfeni umoznila potvrdit diagndézu
onemocnéni asociovaného s genem SCO2; ndlez variant v genu ABCA3 poskytl podklad
pro informované zahdjeni paliativni péce; a rychla diagnostika deficitu transkobalaminu II vedla
k okamzitému zah4jeni G¢inné 1écby. Baby Fox tak doklad4, ze hlavnim pfinosem rychlé genomiky
neni pouze stanoveni diagnoézy, ale predevSim jeji v€asny prevod do konkrétniho klinického
rozhodnuti.
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6. Zavér

Predkladand habilitaéni prace zachycuje vyvoj od pilotniho vyzkumného projektu k vytvoreni
a propojeni komplexniho klinicko-vyzkumného systému péce o déti se vzacnymi a dosud
neobjasnénymi onemocnénimi. Program, kterym od jeho zahdajeni proslo jiz vice nez 350 pacientl
bez stanovené diagnézy, se postupné rozvinul od pilotniho vyuziti singleton WES v roce 2019
ptes ovéfeni klinické vyuzitelnosti genomiky a institucionalizaci multidisciplindrni péce o tyto
pacienty ve FN Brno az k funkénimu objasiiovani variant nejasného vyznamu, hledani
individualizovanych terapeutickych moznosti, zavedeni celondrodni rychlé¢ genomiky a ptenosu
ziskanych zkuSenosti do zdravotni politiky.

Prvni pilit tvofi publikacné dolozené ovéfeni genomické diagnostiky a jejiho klinického dopadu:
v pilotni kohorté 58 pacientid dosdhla diagnosticka vytéznost 43 % a klinickd vyuZitelnost nalezl
76 %. Tato data nebyla pouze akademickym vysledkem, ale podkladem pro vznik Multioborové
indikaéni komise a prvni Ambulance pro détské pacienty bez diagnézy v CR. Navazujici kazuistiky
pfinesly nové genotypové-fenotypové poznatky a prvni eské piipady vybranych jednotek. Druhym
pilifem je vybudovana a koordinovana transla¢ni platforma propojujici UDP program FN Brno
s centrem excelence CREATIC LF MU a dal§imi akademickymi centry jako je CEITEC MU,
Biologicky tstav LF MU nebo Loschmidtovy laboratofe proteinového inZenyrstvi na Pfirodovédecké
fakulté¢ MU. Publikované prace o CYP2UI a ADAR ukazuji, jak klinicka otazka vede k funkénimu
ovéfeni a jak se laboratorni vysledek vraci do diagnostického a potencidlné terapeutického
rozhodovéni. Ttetim pilifem je iniciace, koncepcni ndvrh a klinicka koordinace programu Baby Fox.
Jeho pribézna data u 89 pacientli potvrzuji, ze rWGS s prumérnou dobou vysledku pét dnil ptinasi
nejen diagnozu, ale u 60 % diagnostikovanych pacientil také pfimou zménu péce. Ctvrtym pilitem je
systémovy dopad: model FN Brno pro nediagnostikované pacienty byl vyuzit v analytické ¢asti a pfi
formulaci relevantnich opatfeni a pozitivné reflektovan v Narodni strategii pro vzacna onemocnéni
2026-2035.

Dalsi rozvoj bude smétovat k dokonceni a publikaci findlnich vysledki projektu Baby Fox, spusténi
registru ROADS pro pacienty bez diagndzy, rozsifeni diagnostiky zaloZené na sekvenovani
s dlouhym ¢tenim u nevyfeSenych ptipadi a k rozvoji platformy pro individualizovany repurposing
lé¢iv. Hlavnim vysledkem dosavadni prace je udrzitelny model, v némz se péce o konkrétniho
pacienta, multidisciplinarni klinické rozhodovani, pokrocila genomika, funkéni genomika a tvorba
systému vzajemné posiluji.
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8. Seznam zkratek

Zkratka Vyznam

AAV Adeno-Associated Virus, adeno-asociovany virus (vektor pro genovou terapii)

ABCA3 ATP Binding Cassette Subfamily A Member 3

ACMG/AMP American College of Medical Genetics and Genomics / Association for Molecular Pathology

AD/ AR Autozomalné dominantni / autozomalné recesivni

ADARI Adenosine Deaminase RNA Specific 1

ASO Antisense Oligonucleotide, antisense oligonukleotid

AZV CR Agentura pro zdravotnicky vyzkum Ceské republiky

BRCAI BRCA1 DNA Repair Associated

BRCA?2 BRCA2 DNA Repair Associated

C-GUIDE™ g;;fgitﬁg%ggid Genetic testing Utility InDEx, nastroj hodnoceni klinické uzite¢nosti

CAVO Ceska asociace pro vzacna onemocnéni, z. s.

CNV Copy number variant, varianta v poc¢tu kopii

CREATIC Central Europea.m Advanced Therapy and Immunotherapy Center, Lékarska fakulta,
Masarykovy univerzity

CYP2UI Cytochrome P450 Family 2 Subfamily U Member 1

DMD Dystrophin

DYRKIA Dual Specificity Tyrosine Phosphorylation Regulated Kinase 1A

EGA European Genome-Phenome Archive

EMA European Medicines Agency, Evropska lékova agentura

ERDERA European Rare Diseases Research Alliance

ERN European Reference Network, Evropska referencni sit’

GIICS Genomics in the Infantile Intensive Care Setting European Consortium

GT Genova terapie

HPO Human Phenotype Ontology

1ICD-11 Mezinarodni klasifikace nemoci, 11. revize

JARDIN evropska iniciativa pro integraci ERN do narodnich zdravotnich systému

LPVO Lécivy ptipravek pro vzacna onemocnéni (orphan drug)

MCM7 Minichromosome Maintenance Complex Component 7

MEGF10 Multiple EGF Like Domains 10

MEKOVO Mezioborova komise pro vzacna onemocnéni

MSH6 MutS Homolog 6

MYRF Myelin Regulatory Factor

MZCR Ministerstvo zdravotnictvi Ceské republiky

NDUFBI11 NADH:Ubiquinone Oxidoreductase Subunit B11

NICU/PICU Novorozenecka / détska jednotka intenzivni péce

NKCVO Narodni koordinacni centrum pro vzacna onemocnéni

NRVO Narodni registr pro vzacna onemocnéni (planovany)
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NSVO Narodni strategie pro vzacna onemocnéni

ONT Oxford Nanopore Technologies

P/LP Pathogenic / Likely Pathogenic, patogenni / pravdépodobné patogenni varianta

PALB2 Partner and Localizer of BRCA2

PMM?2 Phosphomannomutase 2

PMS2 PMS1 Homolog 2, Mismatch Repair System Component

PPP2R5D Protein Phosphatase 2 Regulatory Subunit B' Delta

PZP Pieshrani¢ni zdravotni péce

RNU4-2 RNA, U4 Small Nuclear 2

ROADS Registry for Patients Without Diagnosis, registr pro pacienty bez diagnozy (ve spolupraci s
CREATIC)

RPE6S Retinoid Isomerohydrolase RPE65

rWGS rapid Whole Genome Sequencing, rychlé celogenomové sekvenovani

SCO2 Synthesis Of Cytochrome C Oxidase 2

siRNA small interfering RNA, mala interferujici RNA

SMN1 Survival of Motor Neuron 1, Telomeric

SMN2 Survival of Motor Neuron 2, Centromeric

SNV Single nucleotide variant

SYPOVO narodni projekt Systém péce o vzdcna onemocnéni

TAT Turnaround time, doba od odbéru vzorku po vydani vysledku

TCN2 Transcobalamin 2

TNNT2 Troponin T2, Cardiac Type

TTN Titin

UDN / UDP Undiagnosed Diseases Network / Program

VILP Vysoce inovativni l1é¢ivy pfipravek

VUS Variant of Uncertain Significance, varianta nejasného vyznamu

WES Whole Exome Sequencing, celoexomové sekvenovani

WGS Whole Genome Sequencing, celogenomové sekvenovani
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Diagnostic efficacy and clinical
utility of whole-exome sequencing
in Czech pediatric patients with
rare and undiagnosed diseases

Katerina Slaba'™, Petra PokornaZ3, Robin Jugas?3, Hana Palova?, Dagmar Prochazkova?,
Stefania Aulicka®, Klara Spanelova*, Pavlina Danhofer*, Ondrej Horak*, Jana Tuckova?,
Petra Kleiblova®®, Renata Gaillyova’, Matej Hrunka®, Martin Jouza?, Blanka Pinkova?,
Jan Papez?, Petra Konecna?, Jana Zidkova®, Petr Stourac®'?, Jaroslav Sterba'?,

Regina Demlova'?, Eva Demlova'?, Petr Jabandziev2 & Ondrej Slaby?313*!

In the last decade, undiagnosed disease programs have emerged to address the significant number
of individuals with suspected but undiagnosed rare genetic diseases. In our single-center study, we
have launched a pilot program for pediatric patients with undiagnosed diseases in the second-largest
university hospital in the Czech Republic. This study was prospectively conducted at the Department
of Pediatrics at University Hospital Brno between 2020 and 2023. A total of 58 Czech patients with
undiagnosed diseases were enrolled in the study. All children underwent singleton WES with targeted
phenotype-driven analysis. We identified 28 variants, including 11 pathogenic, 13 likely pathogenic,
and 4 VUS according to ACMG guidelines, as diagnostic of genetic diseases in 25 patients, resulting in
an overall diagnostic yield of 43%. Eleven variants were novel and had not been previously reported
in any public database. The overall clinical utility (actionability) enabling at least one type of change
in the medical care of the patient was 76%, whereas the average number of clinical implications

to individual patient care was two. Singleton WES facilitated the diagnostic process in the Czech
undiagnosed pediatric population. We believe it is an effective approach to enable appropriate
counseling, surveillance, and personalized clinical management.

Keywords Rare genetic diseases, Undiagnosed patients, Whole-exome sequencing

Rare diseases (RD) are clinically heterogeneous, predominantly hereditary, multisystemic diseases with a very
low incidence (prevalence) in the general population, which impact on the quality of life and social inclusion
of patients or threaten their lives. A disease is defined as rare in the European Union if it affects less than one
patient per 2000 individuals. The severity of RD is that there are more than 8000 different RDs, so the cumulative

!Department of Pediatrics, University Hospital Brno, Faculty of Medicine, Masaryk University, Cernopolni 9, 613
00 Brno, Czech Republic. 2Central European Institute of Technology, Masaryk University, Brno, Czech Republic.
3Department of Biology, Faculty of Medicine, Masaryk University, Kamenice 5, 625 00 Brno, Czech Republic.
“Department of Pediatric Neurology, University Hospital Brno, Faculty of Medicine, Masaryk University, Brno,
Czech Republic. *Institute of Medical Biochemistry and Laboratory Diagnostics, First Faculty of Medicine, Charles
University and General University Hospital in Prague, Prague, Czech Republic. ®Institute of Biology and Medical
Genetics, First Faculty of Medicine, Charles University and General University Hospital in Prague, Prague, Czech
Republic. 7Department of Medical Genetics and Genomics, University Hospital Brno, Faculty of Medicine,
Masaryk University Brno, Brno, Czech Republic. éCentre of Molecular Biology and Genetics, Department of
Hematology, Oncology and Internal Medicine, Masaryk University and University Hospital Brno, Brno, Czech
Republic. *Department of Pediatric Anesthesiology and Intensive Care Medicine, University Hospital Brno and
Faculty of Medicine, Masaryk University, Brno, Czech Republic. 1°Department of Simulation Medicine, Faculty of
Medicine, Masaryk University, Brno, Czech Republic. **Department of Pediatric Oncology, Faculty of Medicine,
University Hospital Brno, Masaryk University, Brno, Czech Republic. *2Department of Pharmacology/CZECRIN,
Masaryk University Faculty of Medicine, Brno, Czech Republic. **Center of Precision Medicine, Department of
Pathology, University Hospital Brno, Faculty of Medicine, Masaryk University, Brno, Czech Republic. ““email:
slaba.katerina@fnbrno.cz; oslaby@med.muni.cz

Scientific Reports|  (2024) 14:28780 | https://doi.org/10.1038/s41598-024-79872-4 nature portfolio

56



www.nature.com/scientificreports/

number of patients is not negligible, estimated to be 1 in 16 people in the general population, despite the low
prevalence of individual clinical entities'.

Because a large proportion of rare diseases have a genetic basis, obtaining an accurate molecular diagnosis is
crucial for appropriate clinical management, family, and reproductive counseling and support. However, it has
been estimated that at least half of those with rare genetic diseases remain undiagnosed despite ‘standard’ clinical
care, and these patients then undergo a so-called “diagnostic odyssey”2.

Over the last 15 years, Undiagnosed Diseases Programs have emerged to address the significant number
of individuals with suspected but undiagnosed rare genetic diseases, integrating research and clinical care to
optimize diagnostic outcomes. The first formal Undiagnosed Diseases Program was established in 2008 by the
National Institutes of Health (NIH) in the United States, followed by the creation of the NIH-funded Undiagnosed
Disease Network (UDN) in 2014%*. Analogous initiatives, programs, and networks for undiagnosed diseases
were subsequently created in Canada®, Great Britain®, Japan®, Spain’, Italy®, and other countries (for review'). In
the Czech Republic, no such program for patients with undiagnosed diseases is formally established currently.

Along with developing these specialized programs for patients with undiagnosed diseases, the last decade
has seen a rapid shift towards using whole-exome sequencing (WES) and whole-genome sequencing (WGS)
as the first-line diagnostic test for patients with suspected genetic disease. However, many physicians still often
consider it a last resort. The growing number of WES studies improved diagnostic rate by allowing concomitant
examination of genes more comprehensively compared with conventional genetic tests, such as gene panels and
chromosomal microarray analysis (CMA)®-'!. In a recent meta-analysis from 2023, the median diagnostic yield
in 13 WES studies on patients with rare diseases was 43%, and the median clinical utility, available in only four
studies, was 44%.!2 In addition, the clinical utility of these studies increased by approximately 3% year-on-year,
and from a cost-utility perspective, the study concluded that clinical management changes due to WES were
cost-saving'2. This meta-analysis only further confirmed previous data that clearly justified using WES as an
essential diagnostic method in patients with rare diseases. Recently, it has been shown that WGS overcomes some
of the limitations of WES and allows the detection of other types of variants, especially copy number variations
(CNVs), as well as the detection of non-coding variants in regulatory and intronic regions. This has led to an
increased diagnostic yield of WGS compared to WES in some studies'?, which was the highest, especially for
the trio-based WGS approach'#; however, it remains unclear how this will be affected by the selection criteria
for undiagnosed patients and what the implications will be in terms of additional costs, increased workload and
prolonged turnaround time of results.

In our prospective, single-center study, we have launched a pilot program for pediatric patients with
undiagnosed diseases in the second-largest university hospital in the Czech Republic, with WES implemented
as a first-line test after enrolment in the study as part of the diagnostic workflow. The aim was to evaluate the
diagnostic yield and clinical utility of WES in the Czech population of patients with undiagnosed disease.

Methods

Study subjects

This study was prospectively conducted at the Department of Pediatrics at University Hospital Brno (Brno, Czech
Republic) between 2020 and 2023. A total of 58 consecutive Czech patients with undiagnosed diseases were
enrolled in the study. Exclusion and inclusion criteria were adapted from those used in the Japanese Initiative
on Rare and Undiagnosed Diseases (IRUD)', which defines a typical cohort remaining undiagnosed after
comprehensive clinical assessment. Patients without highly suspected or known disease, who had not previously
undergone WES or WGS and fulfilled the following criteria were eligible for enrollment in this study: (1) the
patient remains undiagnosed for 6 months or longer (not necessary for infants), and the symptom(s) affects his/
her daily life, AND (2.1) there exists an objective sign(s) that cannot be traced to a single organ, OR (2.2) There is
a distinct family history suggestive of a genetic etiology (similar symptom(s) found in the patient’s relatives). To
ensure the accuracy of diagnosis, all clinical information and patient records provided by the referring physicians
were evaluated carefully. We further applied the human phenotype ontology (HPO) classification to describe the
patient’s phenotypes systematically. The study was approved by the University Hospital Brno Ethics Committee
(Approvals no. 31-270420 and 12-071222), and informed consent was obtained from all participants or their
legal representatives. All methods and analyses were carried out following relevant guidelines and regulations
and conducted in accordance with ethical principles and the Code of Ethics of the World Medical Association
(Declaration of Helsinki).

Whole-exome sequencing

DNA was isolated from peripheral blood leukocytes using the QIAmp DNA Micro Kit (Qiagen, Germany).
The quantity and purity of the isolated DNA were determined on a NanoDrop 2000c Spectrophotometer
and a Qubit 2.0 Fluorometer (ThermoFisher Scientific, MA, USA). Sequencing libraries were prepared using
either the TruSeq DNA Exome kit (Illumina, CA, USA) or the KAPA HyperPlus Kit combined with the KAPA
HyperExome panel (Roche, Switzerland). Sequencing was performed using the NextSeq 500/550 Mid Output
Kit v2.5 (150 cycles) on the NextSeq 500 platform (Illumina, CA, USA) in paired-end setup and read lengths of
2% 75 bp. More than 97% of the target regions showed at least 40-fold coverage.

Data analysis, variant detection and classification

Obtained reads were aligned to the GRCh37 (for libraries prepared with TrueSeq DNA Exome kit) or GRCh38
(for libraries prepared using KAPA HyperExome panel) reference genome using the BWA-MEM algorithm
(http://bio-bwa.sourceforge.net/) with default parameters. PCR duplicates were removed using Picard tools
(http://broadinstitute.github.io/picard/). The aligned BAM files were sorted and extracted using the statistical
metric by SAMtools (v.1.9)'°. A union approach integrating three variant callers, GATK HaplotypCaller (v.3.8)"7,
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VarDict'®, and Strelka'?, was subsequently used for variant calling. Identified variants were filtered so that only
non-synonymous single nucleotide substitutions, insertions, and deletions located in coding and adjacent non-
coding (splicing) regions showing a population frequency < 1% according to the GnomAD database (https://gno
mad.broadinstitute.org/) were evaluated. Verification was performed using Integrative Genomics Viewer (IGV)
software?’. The potential pathogenicity of the identified variants was evaluated with respect to the impact at the
protein level, the distinct biochemical properties of the altered codon, the degree of evolutionary conservation,
and also using information available in clinical databases of genetic variants, including OMIM (https://www.
omim.org), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), or HGMD database (https://www.hgmd.cfac.u
k/ac/index.php), in population databases (GnomAD and 1000 Genomes, http://www.1000genomes.org/) and
in the primary literature. The significance of previously undescribed variants was evaluated using in silico
prediction algorithms, such as PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), SIFT (https://sift.bii.a-star.
edu.sg), Mutation Taster (https://www.mutationtaster.org), or other algorithms integrated into Alamut (https://
www.sophiagenetics.com/platform/alamut-visual-plus/) or Varsome tools (https://varsome.com).

Variants were classified according to ACMG recommendations®! into one of 5 classes (benign, likely benign,
variant of uncertain significance - VUS, likely pathogenic, pathogenic). Pathogenic and likely pathogenic variants
in syndrome-associated genes corresponding to the observed proband phenotype and the indication for testing
were primarily reported. In addition, variants of uncertain significance present in the zygosity corresponding to
the mode of inheritance of the associated syndrome whose significance was supported by prediction algorithms
and/or whose manifestation matches the proband phenotype were considered. Beyond the indication for testing,
pathogenic and likely pathogenic variants in the panel of 78 genes were evaluated as potential incidental findings
in accordance with the ACMG SF 3.1 list?%.

Selected variants identified by WES were confirmed by Sanger sequencing. A subset of the identified
variants was analyzed using Sanger sequencing of the available family members for segregation analysis. For
CNV analysis, candidate genes were visually inspected using the IGV software?*?3, and identified CNVs were
confirmed by multiplex ligation-dependent probe amplification. The analysis of the mitochondrial DNA or the
WES analysis in the trio was not performed in any of the enrolled patients.

Interpretation of variants in the clinical context

Identified variants were interpreted considering the patient’s clinical evaluation to assess causality. The proband’s
clinical information was transformed to its corresponding standardized HPO terms and assessed to determine
the similarity with approximately 7000 rare genetic diseases®*?°. Variant classification and its predicted functional
impact, segregation analysis, and matching with the gene-associated phenotypes known from the literature were
considered. A genetic diagnosis was assumed in patients with pathogenic/ likely pathogenic variants and rarely
also variants of uncertain significance or their combinations matching the phenotype known from the literature,
and these variants were defined as “diagnostic.” The remaining patients were considered undiagnosed.

Results

Characteristics of the patients

In the period 1/2020-6/2023 - a total of 58 Czech patients (27 females, 31 males) with a median age of five
years (range ten days to 38 years) were enrolled in the study at the Department of Pediatrics at University
Hospital Brno, Czech Republic. In total, 55 patients (95%) were aged < 18 years. Only three adult patients (25,
27, and 38 years) followed up from the pediatric age as undiagnosed in the Outpatient Clinic for Inherited
Metabolic Disorders at our Department were enrolled. No genetic testing was performed before WES in 28
(48%) patients. In the remaining patients, CMA or targeted genetic testing was performed. Most patients
(n=53, 91%) were referred directly from the Department of Pediatrics, four patients (7%) were referred from
the Department of Pediatric Neurology, and one patient (2%) from the Department of Pediatric Oncology of
our hospital. With one exception described below, the patients were unrelated. There were no consanguineous
families in our cohort. When dividing patients into groups, based on the major HPO symptoms at the time of
the request for WES, abnormality of metabolism/homeostasis (HP:0001939) were the most frequently observed,
followed by a global developmental delay (HP:0001263), dysmorphic facial features (HP:0001999), muscular
hypotonia (HP:0001252), failure to thrive (HP:0001508), short stature (HP:0004322) and intellectual disability
(HP:0001249) (summarized in Table 1). Three cases in our cohort were published in the form of detailed case
reports with the respective references provided. Two patients died before or shortly after WES, at three months®”
and 2 years of age. In two cases (sisters), WES was performed post-mortem to elucidate the cause of death
associated with multiorgan developmental impairment®®.

Patients with identified diagnostic variants

The detailed clinical characteristics of the 25 patients with a positive diagnosis are given in Table 2, with a
summary below. According to ACMG guidelines?!, 28 variants, including 11 pathogenic, 13 likely pathogenic,
and 4 VUS, were identified as diagnostic of genetic disorders in 25 patients (Table 2). Inheritance patterns of the
25 patients identified as having causal variants were classified as autosomal dominant (n=14; 56%), autosomal
recessive (n=10; 40%), or X-linked (n=1; 4%). Eleven variants were confirmed to be de novo. The diagnostic
variant was inherited from the symptomatic undiagnosed mother in one autosomal dominant case (Table 2; Case
16). The identical de novo event in siblings with healthy, variant-negative parents suggests gonadal mosaicism,
which can mimic recessive inheritance (Table 2; Cases 7,8)*. Four patients had homozygous autosomal recessive
variants, and five were compound heterozygotes. In addition, in one case, an X-linked recessive variant was
inherited from an asymptomatic mother. Sanger sequencing was performed on 23 patients (92%) and their family
members for segregation analysis, with the exception of cases 24 and 25 (Table 2). A total of 26 variants identified
by WES were successfully confirmed by Sanger sequencing, including their zygosity. MLPA was successfully
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Age at analysis, years, median (range) 5(0-38)

Sex, n (%)

Male 31(53%)
Female 27 (47%)
Major symptoms (HPO*), n

Global developmental delay (HP:0001263) 19 (33%)
Seizures (HP:0001250) 10 (17%)
Intellectual disability (HP:0001249) 11 (19%)
Muscular hypotonia (HP:0001252) 13 (22%)
Dysmorphic facial features (HP:0001999) 19 (33%)
Short stature (HP:0004322) 11 (19%)
Microcephaly (HP:0000252) 7 (12%)
Macrocephaly (HP:0000256) 3(5%)
Hepatomegaly (HP:0002240) 7 (12%)
Failure to thrive (HP:0001508) 13 (22%)
Abnormality of metabolism/homeostasis (HP:0001939) 29 (49%)
Abnormality of the eye (HP:0000478) 7 (12%)
Others (congenital malformation synd: other neuromuscular symptoms, abnormal behavior) | 34 (59%)

Table 1. Characteristics of the patients. *HPO, human phenotype ontology, one patient can have more than
one phenotype

used to validate the WES-identified homozygous deletion of the NPHP1 gene (case 25), but the parents’ DNA
was unavailable for testing. Eleven novel variants identified in this study had not been previously reported in
any public database or scientific literature, including four missense SNVs, three splicing variants, three single-
nucleotide deletions, one nonsense SNV, and one large deletion (these variants are bolded in Table 2). We have
already published two of them in case reports?”?. In our cohort, no pathogenic variants were detected in genes
included in the ACMG recommendations for reporting incidental findings>.

Diagnostic yield and clinical utility

Of the 58 probands, 28 disease-causing variants were detected in 25 individuals, resulting in an overall diagnostic
yield of 43%. The clinical utility (actionability) or the way WES-based diagnosis can affect medical care or the life
of the patient could be classified in various ways, but definitely, it should enable a more personalized approach
to clinical management. Implications for patient care in our patient cohort were as follows (summarized in
Table 2): change in surveillance (n=15), referral to specialists (n=14), indication or contraindication of
investigations (n=6), procedures (n=4), surgeries (n=1), medication change (n=2) and lifestyle change (e.g.
dietary recommendations, n=>5). The overall clinical utility enabling at least one type of actionability was 76%
(19 patients), whereas the average number of clinical implications to individual patient care was two. If we
exclude the two most frequent types of actionability, i.e., referral and surveillance, the medical care or patient
lifestyle will be affected in 11 patients (44%). In only 6 (24%) out of 25 children, the WES-based diagnosis did
not allow any further intervention and did not affect patient care.

Discussion

The “diagnostic odyssey” is a well-known term in the field of rare and ultra-rare diseases. Undiagnosed conditions
include those with rare, difficult-to-identify conditions, atypical presentations of known conditions, and diseases
yet to be discovered'. Patients and their families can spend years on this diagnostic odyssey and never arrive
at a diagnosis. The average length of a diagnostic odyssey is eight years®. Therefore, undiagnosed disease
programs and networks have emerged to address the significant number of these individuals with suspected but
undiagnosed rare genetic diseases to optimize their diagnostic and clinical outcomes.

Diagnostic opportunities for these patients were markedly shifted with the advent of genome-wide sequencing
tests, like WES or WGS. Comparing WES and WGS, there is evidence showing the capability of WGS to achieve
molecular diagnoses for cases that remain undiagnosed after WES***!. For example, Wu et al. compared the
diagnostic yield of WES and WGS and showed that WES missed 10 of 74 (14%) diagnoses because of disease-
causing deep intronic, non-coding variants, and structural variants®'. On the other hand, the diagnostic rate
of WGS did not differ significantly from that of WES in the two meta-analyses'*2 Therefore, considering the
cost-benefit ratio, increased workload, and prolonged turnaround time of results in the case of WGS, we decided
to implement WES for our study.

Currently, based on the ACMG recommendations®’, genome-wide sequencing tests should be performed
as first- or at least second-tier test in undiagnosed patients with a suspected genetic condition. Although the
efficacy of this approach is widely demonstrated in the literature, these guidelines are far from being applied in
real-world settings, including the common practice in the Czech Republic.
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ALDOB
(NM_000035.4)
c.448G>C, p.A150P

Class 5

Hom

AR

Maternal
Paternal

Hepatomegaly
(HP:0002240), recurrent

hypoglycemia (HP:
0001988)

Hereditary fructose
intolerance (#229600)

PPP2R5D
(NM_006245.4)
€.592G>A, p.E198K

Class 5

Het

AD

De novo

Global developmental
delay (HP: 0001263),
Intellectual disability
(HP:0001249),

delay speech and
language development
(HP:0000750),
macrocephaly
(HP:0000256),

central hypotonia
(HP:0011398), low-set
ears (HP:0000369),
frontal bossing (HP:
0002007), strabismus
(HP: 0000486),
dysmorphic facial
features (HP:0001999),
seizures (HP: 0001250)

Houge-Janssens
syndrome 1 (#616355)

R¥,

3 | 3months*** | M

PMM2 (NM_000303.3)
c.691G>A, p.V23IM
c.447+3dup

Class 5
Class 4

Comp.

het

AR

Paternal
Maternal

Global developmental
delay (HP: 0001263),
strabismus
(HP:0000486),
dysmorphic facial
features (HP:0001999),
inverted nipples (HP:
0003186), coagulopathy
(HP:0003256), elevated
hepatic transaminases
(HP:0002910), failure
to thrive (HP:0001508),
pericardial effusion
(HP:0001698), abnormal
fat distribution

Congenital disorder of

glycosylation, type Ia
(#212065)

None?,

EXTI (NM_000127.3)
€.1056+1_1056+2dup

Class 4

AD

De novo

Multiple exostoses
(HP:0002762), short
stature (HP:0004322),
diabetes mellitus type I
(HP:0100651)

Exostoses, multiple,
type 1 (#133700)

None

5 | 14 days F

KCNQ2
(NM_172107.4)
c.1678C>T, p.R560W

Class 5

Het

AD

De novo

Focal clonic seizures
(HP:0002266),

central h

1 1

YP
(HP:0011398),
foot polydactyly
(HP:0001829),
hyporeflexia
(HP:0001265)

D L

and epileptic
encephalopathy 7
(#613720)

6 |2 F

MPZ (NM_000530.8)
c.640del, p.R214fs

Class 4

Het

AD

De novo

Central hypotonia
(HP:0011398),
hyporeflexia
(HP:0001265), fatigable
weakness of skeletal
muscles (HP:0030196),
inverted nipples (HP:
0003186), abnormality
of cerebellum
(HP:0001317)

Hypomyelinating
neuropathy, congenital,
2(#618184)

None

7 | 10days F

MYRF
(NM_001127392.3)
c.1388+2T>G

Class 4

Het

AD

De novo,
germinal
mozaicism?

Dyspnea (HP:0002094),
hyposaturation,
pulmonary hypoplasia
(HP:0002089), abnormal
bronchial branching
(HP:0002109), partial
anomalous pulmonary
venous return
(HP:0010773),
pulmonary hypertension
(HP:0002092), patent
ductus arteriosus
(HP:0001643)

Cardiac-urogenital
syndrome (#618280)

Post-
mortem®

Continued
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8 | 5months

MYRF
F (NM_001127392.3)
€.1388+2T>G

Class 4

Het

AD

De novo,
germinal
mosaicism?

Dyspnea (HP:0002094),
hyposaturation,
pulmonary hypoplasia
(HP:0002089), abnormal
bronchial branching
(HP:0002109), partial
anomalous pulmonary
venous return
(HP:0010773),
pulmonary hypertension
(HP:0002092),
coarctation of aorta
(HP:0001680),
hypoplastic aortic arch
(HP:0012304), patent
ductus arteriosus
(HP:0001643)

Cardiac-urogenital
syndrome (#618280)

Post-
mortem®*

DYRKIA
F (NM_001347721.2)
¢.586C>T, p.R196*

Class 5

Het

AD

De novo

Global developmental
delay (HP:0001263),
intellectual disability
(HP:0001249),
feeding difficulties
(HP:0011968), failure
to thrive (HP:0001508),
microcephaly
(HP:0000252),

lower limb spasticity
(HP:0002061),
dysmorphic facial
features (HP:0001999)

Intellectual
developmental disorder,
autosomal dominant 7
(#614104)

R,S

PHKA2
M | (NM_000292.3)
¢270C>T, p.R824C

Class 4

Hemizyg

XLR

Maternal

Hepatomegaly
(HP:0002240), recurrent
mild hypoglycemia

(HP: 0001988), elevated
hepatic transaminases
(HP:0002910), failure

to thrive (HP:0001508),
hyperlipidemia

Glycogen storage
disease, type Ixa
(#306000)

LS

ABCC8 (NM_000352.6)
F €.4104C>G, p.I1368M
€.4008G>C, p.K1336N

Class 4
Class 3

Comp.
het

AR

Paternal
Maternal

(HP:0003077)
cemia

Hypogly
(HP:0001943), seizures
(HP:0001250)

Hyperinsulinemic
hypoglycemia, familial,
1(#256450)

RM,S

SGSH (NM_000199.5)
F | cl167C>A, pN389K
.1483T>C, p.C495R

Class 5
Class 4

Comp.
het

AR

Paternal
Maternal

Global developmental
delay (HP: 0001263),
Intellectual disability
(HP:0001249),

delay speech and
language development
(HP:0000750),
abnormal emotion/
affect behaviour

(HP: 0100851),
dysmorphic facial
features (HP:0001999),
coarse facial features
(HP:0000280),
abnormality of hair
texture (HP:010719),
short stature
(HP:0004322)

Mucopolysaccharidosis
type IIIA (Sanfilippo A)
(#252900)

FBXO11
F | (NM_001190274.2)
.1810C>T, p.Q604*

Class 4

Het

AD

De novo

Microcephaly
(HP:0000252),
myopathy
(HP:0003198), global
developmental

delay (HP:0001263),
joint hypermobility
(HP:0001382),
intellectual disability
(HP:0001249),
dysmorphic facial
features (HP:0001999)

Intellectual
developmental disorder
with dysmorphic

facies and behavioral
abnormalities (#607871)

None
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MEGF10
(NM_001256545.2)
.1562G>C, p.R521P

Class 3

Hom

AR

Maternal
Paternal

Failure to thrive
(HP:0001508), fatigable
weakness of skeletal
muscles (HP:0030196),
myopathy
(HP:0003198), scoliosis
(HP:0002650), high
palate (HP:0000218),
areflexia (HP:0001284),
hypoventilation (HP:
0002791), hypercapnia
(HP:0002791)

Congenital myopathy
10B, mild variant
(#620249)

PYGL (NM_002863.4)
€2017G>A, p.E673K

Class 4

Hom

AR

Maternal
Paternal

Hepatomegaly
(HP:0002240), elevated
hepatic transaminases
(HP:0002910), failure

to thrive (HP:0001508),
hyperlipidemia
(HP:0003077), Postnatal
growth retardation
(HP:0008897), short
stature (HP:0004322)

Glycogen storage
disease VI (#613741)

TRIO (NM_007118.4)
¢.2388del, p.1796fs

Class 4

Het

AD

Maternal

Microcephaly
(HP:0000252), global
developmental

delay (HP:0001263),
dysmorphic facial
features (HP:0,001,999),
brachycephaly
(HP:0000248),
premature closure

of fontanelles (HP:
0005458), epicantus
(HP:0000286), frontal
bossing (HP: 0002007),
wide nose (HP:0000445)

Intellectual
developmental disorder,
autosomal dominant
44, with microcephaly
(#618825)

None

NSDI (NM_022455.5)
€5127G>A, pW1709*

Class 5

Het

AD

De novo

Macrocephaly
(HP:0000256), tall
stature (HP:0000098),
neuroblastoma
(HP:0003006),
dysmorphic facial
features (HP:0001999),
deeply set eye
(HP:0000490), low-set
ears (HP:0000369),
frontal bossing (HP:
0002007), elevated
hepatic transaminases
(HP:0002910),
intellectual disability
(HP:0001249)

Sotos syndrome
(#117550)

18 | 1 month

RARS2 (NM_020320.5)
.1679G>A, p.R560H
.1157G>A, p.R386Q

Class 4
Class 3

Comp.

het

AR

Paternal
Maternal

Microcephaly
(HP:0000252), global
developmental

delay (HP:0001263),
seizures (HP:0001250),
central hypotonia
(HP:0011398),

feeding difficulties
(HP:0011968), high
lactate level, dysmorphic
facial features
(HP:0001999)

Pontocerebellar
hypoplasia, type 6
(#611523)

S, M, I

GBEI (NM_000158.4)
c69142T>C
c.113T>G, p.L38W

Class 5
Class 3

Comp.

het

AR

Paternal
Maternal

Hepatomegaly
(HP:0002240), elevated
hepatic transaminases
(HP:0002910), failure
to thrive (HP:0001508),
central hypotonia
(HP:0011398), global
developmental delay
(HP: 0001263), short
stature (HP:0004322)

Glycogen storage
disease IV (#232500)

R LS
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20 | 1 month

GRIN2B
(NM_000834.5)
€2065G>A, p.G689S

Class 5

Het

AD

De novo

Dysmorphic facial
features (HP:0001999),
global developmental
delay (HP: 0001263),
central hypotonia
(HP:0011398),

short stature
(HP:0004322), failure
to thrive (HP:0001508),
feeding difficulties
(HP:0011968),
strabismus
(HP:0000486)

Intellectual
developmental disorder,
autosomal dominant 6,
with or without seizures
(#613970)

21 |9

GNAOI
(NM_020988.3)
€625C>T, p.R209C

Class 5

Het

AD

De novo

Seizures (HP:0001250),
global developmental
delay (HP: 0001263),
intellectual disability
(HP:0,001,249),

central hypotonia
(HP:0011398), failure
to thrive (HP:0001508),
dystonia (HP:0001332),
dyskinesias (HP:
0100660), spastic
tetraparesis
(HP:0001285)

Neurodevelop—
mental disorder with
involuntary movements
(#617493)

G6PCI (NM_000151.4)
€247C>T, p.R83C

Class 5

AR

Paternal
Maternal

Fasting hypoglycemia
(HP:0003162),
hepatomegaly
(HP:0002240), elevated
hepatic transaminases
(HP:0002910), lactic
acidosis (HP:0003128)

Glycogen storage
disease Ia (#232200)

R,S,L,P

23 | 6 weeks

KMT2D
(NM_003482.4)
c.5124_5125del,
p-R1709fs

Class 5

AD

De novo

Seizures (HP:0001250),
hypoglycemia (HP:
0001943), Mondini
malformation
HP:0000376,
dysmorphic

facial features
(HP:0001999), wide
nose (HP:0000445),
hypertelorism
(HP:0000316), long
palpebral fissures
(HP:0000637), blue
sclerae (HP:0000592),
iris coloboma
(HP:0000612), suspect
visual impairment
(HP:0000505)

Kabuki syndrome 1
(#147920)

R,S
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Global developmental
delay (HP: 0001263),
Intellectual disability
(HP:0001249),
delayed speech and
language development
(HP:0000750),
macrocephaly
(HP:0000256),

NFIB strabismus (HP:

24 | 14 M | (NM_001190737.2) Class 4 Het AD Unknown | 0000486), abnormal
c.701del, p.G234fs emotion/affect
behaviour (HP:
0100851), dysmorphic
facial features
(HP:0001999),

coarse facial features
(HP:0000280), thick
eyebrown (HP:0000574),
short stature
(HP:0004322)

Amblyopia
(HP:0000646),
astigmatism (HP:
0000529), visual Senior-Loken
impairment syndrome-1 (#266900)
(HP:0000505),
renal insuficiency
(HP:0000083)

Macrocephaly,
acquired, with
impaired intellectual
development (#618286)

none

NPHP1

%8 M deletion exon 1-20

Pathogenic Hom AR Unknown PR,S

Table 2. Summary of disease-causing variants detected by whole-exome sequencing, phenotypes, diagnosis,
and clinical utility of findings. *Clinical utility is defined as a change in the clinical management following

a causative diagnosis by WES, including, but not limited to, surveillance (S), referral to specialists (R), and
indication or contraindication of investigations (I), procedures (P), surgeries (Su), medications (M) and
lifestyle change (L). Genetic counseling and reproductive planning were not included in clinical utility because
they were assumed to apply to all diagnostic tests. **Ref., reference to publication if already published as a case
report. *** Patient died before or shortly after WES. Bolded variants are the novel variants identified in this
study that had not been previously reported in any public database.

In the present study, WES was implemented as the first genetic test after inclusion in the study as part of the
diagnostic workflow in the cohort of 58 Czech pediatric patients with undiagnosed disease. Regarding ACMG
recommendations, 48% of patients in our cohort had no previous genetic testing performed, and WES presented
a first-tier test. In the remaining patients, it was a second-tier genetic test after CMA or targeting gene testing.
All patients fulfilled the criteria of the Japanese Initiative on Rare and Undiagnosed Diseases (IRUD), which we
adapted for our study. The IRUD criteria differ from those used by the US UDN network because they do not
specify a minimum number of specialist examinations a patient must undergo to be enrolled in the program'*.

Overall diagnostic yield and clinical utility achieved in our cohort were 43% and 76%, respectively. This
diagnostic yield is consistent with the one calculated in the recently published meta-analysis, where the median
diagnostic rate of WES in a subset of 13 high-quality studies (as assessed by QUADAS-2)** was 43% (95%
CI 0.35-0.51, n=2612)"2. In the same meta-analysis, the median clinical utility of WES observed in the four
available high-quality studies was 44% (95% CI 0.30-0.58, n=723)'2, which is much lower than the one observed
in our study. However, meta-analysis also shows that the clinical utility of WES ranges from 2 to 100% in the
diagnosed patients when all 62 evaluated cohorts are included. Such a wide range of clinical utility rates across
studies can be explained by the inconsistent definitions used for clinical utility and its categories in the various
studies. Here, we used the most common classification of clinical utility into the following categories: changes
in surveillance, referral to specialists, lifestyle changes and diet, indication or contraindication of investigations,
procedures, surgeries, and medication changes.

Sanger sequencing is recommended to be used for verification of WES-findings to avoid false-positive
variant calls®®. In our study, all 28 diagnostic variants were successfully validated by Sanger sequencing. Family
member testing by Sanger sequencing and segregation analysis was performed in 23 (92%) out of 25 patients
with identified diagnostic variants, which enabled clarification of the inheritance pattern and carrier status in
family members. When using WES, copy number variations (CNVs) can be identified by analyzing read depth
and coverage across exon regions. However, the accuracy of CNVs estimation in targeted or exome sequencing
is constrained by the considerable variability in sequencing coverage and read depth across different regions®.
Therefore, the only gene deletion (case 25) identified by WES in our cohort was successfully validated by MLPA.

Our study has several limitations. First, the small number of patients enrolled did not allow statistical
evaluation of the diagnostic yield and clinical utility of singleton WES in various subgroups of patients stratified
by major symptoms. Further, the use of trio WES may increase diagnostic yields compared with singleton WES,
especially when we consider the potential diagnostic variants of uncertain significance. Despite its advantages,
WES also has some of the aforementioned limitations regarding the types of variants that can be detected. Some
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of these limitations may explain why 57% of our cohort failed to obtain a genetic diagnosis even after WES. In
some of the undiagnosed cases, trio WES, WGS, or trio WGS could probably provide a molecular diagnosis.

Conclusion

In conclusion, our study provides evidence, for the first time in the Czech population, that genome-wide
sequencing tests, such as WES, enable high diagnostic yield and clinical utility in pediatric patients with
undiagnosed diseases. In our cohort, we achieved the upper limits of diagnostic yields and clinical utility
published in analogous studies from other countries where WES was applied in undiagnosed pediatric patients.
Of the 28 diagnostic variants identified, twelve were novel and had not been previously reported in any public
database.

Data availability
Sequence data has been deposited at the European Genome-phenome Archive (EGA), under accession number
EGAS50000000442.
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Congenital disorders of glycosylation (CDG) are a rapidly growing family of genetic
diseases with the phosphomannomutase 2 (PMM2)-CDG being the most common
form of CDG. Most of these monogenic diseases are autosomal recessive and have
multi-systemic manifestations, mainly psychomotor retardation, facial dysmorphisms,
characteristic distribution of the fat pads, and variable coagulation abnormalities. The
association of fetal hydrops with CDG has been reported, and pericardial effusion
was also rarely observed in patients with PMM2-CDG. Here we describe an infant
boy with PMM2-CDG. The diagnosis was suspected based on inverted nipples, fat
pads, and combined coagulopathy. However, the primary symptom was progressive
pericardial effusion leading to patient death at the age of 3 months. Screening for
CDG performed by the use of isoelectric focusing of serum transferrin showed a
typical PMM2-CDG pattern. Exome sequencing revealed one common pathogenic
variant (c.691G > A/p.Val231Met) and one novel variant (c.447 + 3dupA) in the PMM2
gene. Both PMM2 variants were further confirmed by Sanger sequencing in both the
proband and the parents’ DNA. The novel variant was predicted to result in loss of
donor splice site, and the analysis at mRNA level confirmed that it leads to exon five
skipping (r.348_447del) and causes premature termination of translation to the protein
(p.G117Kfs*4), therefore is classified as likely pathogenic. Although there is no curative
therapy for the PMM2-CDG at the moment, the other supportive care options are
available to be offered. The definite diagnosis of PMM2-CDG can also assist in the
process of genetic counseling, family planning, and preimplantation genetic diagnosis.
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INTRODUCTION

Congenital disorders of glycosylation (CDG) are a genetically and
clinically heterogeneous group of > 130 disorders characterized
by genetic defects in the synthesis and attachment of glycoprotein
and glycolipid glycans (Chang et al., 2018). The most common
form of CDG is phosphomannomutase 2 (PMM2)-CDG
(formerly known as CDG-Ia) (OMIM 212065), a multisystem
disease with a wide range of clinical presentation and the
phenotype ranging from mild adulthood form to very severe
neonatal form (Peanne et al., 2018). PMM2-CDG is an autosomal
recessive disorder, caused by mutations in the PMM2 gene
localized on chromosome 16pl13 (MIM 601785), with the
prevalence ranging from 1/20,000 in Dutch populations and
1/77,000 in Estonia based on isolated reports (Schollen et al.,
2000; Vals et al., 2018).

From the pathophysiological point of view, PMM2-CDG is
a disorder of protein N-glycosylation characterized by genetic
defects leading to deficiency/dysfunction of PMM2, the enzyme
responsible for the conversion of mannose-6-phosphate into
mannose-1-phosphate (Matthijs et al, 2000). Mannose-1-
phosphate is a precursor of guanosine diphosphate mannose
(GDP-Man) and dolichol-P-mannose (Dol-Man). Deficiency
of GDP-Man and Dol-P-Man causes hypoglycosylation of
numerous glycoproteins, including serum glycoproteins
(lysosomal enzymes and transport proteins) and membrane
glycoproteins. This results in multi-organ involvement, whereas
the variability of disease severity and course are not fully
understood (Altassan et al., 2019).

Here, we describe a novel splicing mutation in a case of
PMM2-CDG, presented with pericardial effusion, with typical
dysmorphic facial features, inverted nipples, failure to thrive, and
psychomotor retardation.

CASE PRESENTATION

A Czech boy was born as a first child of unrelated parents. He
was diagnosed with hemodynamically insignificant pericardial
effusion in the 22°¢ week of pregnancy. Amniocentesis
was performed with no evidence of aneuploidy. There was
an aberration of unknown significance Xp22.33 x 3 and
three copies of the CYP21A2 gene in combination with a
pathogenic variant p.GIn319* detected hypothetically associated
with congenital adrenal hyperplasia; however, the determination
for 17-hydroxyprogesterone in amniotic fluid provided a
negative result. Routine testing of the mother for toxoplasmosis,
parvovirus B19, CMV, and HSV infections was negative.
Family history was unremarkable. Labor was induced in
40 weeks of pregnancy for intrauterine growth retardation
and oligohydramnios. Delivery was by forceps-assisted vaginal
delivery due to fetal heart rate deceleration. A birth weight of
the boy was 2390 g (z-score = —1.83), length of 48 cm, and
occipital frontal circumference 34 cm. His postnatal adaptation
was normal, but he was noted to be highly dysmorphic.
Initially, due to swallowing difficulties nasogastric tube was
used for feeding.

At the age of 4 weeks pericardial effusion further progressed
and the boy was referred to our department for complex
evaluation and assessment. At this time, we observed a
notable psychomotor retardation, significant central hypotonia,
limited spontaneous movement, poor eye contact, no reaction
on noise, significant failure to thrive (with only 90 g gain
in 2 weeks). Arthrogenic contractures limiting the range of
joins mobility were observed mainly in knee joints, ankle
joints and elbow joints. His dysmorphic features included
dolichocephaly, bossing forehead, dysmorphic low set ears
(Figure 1A), enlarged fontanelle, wider philtrum, broad nasal
root, prominent nares, hypertelorism, retrognathia (Figure 1B),
inverted nipples (Figure 1C), abnormal fat distribution over his
thighs, buttocks and suprapubic regions (Figure 1D,E), pilonidal
sinus and hammertoes (Figure 1F).

Laboratory analyses at that time revealed an altered
biochemical profile with findings of hypoproteinemia,
hypoalbuminemia (23.1 g/l), severe combined coagulopathy
with coagulation and anti-coagulation pathways alterations
(aPTT 1.86R, INR 1.3, antithrombin III 20%, Factor IX 31%,
fibrinogen 1.72 g/l, severe deficiency of Factor XI 5%, D-Dimer:
1.37 mg/l, Factor VII 66% and protein C bellow 5%). Other
laboratory findings included mild hepatopathy with elevated
levels of AST (140.96 1U/1), ALT (77.11 1U/1) and ALP (611.45
1U/1), mild elevation of lactate dehydrogenase, creatine kinase,
and TSH. Infectious disease screening was negative.

Abdominal ultrasonography showed hyperechogenicity of
kidneys, mild renal pelvis dilatation, ascites and small pleural
effusion. There were no laboratory signs of nephropathy. The
patient underwent cardiac examination. Cardiac anatomy and
function were normal; however, a chronic pericardial effusion
was detected by echocardiography. Initially mild to moderate
pericardial effusion slowly progressed despite the administration
of the diuretic (furosemide at 1mg/kg/day). The patient showed
also intermittent eyelid edema and swelling of the arms and legs.
Repeated infusions of albumin and plasma substitutes always
led to the improvement of clinical symptoms including partial
regression of pericardial effusion and peripheral edema.

Clinical symptoms and laboratory findings led to the strong
suspicion of PMM2-CDG. Screening for CDG performed by
the use of isoelectric focusing of serum transferrin showed
pronounced increases in disialotransferrin and asialotransferin
with a corresponding reduction in tetrasialotransferrin. This
pattern supports the diagnosis of PMM2-CDG.

To further confirm the genetic cause of the disease exome
sequencing was performed. Library for whole-exome capture and
sequencing was prepared using TruSeq Exome Kit. Prepared
library was loaded onto NextSeq 500/550 Mid Output Kitv2.5
(150 cycles) and sequenced on the NextSeq 500 instrument (all
Illumina, CA, United States). Sequencing coverage for exomes
was > 20 x at > 90% of captured regions. The variants were
filtered to include those with low frequency and a predicted
effect on the protein. The frequency-filter removed variants with
prevalence > 1% in GnomAD or 1000 Genomes databases.
The predicted effect filter excluded synonymous and non-coding
variants unless they were located within 20 bp from the end
of an exon. Variants annotated in ClinVar as pathogenic/likely
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(C), abnormal fat distribution (D,E), and hammertoes (F).

FIGURE 1 | Dysmorphic features of our patient. Dolichocephaly, bossing forehead, dysmorphic low set ears (A), facial dysmorphism (B), bilateral inverted nipples

pathogenic were retained regardless of their frequency/function.
The variants found in the proband’s sample that were considered
to be significant to CDG were c.691G > A/p.Val231Met in the
PMM?2 gene known to be disease-causing (Matthijs et al., 1997;)
and classified as class 5-pathogenic accordingly to ACMG/AMG
system (Richards et al., 2015) and novel variant c.447 + 3dupA
in the PMM2 gene (NM_000303.2, intron 5). We did not
detect any other class 5 or 4 variants in the genes for which
incidental findings are reported based on the ACMG guidelines.
Confirming the results of the exome sequencing, the Sanger
sequencing was done in the proband and his parents. As it
was expected, results confirmed both variants in the proband
and showed that c.691G > A/p.Val231Met variant was inherited
from father (Figure 2A) and c.447 + 3dupA variant from
mother (Figure 2B), presenting the typical autosomal recessive
mode of inheritance.

The c.447 + 3dupA variant causes single-nucleotide
duplication of the third intronic nucleotide after exon 5. Three
different bioinformatic tools (MaxEntScan, NNSPLICE, and
SpliceSiteFinder) integrated in the Alamut Visual 2.11 software
predict a loss of donor splice site (Interactive Biosoftware,
France) with confidence 75%. To confirm the impact of this
variant to the mRNA splicing process, we have performed RNA
sequencing. Total RNA from peripheral leukocytes was used to
prepare the sequencing library with NEBNext Ultra II Directional
Library Prep Kit (New England Biolabs, MA, United States).
The library was loaded onto NextSeq 500/550 High Output Kit

(75 cycles) and sequenced on the NextSeq 500 instrument (both -
Illumina, CA, United States). The results of RNA sequencing
were visualized by the IGV software' using Sashimi plots for
individual exon-exon splicing events present in the transcript.
We have confirmed that c. 447 + 3dupA variant causes a loss of
donor splice site, leads to exon five skipping (r.348_447del100),
and causes premature termination of translation and protein
truncation (p.G117Kfs*4; Figure 2C,D), and therefore, it can be
classified as a class 4—likely pathogenic.

The diagnosis of PMM2-CDG was confirmed by clinical,
biochemical, and genetic findings.

At the age of 3 months, the patient was admitted to
the intensive care unit for low food intake and clinical
deterioration. He presented significant failure to thrive with
weight being 3060 g (below 0.1 percentile, SD —5.15), length
of 52 cm (below 0.1 percentile, SD —5.31), and fronto-
occipital circumference 38.5 cm (below 0.1 percentile,
SD —3.93). The child showed tachypnea and dyspnea
becoming worse with feeding. Pericardial effusion further
progressed (Figure 3) and finally required pericardiocentesis.
Pericardial fluid was considered to be a transudate and
serosanguineous. The patient was clinically deteriorating,
respiratory and circulatory failure progressed. Despite all efforts,
the patient died due to obstructive cardiogenic shock at the
age of 3 months.

'http://software.broadinstitute.org/software/igv/
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FIGURE 2 | Results of the DNA and RNA sequencing. Molecular analysis presenting variant ¢.691G > A/p.Val231Met (A) and variant ¢.447 + 3dupA in the PMM2
gene (B) in the patient's DNA from exome sequencing in Integrative Genomics Viewer (IGV) and Sanger sequencing analysis (bottom part). At RNA level, over 70% of
mRNA was produced from ¢.691A > G allele (C) and the proportion of exon five skipping was over 30% of all transcripts (D).
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FIGURE 3 | Transthoracic echocardiogram (4-chamber view) showing a large pericardial effusion in our patient.
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DISCUSSION

High clinical heterogeneity of various CDG types, and even
within one particular CDG type, is considered to be the main
reason behind underdiagnosis or late diagnosis of this disease
(Giurgea et al,, 2005). Alterations in glycosylation patterns are
usually determined by isoelectric focusing of serum transferrin
and apolipoprotein C III. The analytical performance of the
isoelectric focusing of serum transferrin, which is a biomarker
of N-glycosylation, is not satisfactory with only 60% of CDG
cases being accurately found to be positive. Further, this
test cannot reliably identify the subtype of CDG, and not
all types can be detected by this approach (Altassan et al,
2019). A similar test to help diagnose O-linked disorders
and combined N- and O-glycosylation CDGs is performed on
apolipoprotein-CIII which has a single O-linked glycan which
only captures abnormalities of core-1mucin type O-glycosylation.
The diagnosis of PMM2-CDG can then be confirmed by
measurement of PMM?2 activity in either peripheral blood
leukocytes or cultured skin fibroblasts (Francisco et al., 2019).
The majority of PMM2-CDG patients have residual PMM2
activity below 10%, whereas in their asymptomatic parents the
enzyme activity is about 50% (Francisco et al., 2019).

The variants found in the patient DNA by exome sequencing
and confirmed by Sanger sequencing were a common variant
c.691G > A/p.Val231Met (Altassan et al., 2019) and a novel
variant ¢.447 + 3dupA in the PMM2 gene. The novel mutation,

inherited from mother, causes single-nucleotide duplication of
the third intronic nucleotide after exon 5 and is predicted to result
in loss of donor splice site indicating a novel splicing variant of
the PMM2 gene. Although three predictive algorithms predict
the role of this novel variant in splicing, it has to be further
experimentally confirmed to have predicted impact on the PMM2
transcript splicing.

The variant p.Val231Met, despite being the second most
frequent mutation in the PMM2 gene with a prevalence of 10%,
has only been reported so far as a compound heterozygote
(Altassan et al, 2019) as in our case, where this allele was
inherited from father. V231 is in the interior of the core domain,
and a mutation in this residue is detrimental to its native
protein structure (Silvaggi et al., 2006; Citro et al., 2018). The
folding and stability defect of the Val231Met allele contributes
to its reported reduced in vitro enzymatic activity of 38.5%
(Kjaergaard et al., 1999).

Most of the PMM2-CDG patients are born with hypotonia,
craniofacial dysmorphisms, and strabismus. Common are
inverted nipples and a characteristic distribution of the fat pads
especially in the gluteal and suprapubic regions and thighs.
Clinical spectrum of PMM2-CDG further includes psychomotor
retardation and mild to severe intellectual disability. PMM2-
CDG patients typically show different degrees of cerebellar
atrophy on MRI, mostly vermian atrophy (Serrano et al,, 2015).
In our patient, MRI was not feasible due to clinical deterioration.
Cerebellar atrophy was not confirmed post-mortem, because
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parents declined an autopsy. In the small percentage of the
patients, there is a prenatal generalized edema and abnormal
accumulation of fluid in two or more fetal compartments,
hydrops fetalis, or accumulation of fluid in one specific
compartment as in our patient with prenatal pericardial effusion.

Up to 15% of non-immune hydrops fetalis cases may be
due to inborn errors of metabolism, and a large proportion
of cases linked to metabolic disorders remains undiagnosed.
The pathophysiology of fetal hydrops, edema, and pericardial
effusions in inherited metabolic diseases is not fully understood.
The fluid accumulation is due to an unbalanced interstitial
fluid production and lymphatic return. The etiology of these
symptoms in CDG appears to be multifactorial, frequently
occurring due to a decreased plasma albumin concentration
secondary to enteral and renal protein loss and a decreased
synthetic function of the liver (Truin et al, 2008). There
are additional factors leading to fluid leakage to pericardial
and peritoneal spaces. Focal mixed inflammatory changes with
mesothelial proliferation and a damaged pericardial protein
barrier have been suggested in PMM2-CDG patients previously
(Kristiansson et al.,, 1998). Truin et al. (2008) described three
patients with severe PMM2 mutations, who developed life-
threatening accumulation of pericardial and abdominal fluids. In
two cases this severe extravascular fluid accumulation progressed
to decompensation and death.

Abnormal glycosylation of cell surface proteins in PMM2-
CDG patients may result in disequilibrium of normal
fluid balance and protein transport through the pericardial
and peritoneal membranes and may cause life-threatening
complications (Isikay et al., 2014).

CONCLUSION

In this case report, the patient’s non-specific but uncommon
findings of pericardial effusion, inverted nipples, fat pads, and
combined coagulopathy pointed us toward an early clinical
suspicion of a PMM2-CDG disease. Consequent targeted
biochemical analysis and genetic findings led to the confirmation
of the PMM2-CDG. We identified one common pathogenic
variant and one novel variant predicted to result in loss of donor
splice site, leading to exon five skipping and causing premature
termination of translation to the protein. There is no curative
therapy for the PMM2-CDG at the moment, but other supportive
care options were available to be offered. The definite diagnosis of
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Neurovyvojova porucha s mentalni retardaci
spojena s genem PPP2R5D — prvni pripad
v Ceské republice

PPP2R5D-related intellectual disability and
neurodevelopmental delay — the first case

in the Czech Republic

Vézena redakce,

diferencialni diagnostika opozdéného psy-
chického a motorického vyvoje u déti je
velmi Sirokd a ndro¢nd. Pri¢inami psycho-
motorické retardace mohou byt perina-
talni asfyxie vyustujici do hypoxické en-
cefalopatie, endokrinni poruchy, poruchy
vyzivy, dédi¢né poruchy metabolizmu ¢i
degenerativni poruchy CNS a v neposledni
fadé také fada genetickych syndromd. Di-
ferencidlni diagnostika u genetickych syn-
dromd je ¢asto velmi obtiznd vzhledem ke
skute¢nostem, Ze fada onemocnéni s po-
stizenim intelektu nema vzdy specificky fe-
notyp a pro pfesnou diagndzu je nezbytné
genetické laboratorni testovani. Nase pa-
cientka byla vzhledem k neobjasnéné pfi-

¢iné psychomotorické retardace a jiz vycer-
panym diagnostickym mozZnostem zafazena
do studie k provedeni celoexomového sek-
venovani. Teprve diky této komplexni ge-
netické analyze se podafilo nalézt kauzalni
mutaci v genu PPP2R5D (PPP2R5D-related in-
tellectual disability and neurodevelopmen-
tal delay, MIM 601646) a stanovit diagndzu.
V soucasnosti je celosvétové popsano pfi-
blizné 100 pacientd s timto onemocné-
nim [1]. V nasi kazuistice predstavujeme
prvni pacientku s touto diagnézou v CR.
Dnes jiz 27leta Zena se narodila v terminu
jako eutroficky novorozenec. V 7. mésici té-
hotenstvi byla matce provedena cerklaz dé-
lozniho hrdla. Po porodu byla pro zkale-
nou plodovou vodu novorozenci nasazena

Obr. 1. Fotografie pacientky ve 4 mésicich a v 8 letech véku poskytnuté jejimi rodici.
Patrna kraniofacialni dysmorfie: makrocefalie, prominujici ¢elo, hypertelorismus, nizce
posazené usi, strabismus.
Fig. 1. Photographs of the patient taken when she was 4 months and 8 years old
provided by her parents. Craniofacial dysmorphic features include macrocephaly,
bossing forehead, hypertelorism, low set ears and strabism.
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antibiotickd lé¢ba. Rodinnd anamnéza ne-
vykazovala zddné pozoruhodnosti. M4 jed-
noho stardiho, nevlastniho, zdravého sou-
rozence. Od prvniho tydne po narozeni
byla sledovéna pro centrélni hypotonicky
syndrom a novorozenecké kfece s dosaze-
nim pIné kompenzace v 6 tydnech véku.
Vzhledem k opakovanému vyskytu hypo-
glykémie v kojeneckém véku bylo pomys3-
leno na dédi¢nou poruchu metabolizmu,
aviak opakovand biochemicka, hematolo-
gicka i specificka laboratorni vy3etfeni byla
bez vyznamnych patologickych nalezd. Na
CT mozku byla v kojeneckém véku popséna
lehka atrofie mozku, pozdéjsi vysetieni MR
tento nélez nepotvrdilo. U pacientky byla

Cesk Slov Neurol N 2021; 84/117(2): 205-207

205

76



NEUROVYVOJOVA PORUCHA S MENTALNI RETARDACI SPOJENA'S GENENM PPP2RSD — PRVNI PRIPAD V CESKE REPUBLICE

- - 0 N
Fin Gevemes Vew Toschs Bagers  Tosh  Genoreipece Help
Llu-u qh V)M « i o« » ‘8 x| = LU [
-
“w
oy @ amems “wamy
1 1 1 1 I 1 1 1 o
TR bt Caewmge i
C—
e ——_—_—_
B
TR v b
-
D S 6 C T AT T T VT AT CTCAGTATGTAATATGAGTCCT T AT CCT T U A Ala
eties Games
Lo ]
-
Fr— TR G " )| T
“)*’-‘l “--
AR AR AR bll.lt'lor"'Qlltln.olltllt'llllllll((V!.nl.?'ll'rlll(lll'l

o et

—— s v

id - L
_1h‘l‘lnn'lqlolll....ll‘.bl

EMWMMMWWMWWMWMMWMWW

L w
-.-Acco.an-Ano-loooo-‘nst&vloo~.|lo|-

008600008

el e s "

" i 2 " " rars

e o~

i . L, Al

=) ) ) - 2% 1w

- 1. ) e

Obr. 2. Vysledky sekvenacnich analyz. (A) Celoexomové sekvenovani DNA pacientky ukazujici patogenni variantu ¢.592G>A/p.E198K
v genu PPP2R5D v programu Integrative Genomics Viewer (Broad Institute and the Regents of the University of California, USA).

(B) Cést sekvence genu PPP2R5D s heterozygotni variantou ¢.592G>A/p.E198K potvrzena u pacientky Sangerovym sekvenovanim.
Fig. 2. Results of the sequencing analysis. (A) Exome sequencing of the patient’s DNA presenting pathogenic variant ¢.592G>A/p.
E198K in the PPP2R5D gene visualized using the Integrative Genomics Viewer software (Broad Institute and the Regents of the
University of California, USA). (B) Part of the PPP2R5D gene sequence showing heterozygous variant ¢.592G>A/p.E198K confirmed

in the patient by Sanger sequencing.

od novorozeneckého véku pozorovéana kra-
niofacialni dysmorfie - Siroké vysoké celo,
prominence frontélnich hrboll, makrocefa-
lie, hypertelorizmus, strabizmus, nizce posa-
zené udi a gotické patro (obr. 1). Byla sledo-
vana na ortopedii pro hyperkyfézu hrudni
pétefe a pedes planovalgi. Psychomotoricky
vyvoj byl od pocétku velmi zpomaleny. | pres

intenzivni rehabilitacni péci byla schopna sa-
mostatné chiize az ve 3 letech véku. Stagno-
valy mentéIni vyvoj i vyvoj feci. Dle psycho-
logického vysetieni v dospélém veku se vyse
intelektu pacientky pohybuje v pasmu tézké
az hluboké mentélini retardace (IQ < 35), pa-
cientka neni schopna verbéIni ani neverbalni
komunikace. Je zcela nesobéstacna a zvisla

na péci své matky. Od ¢asné dospélosti ro-
dic¢e pozoruji prvky agresivniho chovani, po-
ruchu spanku, bruxizmus a znadmky sociélni
fobie, napf. obavu z doteku cizich lidi. An-
tropometrické parametry nasi probandky
byly v détstvi v normé, findIni vyska postavy
¢ini 163¢cm, index télesné hmotnosti 25,21,
tj. je na hranici nadvéhy. Vzhledem k neob-
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jasnéné priciné psychomotorické retardace
byla pacientka zafazena do studie k prove-
deni celoexomového sekvenovéni.

DNA pacientky byla izolovéna z peri-
ferni krve. Celoexomové sekvenovani (Tru-
seq Exome kit) bylo provedeno na plaftormé
NextSeq 500 s vyuzitim NextSeq 500/550
Mid Output Kit v2.5 (150 cycles) (vie lllumina,
CA, USA). Minimalné 90 % cilovych oblasti
vykazovalo alespon dvacetindsobné po-
kryti. Identifikovali jsme heterozygotni va-
riantu ¢.592G>A/p.E198K v genu PPP2R5D
(obr. 2A). Tato varianta byla jiz dfive po-
psana jako patogenni (tfida 5) a zpusobu-
jici neurovyvojovou poruchu asociova-
nou s genem PPP2RDS5, nékterymi autory
oznacovanou jako Jordanin syndrom (MIM
616355) [1,2]. U DNA pacientky a DNA je-
jich rodi¢d byla nasledné provedena pfima
DNA analyza kodonu 198 exonu 5 genu
PPP2R5D - polymerdrové fetézova reakce
nasledovand Sangerovym sekvenovanim
(obr. 2B). V DNA ani jednoho z rodict se
patogenni varianta nevyskytovala. U pa-
cientky byl potvrzen vyskyt de novo varianty
€.592G>A/p.E198K v genu PPP2R5D v hete-
rozygotnim stavu. Tento nalez umoznil sta-
noveni diagndzy.

Neurovyvojové porucha s mentalni retar-
daci spojend s genem PPP2R5D je onemoc-
néni s autozomalné dominantnim typem
dédi¢nosti vznikajici na zékladé zarodec-
nych de novo mutaci v genu PPP2R5D a ovliv-
fujici prenatdlni i postnatalni vyvoj CNS [3].
Neékterymi autory je onemocnéni nazyvano
podle prvni diagnostikované pacientky Jor-
dan Margaret Langové jako Jordanin syn-
drom (Jordan's syndrome) [2]. Klinické pfi-
znaky zahrnuji mentalni retardaci rizného
stupné, centralni hypotonii, opozdéni vyvoje
feci a motorickych dovednosti. Vyskytovat
se také mohou poruchy autistického spektra
charakterizované zhordenou komunikacni
zdatnosti a socidlni interakci [4]. Témér 50 %
pacient( trpi epileptickymi zachvaty. Déle
jsou u pacient(l popisovany skeletalni mal-
formace, vyvojové vady srdce a onemocnéni
oc¢niho aparatu. Typicky je také nadmérny
rdst (overgrowth syndrome) a dysmorfické

rysy — makrocefalie, hypertelorizmus, promi-
nujici ¢elo [5].

Gen PPP2R5D lezi na chromozomu 6 a k-
duje protein PPP2R5D slozeny z 602 ami-
kokyselin, znamy jako delta podjednotka
B56 (B560), kterd je izoformou podjednotky
B56 serintreoninové proteinfosfatazy 2A
(PPA2). PPA2 je jedna ze ¢tyr hlavnich serin-
treoninovych fosfataz a je zapojena do ne-
gativni kontroly bunécného ristu a déleni.
Protein je tvofen spole¢nym heteromernim
jadernym enzymem, ktery je sloZen z kata-
lytické podjednotky a konstantni regulacni
podjednotky interagujici s fadou regulac-
nich podjednotek. Protein B566 se nachazi
predevsim v centralni nervové soustavé, kde
hraje klicovou roli pfi vyvoji neurond a regu-
laci neurondlini signalizace [6]. Pfedpokléda
se, Zze patogenni varianty genu PPP2R5D
vedou ke tvorbé pozménéného proteinu
B564, a tim snizuji aktivitu PP2A. Abnormalni
aktivita PPA2 narusuje signéini drdhy v neu-
ronech a ovliviiuje jejich normalni vyvoj
a funki.

Varianta ¢.592G>A/p.E198K v genu PPP2R5D
(NM_006245.3, exon 5) je opakované po-
pséna v databédzich HGMD (CM153575)
a ClinVar (RCV000202079.2) jako patogenni
ve vztahu k vyvojovym poruchdm. Primérné
byla popsadna Fitzgeraldem et al v roce
2015 [7] a patogenita varianty byla potvrzena
fadou daldich autord, ktefi ji popsali ve spoji-
tosti s charakteristickymi fenotypovymi pro-
jevy (autizmus, overgrowth syndrome, opoz-
déni feci, hypotonie aj) [1,3,8]. Prevalence
tohoto onemocnéni neni zatim znama. Lze
ji odhadnout ze studie Shanga et al, ktefi
identifikovali patogenni varianty v genu
PPP2R5D pomoci celoexomového sekveno-
vani u celkem 7 z 2 790 jedincd s neurovy-
vojovou retardaci, coZ v tomto pfipadé ¢ini
0,25 % [8].

AZ u 50-75 % pfipad( psychomotorické
retardace se ani pres pokrocilé diagnostické
moznosti etiologie na individuéIni drovni
nepodafi objasnit [9]. U nasdi pacientky jsme
stanovili diagndzu diky lepsi dostupnosti ne-
cilenych genomickych metod, jako je celo-
exomové sekvenovani. V soucasné dobé

neni u popsaného syndromu k dispozici
7adné kauzalni terapie. Stejné jako u jinych
monogenné podminénych chorob jsou v3ak
studovany moznosti genové terapie, kterd
je do budoucna jedinou moznou kauzalni
[é¢bou [10].
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Abstract

Background: Cardiac-urogenital syndrome [MIM # 618280] is a newly described
very rare syndrome associated with pathogenic variants in the myelin regulatory
factor (MYRF) gene that leads to loss of protein function. MYRF is a transcription
factor previously associated only with the control of myelin-related gene expres-
sion. However, it is also highly expressed in other tissues and associated with
various organ anomalies. The clinical picture is primarily dominated by complex
congenital cardiac developmental defects, pulmonary hypoplasia, congenital dia-
phragmatic hernia, and urogenital malformations.

Case Presentation: We present case reports of two siblings of unrelated parents
in whom whole-exome sequencing was indicated due to familial occurrence of
extensive developmental defects. A new, previously undescribed splicing patho-
genic variant ¢.1388+2T>G in the MYRF gene has been identified in both pa-
tients. Both parents are unaffected, tested negative, and have another healthy
daughter. The identical de novo event in siblings suggests gonadal mosaicism,
which can mimic recessive inheritance.

Conclusions: To our knowledge, this is the first published case of familial
cardiac-urogenital syndrome indicating gonadal mosaicism.

KEYWORDS

cardiac-urogenital syndrome, familiar occurrence, MYRF gene, Scimitar syndrome, whole-
exome sequencing
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1 | BACKGROUND

Cardiac-urogenital syndrome [MIM # 618280] is a rare
disease with autosomal dominant inheritance caused by
pathogenic variants in the MYRF gene that lead to loss of
protein function. Together with encephalitis/encephalop-
athy (MIM # 608329) (Kurahashi et al., 2018), these are
the only syndromes in the MIM database associated with
MYREF deficiency. It is mainly characterized by complex
congenital heart defects, pulmonary hypoplasia, congen-
ital diaphragmatic hernia, and urogenital malformations
(Pinz et al., 2018). However, clinical manifestations can
be highly variable with varying degrees of severity. To
date, more than 30 cases of MYRF deficiency have been
described in the literature, but many more patients with
similar phenotypic manifestations, including clinically
fully expressed cardiac-urogenital syndrome, have been
presented without an established diagnosis by MYRF
genetic testing (Gupta et al., 2022; Pinz et al., 2018; Qi
et al., 2018; Rossetti et al., 2019). So far, no case of familial
occurrence associated with gonadal mosaicism has been
described.

Haploinsufficiency of the MYRF gene is associated
with developmental heart defects in up to 94% of patients
(Rossetti et al., 2019). The cardiac findings most often in-
cluded hypoplasia of the left heart (in 44% of patients),
infantile Scimitar syndrome with partial or even total
anomalous return of the pulmonary veins (31%) (Dupuis
et al., 1993; Wang et al., 2018), as well as Fallot's tetralogy,
dysplasia or aplasia of the heart valves (aortic, mitral, and
tricuspid), and ventricular and atrial septal defect in some
patients.

Urogenital anomalies are the second most common
structural congenital disability seen in MYRF-deficient
individuals, with approximately 75% affected individuals.
Cryptorchidism, micropenis, hypospadias, persistent ura-
chus, and Swyer syndrome have been described in one case
(Rossetti et al., 2019). One patient was missing internal
genitalia and had a blindly ending vagina (Qi et al., 2018).
Approximately two-thirds of the patients had a diaphrag-
matic hernia (63%), which led to hepatopulmonary fu-
sion in some patients. Hypoplasia of the right lung has
been described in approximately 44% of patients (Rossetti
et al., 2019). Other anomalies observed include intestinal
malrotation, Meckel's diverticulum, splenic cleft, thymic
involution, and thyroid fibrosis (Chitayat et al., 2018; Pinz
et al., 2018).

In our report, we present two patients (sisters) who
were referred for genetic examination and whole-exome
sequencing (WES) due to the extensive multiple devel-
opmental defects of the heart, lungs, and diaphragm; the
second patient also had a developmental defect of the uro-
genital system.
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2 | CASE1

Family history has been unremarkable so far. The elder of
the sisters was born in 2016 to unrelated healthy parents
from the first pregnancy, monitored from 27 weeks due to
ventricular septal defect, right ventricular hypertrophy,
and greater cardiothoracic ratio. Delivery was at 38 weeks
gestation after premature amniotic fluid outflow; birth
weight was 2700g (4th percentile) and length was 50cm
(5th percentile). Postpartum adaptation was difficult, de-
veloping tachydyspnoea with hyposaturation at around
90%. Slight craniofacial dysmorphism was described—
low-set, backward rotated auricles, markedly wide neck.

The chest X-ray described a right hemithorax opacifi-
cation and an undifferentiated right diaphragm. Chest ul-
trasound revealed relaxation of the right diaphragm with
eventration of the liver into the chest, subsequently con-
firmed by a chest and epigastrium CT scan.

Furthermore, the CT scan described abnormal bron-
chial branching, hypoplasia of the right lung and partial
anomalous pulmonary venous drainage on the right,
marked dilatation of the right atrium, and a more spa-
cious right ventricle.

On the day of birth, surgery was performed under gen-
eral anesthesia—plication of the right and then the left half
of the diaphragm. According to the echocardiographic ex-
amination, high diaphragm on the right side, right-sided
pulmonary veins converging to the inferior vena cava at the
level of the diaphragm, dilatation of the right-sided compart-
ments, and severe pulmonary hypertension with hypoplasia
of the right lung and diaphragmatic bilateral dysfunction/
paresis (surgical plication performed) were present, tricus-
pid regurgitation with a large pressure gradient, perimem-
branous ventricular septal defect of 7mm, small foramen
ovale, patent ductus arteriosus, and predominant left-to-
right shunt. The patient was referred to the Department of
Cardiosurgery for evaluation of the findings. At 11 weeks of
age, catheterization closure, two aortopulmonary collater-
als from the truncus coeliacus, and abdominal aorta to the
right lung were performed. More extensive cardiac surgery
was contraindicated because of marked pulmonary hyper-
tension. She died of heart failure at 12weeks of age.

Autopsy findings (summarized in Table 1) included
dextroposition of the heart, partial anomalous return of the
right pulmonary veins into the vena cava inferior, perimem-
branous ventricular septal defect, and a large atrial septal
defect as well as, persistent ductus arteriosus, hypoplasia
of the right-sided arteria pulmonalis, and hypoplasia of the
right lung (Figure 1a). Hypertrophy of the right heart cor-
responded to clinically described pulmonary hypertension,
the manifestations of which were also detected microscop-
ically (grade 2 according to Heath-Edwards). The lungs
were bilateral unilobar. A rare rhabdomyomatous dysplasia
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TABLE 1 Summary of autopsy findings

Autopsy findings
Right pulmonary veins

Right lung

Left lung
Right main pulmonary artery

Aortopulmonary collaterals

Heart position in the chest
Heart defect

Right ventricle
Diaphragm
Urogenital system

Other

Case 1*2016

3 months

Anomalous drainage to inferior vena cava, above the diaphragm
(partial coil embolization performed)

Hypoplasia (21g)
Rhabdomyomatous dysplasia
Unilobar (45g)

Hypoplasia

Branches from thoracic aorta and abdominal aorta/coeliac trunk
(coil embolization)

Dextroposition
PDA

Large ASD
VSD

Hypertrophy (pulmonary hypertension grade II Heath-Edwards)
Bilateral dysfunction/paresis (surgical plication performed)

Meckel's diverticulum

Accessory spleen

Abbreviations: ASD, atrial septal defect; PDA, patent ductus arteriosus; VSD, ventricular septal defect.

FIGURE 1 Heartand lung and
histological findings. Dextroposition, right
lung hypoplasia, and right ventricular
hypertrophy were observed in both cases
(a) Case 1 and (b) Case 2, indicated

by circular and line markers). (c)
Rhabdomyomatous dysplasia of the lung
observed in Case 1 (indicated by arrows).
(d) Hepatopulmonary fusion observed in

Case 2 (indicated by arrow).
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Case 2 *2020
10days

Anomalous
drainage—intrahepatic

Extreme hypoplasia (8 g)

Hepatopulmonary fusion

Unilobar (25g)

Agenesis

Branches from thoracic aorta

Dextroposition

Aortic coarctation
Hypoplastic aorta
Small/stiff left ventricle
Small ASD

PDA

Hypertrophy

Right eventration

Double uterus and vagina
Hypoplastic ovaries

Splenogonadal fusion
(discontinuous type)
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of the right lung was found (Figure 1c). In addition, histo-
logically described traces of dispersed myocardial fibrosis,
especially subendocardial, were found. Besides, multiple
anomalies of internal organs were found—Meckel's di-
verticulum of ileum and accessory spleen. The girl did not
exhibit malformations of the urogenital system. The diag-
nosis was concluded as Scimitar syndrome, infantile type.

3 | CASE2
The younger sister was born 4years later, in 2020. She
was from the third pregnancy that was monitored for
aortic coarctation and a smaller left ventricular size.
Delivery was at 38 weeks gestation, birth weight of 2960 g
(14th percentile), and length of 49cm (29th percentile).
Postpartum adaptation was mildly difficult, with initial
oxygen saturation of 70%, spontaneous adjustment
after 10 minutes without needing oxygen therapy, and
spontaneously ventilated. Prostaglandin E therapy was
started for a ductus-dependent developmental heart defect.
The chest X-ray again described right-sided obscura-
tion of the pulmonary wing and undifferentiated contour
of the diaphragm, as well as non-specific spherical obscu-
ration in the central region. The finding was clarified by
an angiographic CT scan of the chest, which described an
abnormality of the vascular system of the examined area,
dominated by a tight coarctation of the aorta, hypoplas-
tic aortic arch, wide-open ductus arteriosus, aplasia of the
right pulmonary artery, hypoplasia of the right lung, anas-
tomoses of the several arterial branches of the truncus
coeliacus with the branches of the portal vein, and some
branches of the truncus coeliacus pass through the dia-
phragm into the right lung wing. Additional abdominal
sonographic examination showed intrathoracic herniation
of the liver and portosystemic shunt. The cardiological ex-
amination further revealed a hypoplastic mitral valve and
left ventricle. The cardiac defect was assessed as inoper-
able, and the decision was taken to proceed to palliative
care. The patient died of cardiac failure at 10days of age.
The autopsy findings in the second sister were very sim-
ilar (see Table 1) and described a complex cardiac defect
with dextroposition of the heart and mediastinal shift to
the right with extreme right-sided pulmonary hypoplasia
(Figure 1b) with anomalous vascular supply—agenesis of
the right branch of the pulmonary artery, aortopulmonary
collaterals from the thoracic aorta (and according to angio
CT also from the abdominal aorta), and veins with intrahe-
patic drainage into the intrahepatic part of the vena cava
inferior. Furthermore, eventration of the diaphragm and
pulmohepatic fusion of the right lung with the liver was de-
scribed (Figure 1d). Hepatic hemosiderosis was diagnosed.
The left lung with anomalous lobation was of adequate size.
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The cardiac findings showed atrial septal defect, mildly
hypoplastic ascending aorta with preductal coarctation,
patent ductus arteriosus (post-prostaglandin E therapy),
borderline small left ventricle with hypoplastic papillary
muscles, and hypertrophy of the right ventricle, especially
its inflow portion. A small pericardial effusion was present.
This patient also had a developmental defect in the uro-
genital system. Specifically, multiple defects of the internal
genitalia—hypoplastic ovaries, duplication of the internal
genitalia (uterus didelphys and vagina duplex), left-sided
splenogonadal fusion (discontinuous) (Figure S1), and ac-
cessory spleen—were also present. These complex autopsy
findings led to a suspicion of cardiac-urogenital syndrome.

4 | GENETIC TESTING OF BOTH
CASES

Due to the repeated occurrence of multiple developmental
defects in the family, both girls were indicated for genetic
examination. Genealogical examination with family
history was performed, then normal female karyotypes
were confirmed, and DNA microarrays were indicated—
all with a negative result. Based on the negative results
of the primary genetic examination, both patients were
referred to WES after the parents signed the informed
consent form. A pathogenic splicing variant ¢.1388+2T>G
was identified in the myelin regulatory factor (MYRF) gene
(see Figure 2a). The variant is localized to two nucleotides
downstream of the boundary between exon 9 and intron
9 and has not previously been described in both clinical
or population databases of genetic variants and scientific
literature. According to the available splicing prediction
algorithms MaxEnt (Yeo & Burge, 2004), NNSPLICE (Reese
etal., 1997), and SSF (Shapiro & Senapathy, 1987), there is
a 100% probability that the donor splice site is altered, and
the abnormally spliced mRNA is produced. The presence of
this variant in both patients and its absence in the parents
were confirmed by Sanger sequencing (see Figure 2b). The
occurrence of identical de novo events in siblings suggests
gonadal mosaicism, which can mimic recessive inheritance
in the pedigree (see Figure 2c). Non-paternity was excluded
using STR-based analysis of 17 ENFSI-recommended STR
loci. As the molecular analyses of the affected siblings
were carried out postmortem, we were unable to perform
RNAseqg-based analysis to assess the variant's effect on
splicing due to a lack of suitable biological material.

5 | DISCUSSION

The MYRF gene encodes a transcription factor that
autoproteolytically cleaves to directly activate myelin
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FIGURE 2 Results of the sequencing analysis of both sisters (case 1 = I1.1, case 2 = I1.3). (a) Exome sequencing of the patients’ DNA
presenting pathogenic splicing variant ¢.1388+2T>G in the MYRF gene was visualized using the Integrative Genomics Viewer software
(Broad Institute and the Regents of the University of California, USA). (b) Part of the MYRF gene sequence showing heterozygous
pathogenic variant was confirmed to be present in both cases and absent in the parents by Sanger sequencing. (c) The identical de novo

events in siblings are consistent with gonadal mosaicism, which can mimic recessive inheritance in the pedigree.

genes (Bujalka et al., 2013; Kim et al., 2021) and as such
is essential for myelination of the central nervous system
(Emery et al., 2009). Recently, functional mechanisms
linking pathogenic mutations in the DNA-binding
domain and intramolecular chaperone auto-processing
(ICA) domain of the MYRF gene and birth defects have
been described in detail (An et al., 2020; Fan et al., 2021).
Variants in the MYRF gene have been associated with
many diseases as the MYRF gene is widely expressed
in other tissues such as the stomach, small intestine,
and lung (Pinz et al., 2018). Although the function of
the MYRF protein outside the nervous system is not
well characterized, there is increasing evidence that
heterozygous loss-of-function variants of MYRF can lead to
abnormalities in the development of the heart, urogenital
tract, diaphragm, and lung (Rossetti et al., 2019).
Kurahashi et al. published cases of nine individuals with
the same heterozygous variant in the MYRF gene who
developed encephalopathy and reversible vacuolization of
myelin (Kurahashi et al., 2018). In some of these patients
with heterozygous loss of function, variants in MYRF
were also observed as structural abnormalities in various
organs, mainly the heart, lung, diaphragm, and genitals
(Kurahashi et al., 2018). Since MYRF is also expressed
in the retinal pigment epithelium, some variants in the

MYRF gene are associated with ocular disorders such as
nanophthalmos (Huang et al., 2021).

The term cardiac-urogenital syndrome was first used
in 2018 in two clinical reports describing three patients
with similar phenotypes and MYRF gene haploinsuffi-
ciency. First, Pinz et al. identified de novo variants in
two patients with this disease, and one of these vari-
ants (c.2366+1G>A) affected the splice site (Rossetti
et al., 2019). Later, Chitayat et al. reported another pa-
tient with a heterozygous de novo variant of the MYRF
gene and a similar phenotype (Chitayat et al., 2018). In
the same year, Qi et al. analyzed patients with diaphrag-
matic herniation and identified a pathogenic variant in
the MYRF gene in 10 patients with complex cardiopathy
and urogenital malformation in a cohort of 362 patients
(Qi et al., 2018). In 2020, Alves et al. presented a patient
with a confirmed heterozygous pathogenic variant in
the MYRF gene at 17years of age with a fully expressed
cardiac-urogenital syndrome. He was further described
to have cognitive impairment with an intelligence quo-
tient score of 20. At 4years of age, brain magnetic res-
onance imaging showed signs of delayed myelination
(Alves & Ledo, 2020). The patient's neurological im-
pairment was reported as well by Pinz et al., who de-
scribed one patient with speech delay who lived until
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18 months, and Qi et al., who reported a 2-year-old with
intellectual disability and motor delay (Pinz et al., 2018;
Qi et al., 2018). The prognosis for patients with cardio-
urogenital syndrome is unfavorable, and, in most cases,
patients die early in neonatal or early infancy. Three of
the reported patients who reached older age (two tod-
dlers and one adolescent) also developed neurological
clinical signs with developmental delay.

In the presented cases, there are differences in the au-
topsy findings of both siblings. In our first patient, among
others, a very rare rhabdomyomatous dysplasia of the lung
(presence of striated muscle in the lung parenchyma) was
described, which is associated with significant malfor-
mations involving the heart and lungs. Drut et al. (1988)
described the autopsy findings of three neonates with
rhabdomyomatous pulmonary dysplasia in great detail
(Drutetal., 1988). Other findings described in two of these
three patients were phenotypically very similar to the
cardiac-urogenital syndrome. Rhabdomyomatous lung
dysplasia is a severe disorder and is probably compatible
with long-term survival only if the histological changes
are limited to one lung and if no other life-limiting mal-
formations are associated (Lienicke et al., 2002).

The occurrence of MYRF-associated cardiac-
urogenital syndrome has not yet been described in a
single family. Based on our findings, it seems that in
the familial form of cardiac-urogenital syndrome, the
same pathogenic alteration in the MYRF gene can be
manifested with variable expressivity. In the first girl,
no urogenital anomalies were described in the autopsy
findings, and in the second girl, full cardiac-urogenital
syndrome was present. Of the 17 published children
with MYRF deficiency, urogenital tract changes were
not expressed in a total of 4 children, approximately
one-quarter of the cases (Pinz et al., 2018).

The occurrence of two identical de novo variants ob-
served in our cases is improbable. Both parents are not af-
fected and tested negative. As we excluded non-paternity,
we assume that gonadal mosaicism is involved in this
case. Gonadal mosaicism is known to give the impres-
sion of autosomal recessive inheritance when recurrence
of an autosomal-dominant condition among offspring of
phenotypically normal parents is observed (Figure 2c).
Gonadal mosaicism has been extensively documented
for several genetic conditions including Duchenne mus-
cular dystrophy, osteogenesis imperfecta, or paternal age-
associated disorders. These reports suggest the need for
awareness when discussing the risk of recurrence in clin-
ically and phenotypically normal parents with an affected
offspring. The parents had a healthy girl in 2018, cardi-
ological examination showed no pathology, psychomotor
development is completely normal, and the girl is doing
well. So far, the parents have declined further examination
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of the daughter, including genetic testing. They have also
declined genetic testing of the gametes to confirm the
gonadal mosaicism we suspect. The lack of direct confir-
mation of gonadal mosaicism and lack of WES data from
parents, which prevents the possibility of bioinformatic
prediction of mosaicism, are the weaknesses of our report.

6 | CONCLUSIONS

We reported two siblings with postmortem diagnosed
cardiac-urogenital syndrome and elucidated the molecular
basis of the disease. To our knowledge, this is the first
published case of familial cardiac-urogenital syndrome
with potential gonadal mosaicism. The identical de novo
pathogeniceventinsiblings with unaffected and negatively
tested parents suggests gonadal mosaicism mimicking
recessive inheritance. The extensive developmental
malformations were not compatible with life in both
cases. In the case of another planned pregnancy, parents
can be offered pre-implantation genetic testing to increase
the probability of having a healthy child.
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uvoD

Syndrom intelektualniho postizeni souvisejici s DYRKIA
(DYRKIA syndrom) je vzacné autozomdalné dominantni
onemocnéni charakterizované intelektualnim postizenim

SOUHRN
Slaba K, Palova H, Pokorna P, Slaby O, Koneéna P, Kolbova L, Jabandziev P, Prochazkova D. Syndrom intelek-
alniho postizeni isejici s DYRK1A

Syndrom intelektuélniho postiZeni souvisejici s DYRK1A (DYRK1A-related intellectual disability syndrome) je autozo-
malné dominantni onemocnéni charakterizované stfednim az tézkym intelektualnim postizenim, zpozdénim vyvoje
fedi, poruchou autistického spektra a mikrocefalii. Typické jsou kraniofacialni dysmorfie, potize s krmenim, maly
vzrust, hypertonie, poruchy chize. V kojeneckém véku byvaiji ¢asto febrilni zachvaty, pozdéji vyvoj epilepsie. Cilem
naseho kazuistického sdéleni je prezentace 3leté pacientky s timto syndromem. U nasi pacientky bylo vzhledem
k vycerpanym diagnostickym moZnostem a neobjasnéné priciné intelektuélniho postiZeni provedeno celoexomové
sekvenovani (WES). Pomoci této metody jsme nalezli heterozygotni patogenni variantu p.R205* v genu DYRKIA,
coz umoznilo rychlé stanoveni kauzélni diagnézy. Lze tedy fict, Ze WES pfedstavuje G¢inny diagnosticky nastroj pro
detekci mutaci, které jsou pfi¢inou riznych syndromi spojenych s intelektudlnim postizenim.

Kli¢ova slova: intelektualni postizeni, DYRK1A syndrom, celoexomové sekvenovani

SUMMARY

Slaba K, Palova H, Pokorna P, Slaby O, Koneéna P, Kolbova L, Jabandziev P, Prochazkova D. DYRK1A-related
intellectual disability syndrome

DYRK1A-related intellectual disability syndrome is an autosomal dominant disorder characterized by intellectual
disability including impaired speech development, autism spectrum disorder, and microcephaly. Affected individu-
als often have a clinically recognizable phenotype including typical craniofacial dysmorphism, feeding problems,
hypertonia, short stature, gait disturbances, and foot anomalies. Other medical concerns relate to febrile seizures
in infancy with later development of epilepsy. This case report aims to present a case of a three-year-old girl with
DYRKI1A syndrome. Since there were no additional diagnostic methods available and the cause of the intellectual
disability remained unexplained, we decided to perform whole-exome sequencing (WES). WES led to the identifi-
cation of heterozygous pathogenic variant p.R205* in DYRKTA gene and enabled us to reach a causal diagnosis in
areasonable time frame. We can conclude, that WES is an efficient diagnostic approach to identify causative genetic
variants for syndromes associated with intellectual disability.

Key words: intellectual disability, DYRK1A syndrome, whole-exome sequencing
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razného stupné, zpozdénim vyvoje feéi, poruchou autis-
tického spektra véetné stereotypnich projevii v chovani.
Stupen intelektualniho postizeni se nejc¢astéji uvadi v roz-
mezi stiedné tézkého az tézkého, bylo vsak popsano i né-
kolik jedincti pouze s mirnym postizenym.”’ Do typickych
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fenotypovych znaku jiz dfive popisovanych v souvislosti
s DYRKIA syndromem dale patfi intrauterinni rustova re-
tardace, mikrocefalie, mozkové abnormality, opozdéni vy-
voje fe¢i, zachvaty, problémy s chovanim, potize s krmenim
a neprospivani, hypertonie, chuze o siroké bazi a kraniofa-
cialni dysmorfie (velké usni boltce, ustupujici mala brada,
hluboce posazené o¢i). V kojeneckém véku se ¢asto vyskytu-
ji febrilni kfecée (az u 77 % pacienti), u poloviny pacientt do-
chazi k rozvoji epilepsie a kosternich abnormalit typu sko-
liézy, kyf6zy nebo pectus excavatum ¢i anomalii chodidla.
Asi tietina pacient je malého vzrustu. Dale se mohou vy-
skytovat zubni, oftalmologické a srde¢ni anomalie ¢&i po-
ruchy endokrinniho systému. Piedpoklada se, ze 0,1-0,5%
jedincu s intelektualnim postizenim a/nebo autismem trpi
DYRKIA syndromem.®® Pripady pacientt s touto diagnézou
v Ceské republice nebyly dosud v odborné literatui‘e popsany.

KAZUISTIKA

Divka se narodila nepfibuznym rodi¢im z prvni gravidity
sledované pro intrauterinni rtstovou retardaci plodu. Po-
rod probéhl spontanné zahlavim ve 35. tydnu téhotenstvi
pro piedéasny odtok plodové vody. Matka je heterozygot
pro Leidenskou mutaci, ostatni rodinnd anamnéza je bez
napadnosti. Porodni hmotnost ¢inila 1950g (3.-10. percen-
til), délka 42 cm (3. percentil), obvod hlavy 28 cm (pod 3. per-
centilem). Poporodni adaptace byla lehce ztiZzena s nutnosti
kratkodobé oxygenoterapie. Od za¢atku dominovaly potize
s krmenim, pro které byla pfechodné podavana parenteral-
ni vyziva, poté vyziva nazogastrickou sondou. Do domaci
péce byla propusténa ve 3 tydnech véku s adekvatnim per-
oralnim pfijmem. Pro neprospivani a pretrvavajici potize
s krmenim byla pfijata ve véku 3,5 mésice k hospitalizaci
na Pediatrickou kliniku FN Brno k celkovému dosetfeni
stavu. V klinickém obrazu byla patrna mikrocefalie (obvod
hlavy 35cm, hluboce pod 3. percentilem, SD -3,69), mirna
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Obr. 1: Fotografie pacientky ve dvou a tfech
letech z archivu rodinnych fotografii. Patrna
je kraniofacialni dysmorfie — velké usni bolt-
ce, hlubol é oci, mikr ie

kraniofacialni dysmorfie s hluboko posazenyma oé¢ima, vel-
kymi u$nimi boltci a mensi ustupujici bradou (obr. 1). Neu-
rologem byl diagnostikovan spasticky syndrom s akcentaci
na dolnich konéetinach s perzistenci novorozeneckych vy-
vojovych reflexti, EEG vysetieni bylo v normé. Laboratorni
parametry véetné vysetfeni dédi¢nych metabolickych po-
ruch byly bez patologického nalezu. O¢éni vySetfeni odhalilo
parcialni atrofii papily optického nervu, pro kterou je sle-
dovana oftalmologem, aby se snizilo riziko o¢ni komorbidi-
ty, ktera muze mit dalsi dopad na uéeni, chovani a kvalitu
zivota. V kojeneckém véku a ¢asném batolecim véku se fe-
brilni stavy u divky opakované komplikovaly kie¢emi. Mag-
neticka rezonance mozku se zamérenim na optické drahy
byla s normélnim nalezem. Genetické vySetieni potvrdilo
heterozygocii Leidenské mutace, karyotyp a array CGH byla
bez abnormit. Samostatné chtize o $iroké bazi byla schop-
na az ve 26 mésicich. Aktualné 3leta divka spada do pasma
stiedné tézkého intelektualniho postiZeni. Dle psychologic-
kého vysetreni vykazuje opozdéni o pul roku véku ve vsech
slozkach. Je zcela bez fe¢ového projevu, jsou pouze hrdelni
zvuky, hlasity smich, obéas se objevi reduplikované slabiky.
Vzhledem k vyéerpanym diagnostickym moZnostem a ne-
objasnéné pri¢iné intelektualniho postiZzeni byla pacientka
zatrazena do studie k provedeni celoexomového sekvenovani
(WES). Rodi¢e podepsali informovany souhlas se zafazenim
do studie zahrnujici genetické vySetfeni a také souhlas s pu-
blikovanim fotografii.

DNA byla izolovana z periferni krve. Celoexomové sek-
venovani (Truseq Exome kit) bylo provedeno na platformé
NextSeq 500 s vyuzitim NextSeq 500/550 MidOutput Kit
v2.5 (150 cycles) (vSe Illumina, CA, USA). Pomoci celoexo-
mového sekvenovani jsme identifikovali a pomoci Sangero-
va sekvenovani verifikovali heterozygotni de novo variantu
¢.613C>T/p.R205* v genu DYRKIA (NM_001396.3, exon 6)
(obr. 2), jejimz dusledkem je vytvoreni pred¢asného stop
kodonu a tvorba zkraceného proteinu. Tato varianta je opa-
kované popsana v databazich HGMD (CM1413207) a ClinVar

&9



Ces-slov Pediat 2022; 77(4): 215-218

e

T

LR

n—
i

e
——— —— —
X i '

1]
v
DYRK1A

c.6130T / p.R205*
postizeny proband

L L L

P e vy v o T v

aan e RERRNNNRNNNER

i

‘)_‘

Obr. 2: Vysledky genetickych vySetfeni.
A - rodokmen rodiny a segregace
identifikované mutace v genu
DYRKIA. B - vysledky cel

! ani DNA pacientky, ukazujici

ih

patogenni variantu ¢.6130T/p.R205*

v genu DYRKT1A v programu Integrative
Genomics Viewer (IGV). C - vysledky
Sangerova sekvenovani potvrzujici
heterozygotni variantu ¢.6130T/p.
R205* v genu DYRKTA u pacientky a jeji
nepfitomnost u obou rodici.

(VCV000162153.7) jako patogenni ve vztahu k syndromu in-
telektualniho postiZzeni souvisejiciho s DYRKIA (také zna-
mého jako mentalni retardace typu 7).

DISKUSE

Gen DYRKIA (dual-specificity tyrosine-(Y)-phosphorylation-
-regulated kinase 1A) je vysoce konzervovany gen lokalizo-
vany v tzv. kritické oblasti Downova syndromu, coz je oblast
chromozomu 21 (21q22), ktera je zodpovédna za vétsinu
fenotypovych rysit Downova syndromu. Kéduje kinazu 1A,
ktera spada do rodiny fosforylaci regulovanych tyrosinkinaz
s dvoji specificitou. Protein je tvofen signalni sekvenci pro
transport do jadra, proteinkindzovou doménou, motivem
leucinového zipu a vysoce konzervovanou oblasti tfinac-
ti opakujicich se histidini. DYRKIA je Siroce exprimovan
ve vyvijejicim se nervovém systému a ovlivnénim signalizace
vedoucim k bunééné proliferaci hraje vyznamnou roli ve vy-
voji mozku a jeho funkce zavisi na genové davce.®) Zatimco
trialelicky DYRKIA je zapojen do patogeneze Downova syn-
dromu,® jeho haploinsuficience zptisobuje vzacny syndrom
intelektualniho postiZzeni souvisejici s DYRKIA (také znamy
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jako mentalni retardace typu 7).%¥ Davkové zavisla funkce
DYRKIA pravdépodobné souvisi s jeho zapojenim do rtz-
nych multimernich enzymatickych a regula¢nich komplexi,
jejichz sestavovani je naruseno jak v pripadé nedostatku,
tak v pripadé nadbytku proteinu DYRKIA. Pfesny mecha-
nismus téchto procesit oviem neni znam.>® Nami nalezena
varianta p.R205* byla primarné popsana kolektivem autort
Redin et al. (2014), ktefi analyzovali kohortu 106 pacienttt
s mentalni retardaci nejasné etiologie.”” Funkéni charakte-
rizaci této varianty prinesla az prace Dang et al. (2018), ktefi
pomoci WES vysetrili celkem 892 pacientt s intelektualnim
postizenim nebo poruchou autistického spektra, z nichz
v 9 pripadech identifikovali patogenni variantu v genu
DYRKIA.©

Zakladni fenotypové znaky syndromu pozorované u nasi
pacientky pattily v doposud publikovanych studiich mezi
ty nejc¢astéjsi: intelektualni postizeni s opozdénym vyvojem
feci (vyjadfeno ve 100 % pripada), mikrocefalie (95 %), ty-
pické oblié¢ejové rysy (90 %),? potize s krmenim a nepro-
spivani (93 % ) a o¢ni abnormality (62 %).®" Diagnéza syn-
dromu intelektualniho postizeni souvisejici s DYRKIA je tak
u pacientky podpofena nejen genetickym nalezem, ale také
sirokym spektrem fenotypovych projevit.
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ZAVER

Pri¢iny intelektualniho postiZeni ztstavaji do znaéné miry
neznamé diky jeho rozsahlé klinické a genetické hetero-
genité. De novo mutace predstavuji éastou pfi¢inu inte-
lektualniho postizeni a WES muze byt pouzito jako Géinny
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SOUHRN

Slaba K, Pokorna P, Kozelkova K, Hlouskwé E Jugas R, Kubétové] Demlavé R, Danhofer P, Jabandziev P, Svatoiio-
vaT, Slaby O. ReNU syndi - nové p p yvoj i, prvni pripad v Ceské republice

Predkladame pfipad 5,5letého chlapce s tézkym globalnim vyvojovym opozdénim, hypotonii, malym proporcional-
nim vzristem, neprospivanim, kraniofacialni dysmorfii a dalSimi potizemi, u kterého se podafilo stanovit diagnézu
pomoci celogenomového sekvenovani (WGS). Diagnostika byla realizovana v ramci ¢eského narodniho projektu
BabyFox, ktery se zaméfuje na zhodnoceni diagnostické a klinické vyuZitelnosti rapidniho celogenomového sekve-
novani (rapid trioWGS) u déti hospitalizovanych na jednotkach intenzivni péée s podezfenim na genetickou podsta-
tu jejich potizi. U pacienta byla identifikovana patogenni varianta v genu RNU4-2, ktera je od roku 2024 spojovana
s prevalentnim onemocnénim RNU4-2 syndromem neurovyvojového opozdéni, také zndmym pod ndzvem ReNU
syndrom. Ackoli se jednd o nové popsané onemocnéni, je ReNU syndrom jednim z nejroziifenéjSich monogennich
neurovyvojovych onemocnéni, pfi¢emz se odhaduje, Ze patogenni varianty v genu RNU4-2 jsou pri¢inou pfiblizné
0,4% viech neurovyvojovych poruch. Tento gen nekéduje protein, ale malou jadernou RNA U4, diky ¢emuz jeho
sekvence neni stanovovana pfi standardnim celoexomovém sekvenovani ani v ramci cilenych sekvenaénich paneld.
Jeho vyznam tak zdstaval az do roku 2024 prehlizen. Pfipad ReNU syndromu zdUrazfiuje vyznam celogenomového
sekvenovani pokryvajiciho i nekédujici ¢asti genomu v diagnostice vzacnych genetickych onemocnéni a ukazuje,
jak implementace modernich genomickych metod muze prispét k ukonceni diagnostické odysey pacientd s dosud
neobjasnénymi neurovyvojovymi poruchami.

Kli¢ova slova: neurovyvojové onemocnéni, diagnosticka odysea, celogenomové sekvenovani, nekéduijici varianta,
ReNU syndrom, gen RNU4-2

SUMMARY
Slaba K, Pokorna P, Kozelkova K, Hlouskova E, Jugas R, Kubétovi.l Demlovi R, Danhofer P, Jabandziev P, Svatoiio-
VAT, Slaby O. ReNU syndrome — a newly described preval P J disord : first case in Czech Republic

We present the case of a 5 and half year-old boy with severe global developmental delay, hypotonia, severe growth
failure, failure to thrive, craniofacial dysmorphism, and other difficulties, who was diagnosed by whole genome
sequencing (WGS). The diagnosis was carried out within the Czech national project BabyFox. A pathogenic variant
in the RNU4-2 gene was identified in the patient, which has been associated with the prevalent disorder known as
RNU4-2 neurodevelopmental delay syndrome, also known as ReNU syndrome since 2024. Although it is a newly
described diseases, ReNU syndrome is one of the most prevalent monogenic neurodevelopmental disorder, with
pathogenic variants in the RNU4-2 gene estimated to cause approximately 0.4% of all neurodevelopmental dis-
orders. This gene does not encode a protein but rather a small nuclear RNA U4, which means its sequence is not
captured by standard whole-exome sequencing or targeted sequencing panels. As a result, its significance remained
overlooked until 2024. The case of ReNU syndrome highlights the importance of whole-genome sequencing, which
covers non-coding regions of the genome, in the diagnosis of rare genetic disorders. It also demonstrates how the
implementation of modern genomic methods can help end the diagnostic odyssey for patients with previously un-
explained neurodevelopmental disorders.

Key words: neurodevelopmental disorder, diagnostic odyssey, whole-genome sequencing, non-coding variant,
ReNU syndrome, RNU4-2 gene.
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V roce 2024 byly pomoci dvou rozsahlych studii vyuzivaji-
cich celogenomové sekvenovani identifikovany patogenni
varianty v genu RNU4-2 pro spliceozomalni malou jader-
nou RNA (snRNA) 4 jako pfi¢ina prevalentni autozomalné
dominantni syndromické neurovyvojové poruchy, tzv. ReNU
syndomu ¢i RNU4-2 syndromu neurovyvojového opozdéni
(MIM: 620851).%? Toto nové popsané onemocnéni se vyzna-
¢uje Sirokym spektrem klinickych projevii. Chen et al. de-
tailné fenotypové zpracovali 49 pacientt s ReNU synromem
ze 115 diagnostikovanych s medianem véku v dobé stanoveni
diagnoézy 10 let (rozmezi 2—-38 let). Mezi nej¢astéjsi priznaky
patii hypotonie a stiedné tézké az tézké globalni opozdéni
vyvoje se zavazné postizenym vyvojem intelektu. Hypoto-
nie se obvykle s vékem zlepsuje a vétsina déti ve véku 5 let
je schopna samostatné chuze. Typickym projevem je také
porucha vyvoje feci, vétsina pacientt je nonverbalni ¢i po-
uziva pouze nékolik funkénich slov. Pfiblizné u poloviny
pacientu je diagnostikovana porucha autistického spektra.
Casté jsou potiZe s pifjmem potravy, neprospivani a gastro-
ezofagealni reflux jiz od novorozeneckého ¢i ¢asného koje-
neckého véku. Mnoho pacientii s ReNU syndromem ma maly
vzrist a mikrocefalii (ve vét$iné pfipada vrozenou). U vét-
§iny probandi jsou zaznamenany mozkové abnormality
(ventrikulomegalie, dysgeneze corpus callosum, opozdéna
myelinizace, postupny ubytek bilé hmoty, abnormity adeno-
hypofyzy, hypoplazie mozeéku).® Epilepsie se vyskytuje pfi-
blizné u 70 % pacientq, pfi¢emz median nastupu je tfi roky
s variabilnim rozmezim od prvniho roku zivota aZ po 10 let
a zahrnuje ruzné typy zachvata véetné infantilnich spazmu,
fokalnich, generalizovanych tonicko-klonickych zachvatt
¢i febrilnich kieéi.® Vétsina déti ma oftalmologické potize,
nejcastéji myopii ¢i hypermetropii, strabismus, nystagmus.
U mensi ¢asti déti byla zaznamenéana hypoplazie zrakové-
ho nervu a kortikalni zrakova porucha (CVI). V mensi mife
se u jedincu vyskytuji potize se sluchem, endokrinopatie
(hypotyredza, deficit rustového hormonu ¢&i panhypopi-
tuitarismus) ¢i kostni zmény, dysplazie ky¢elnich klouba
a sialorea.” Je popisovana kraniofacialni dysmorfie spole¢-
na pro vétsinu probanda — vyrazné ¢elo, hluboko posazené
o¢i, siroky kofen nosu, epikanty, hluboké filtrum, myopa-
ticky vzhled obli¢eje s otevienymi usty a tstnimi koutky
smérujicimi dolq, Siroké rty, plné tvare, vétsi usni boltce.-9
Nejcastéjsi klinické projevy s procentualnim zastoupenim
jsou shrnuty v tabulce 1. Pfipady pacientt s touto diagnézou
v Ceské republice nebyly dosud v odborné literatuie popsa-
ny.
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Tab. 1: Preval ypickych znakd popi ych u pacientd s ReNU
syndromem, upraveno dle®®
Klinicky znak Procento pfipadd
Rast IUGR 18%
maly vzrist 76%
mikrocefalie (vétdinou 77%
vrozend)
Neurologické globalni neurovyvojové 100%
abnormality opozdéni (obvykle stfedné
t&7ké az t&zké)
mentélni postiZzeni (obvykle 100%
stfedné t&7ké a7 tézké)
rGzné typy zachvatl 77%
porucha autistického 48%
spektra
potize s chovanim 67%
hypotonie 87%
schopnost chiize (u déti 83%
nad 5 let)
porucha vyvoje Fedi (vétsi- 94%
nou nonverbalni)
porucha spanku 47%
anomadlie mozku zjisténé 91%
na MRI
Gastrointestinalni | zicpa 66%
potize gastroezofagedlni reflux 49%
potize s krmenim 79%
Porucha sluchu 22%
Potize se zrakem 79%
Endokrinologické potize 44%
Kosterni anomalie 64%
Kraniofacialni dysmorfie 94%
KAZUISTIKA

Aktualné 5,5lety chlapec se narodil z druhé gravidity neprfi-
buznych rodi¢u jako gemellus A. Jeho starsi bratr je sledovan
pro vyvojovou expresivni dysfazii, sestra, gemellus B, je zcela
zdrava. Intrauterinné byla u chlapce zjisténa stopova triku-
spidalni regurgitace, ostatni screeningova vySetieni bioche-
micka ivrozenych vyvojovych vad byla negativni. Od 20. tydne
gravidity byl sledovan pro intrauterinni rustovou restrikei.
Narodil se v 37. tydnu s porodni vahou 2000g, délkou 44cm
a obvodem hlavy 30cm (vSechny parametry pod 3. percenti-
lem). Porod i poporodni adaptace byly zcela bez komplikaci.
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Ve 4 mésicich véku byl hospitalizovan k dosetfeni mi-
krocefalie, psychomotorického opozdéni a neprospivani
i pres zavedenou fortifikaci stravy. Laboratorni vySetfeni
odhalila zvysenou hladinu tyreotropinu (TSH 20,2 mU/1)
pri normalnich hodnotach perifernich hormonu §titné zla-
zy. Ostatni laboratorni vysledky véetné selektivniho scree-
ningu dédi¢nych poruch metabolismu nevykazovaly zadné
specifické odchylky. Psychomotoricky vyvoj odpovidal trov-
ni novorozence, pietrvavalo flekéni drzeni konéetin a také
nékteré novorozenecké reflexy v neurologickém nalezu.
Kardiologické vySetieni, o¢ni vy$etfeni, EEG, UZ mozku
a bricha byly s normalnim nalezem. Genetickym vysetfenim
v kojeneckém véku byl stanoven normalni muzsky karyotyp,
bylo provedeno vysetfeni metodou arrayCGH (array-based
comparative genomic hybridization) k detekci submikro-
skopickych zmén chromozomu a vy$etieni MLPA (multiplex
ligation-dependent probe amplification), zaméfené na nej-
¢astéjsi mikrodeleéni syndromy, av§ak bez vysvétleni pfi¢iny
potizi.

Na MR mozku ve 12 mésicich véku byly popsany gracilni
frontalni laloky, lehka dysgeneze corpus callosum a gracilni
adenohypofyza (obr. 1). Myelinizace bilé hmoty odpovidala
véku. V klinickém nalezu dominoval centralni hypotonicky
syndrom s hypotonii pfevazné axialni, mikrocefalie (obvod
hlavy 41cm, < 0,1 percentil, SDS -3,88), maly proporcionalni
vzrast (délka 66,3cm, < 0,1 percentil, SDS -3,37) a opozdé-
ny psychomotoricky vyvoj, ktery dosahoval tirovné zac¢atku
2. trimenonu. Kontrolni MR mozku ve 26 mésicich byla se
stacionarnim nalezem. Samostatny sed byl zaznamenan
ve 23. mésici véku a od 25. mésice byl chlapec schopen sa-
mostatné stat, od 4 let je schopen chuze s pfidrzovanim.
Ve 4 letech bylo genetické vysSetieni rozsifeno a provedeno
celoexomové sekvenovani v rezimu trio (trioWES, vySetfeni
probanda a jeho rodi¢i), véetné analyzy mitochondrialniho
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| Obr. 1: Magneticka rezonance mozku ve véku 12 mésicl s popisem gracilnich frontalnich lalokd a lehkou dy

i corpus call

genomu. Nebyla nalezena zadna patogenni varianta, prav-
dépodobné patogenni varianta ani varianta nejasného
vyznamu, ktera by korelovala s fenotypem chlapce. S od-
stupem jednoho roku byla provedena bioinformaticka re-
analyza dat WES také s negativnim nalezem. Pro poruchu
rastu a nizkou hladinu IGF1 byly ve véku 5 let provedeny
funkéni endokrinologické testy, které odhalily parcialni de-
ficit riastového hormonu a ACTH. U chlapce byla kromé sub-
stituce hormonu $titné zlazy zavedena také terapie rusto-
vym hormonem a substituce hydrokortizonem v zatézovych
situacich (pfedevsim v prubéhu febrilnich stavil). Kromé jiz
vyse zminovanych potizi byly u chlapce nutné opakované
hospitalizace na jednotkach intenzivni péce z divodu de-
hydratace, iontového rozvratu a metabolické acidozy, které
se velmi rychle rozvinuly béhem banalnich virovych infekt
se zvracenim. Posledni hospitalizace probéhla v listopadu
2024 na jednotce intenzivni péée pro stfedné tézkou dehyd-
rataci pri akutni gastroenteritidé. Vysledky krevnich odbé-
ri ukazaly hypernatremii (Na 151 mmol/l]) a stfedné tézkou
metabolickou acidézu (pH 7,19; HCO, 10,7; BE -19,4). Na za-
kladé dosud negativnich genetickych vysetfeni a hospitali-
zace na jednotce intenzivni péée byli chlapec a jeho rodi¢e
po podepsani informovaného souhlasu zarazeni do ¢eského
narodniho projektu BabyFox, a bylo tak mozné provést celo-
genomové sekvenovani v rapidnim rezimu (rapid trioWGS).
Byla identifikovana de novo patogenni varianta n.64_65insG
v genu RNU4-2 v heterozygotnim stavu a stanovena diagno-
za ReNU syndrom jiz 7 dni od odbéru periferni krve. Ak-
tualné v 5 a pul letech chlapec méfi 96,5cm (< 0,1 percentil,
SDS -3,2), vazi 12,5kg (pomér hmotnost/vyska 2,9 percen-
til, SDS -1,89), obvod hlavy ¢ini 44,5cm (< 0,1 percentil, SDS
-4,79). Neni schopen samostatné chuze, je nonverbalni, po-
rozuméni feéi je vyrazné omezené, rozumi pouze nékterym
zdkladnim pokyntim. Ma kraniofacialni dysmorfii, ktera
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zahrnuje hluboko posazené o¢i, hypotelorismus, $irsi ko-
fen a hibet nosu, hluboké kratké filtrum, pooteviena tsta
s ustnimi koutky smérujicimi doli, vétsi normalné posazené
usni boltce (obr. 2). Je multioborové sledovan na neurolo-
gii, endokrinologii, gastroenterologii, v o¢ni ambulanci pro
astigmatismus a suspekci na centralni postiZzeni zraku, dale
na ortopedii pro valgozitu kotniki a subluxaci levé kyéle.
Dle posledniho psychologického vysetieni vlednu 2025 jeho
vyvoj odpovida hlubokému mentalnimu postizeni s mental-
nim vékem pfiblizné 6 mésicti. Svym chovanim se éasteéné
podoba pacientim s Angelmannovym syndromem, je velmi
vesely, kontaktni, ma rad hudebni hracky, zvukové knizky,
lesklé predméty, je fascinovan vodou. Rodice se diky stano-
veni diagn6zy mohli propojit s jinymi rodi¢i prostiednictvim
facebookové skupiny ,,RNU4-2/ReNU Syndrome Family Co-
nnect“, ktera ma aktualné 330 ¢lend, prevazné rodi¢u déti
z USA, Velké Britanie, Francie a Spanélska. V éervenci 2025
se v New Yorku uskuteéni prvni konference na téma ReNU
syndrom, kterou rodi¢e planuji navstivit.

DISKUSE

Sekvenovani nové generace se dnes bézné pouziva jako
diagnosticky nastroj pfi vyzkumu a diagnostice vzacnych
onemocnéni. Presto zustava priblizné 60% osob s neuro-
vyvojovymi poruchami bez definitivni diagnézy i po gene-
tickém testovani.®® Soucasné klinické molekularné gene-
tické testy se témér vyhradné zaméruji na protein kédujici
geny, protoze vétsina znamych monogennich genetickych
poruch je spojena s patogennimi variantami v téchto ob-
lastech. Protein kédujici sekvence, oznacované jako exom,
tvori priblizné 1,5% lidského genomu. Naopak vyznam ne-
kédujicich oblasti, které predstavuji zbyvajicich 98,5% ge-
nomu, v patogenezi genetickych onemocnéni ztistava dosud
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Obr. 2: Kraniofacialni dysmor-
fie popsana u probanda - hlu-
boko posazené oci, naznaceny
hypotelorismus, 3irsi kofen

a hibet nosu, hluboké kratké
filtrum, myopaticky vzhled
obli¢eje s pootevienymi Gsty,
plné tvare a vétsi normalné
posazené usni boltce

malo probadany.?® Diky rozsahlym narodnim iniciativim
a rostoucimu vyuziti celogenomového sekvenovani (WGS)
namisto sekvenovani celoexomového (WES), predevsim
v ramci vyzkumnych projektt, se vak vyznam nekédujicich
oblasti postupné vice odhaluje.

Varianty v nekédujicich oblastech genomu jsou jiz dlou-
ho znamy jako pfi¢ina chorob s mendelovskou dédi¢nosti
a mohou zpusobovat neurovyvojova onemocnéni prostied-
nictvim riznych mechanismu, napfiklad porusenim konzer-
vovanych cis-regulaé¢nich elementt (enhancery, promotory)
nebo narusenim exprese ¢i funkce nekédujicich RNA (napi.
miRNA, piRNA, snRNA). Nekodujici RNA, které nejsou pre-
kladany do struktury proteint, se podileji na fadé esencial-
nich bunéénych procesti, jako jsou sestfih, translace nebo
regulace genové exprese.®?

Malé jaderné RNA (small nuclear RNA, snRNA) jsou speci-
fickou tfidou nekédujicich RNA, které hraji klicovou roli pfi
odstrafiovani introntt béhem sestiihu pre-mRNA (prekurzo-
rové messengerové RNA). Ten je v eukaryotickych burikach
zajistovan velkym ribonukleoproteinovym komplexem, ktery
je oznacovan jako spliceozom.® Poruchy na turovni jednot-
livych komponent spliceozomu jiz byly opakované popsany
jako kauzalni u fady lidskych onemocnéni. Napriklad pato-
genni varianty v genu RNUI2 zptsobuji autozomalné recesiv-
ni ¢asné rozvijejici se mozeckovou ataxii, zatimco varianty
v genu RNU4ATAC zpusobuji autozomalné recesivni multi-
systémové vrozené poruchy zahrnujici mikrocefalii, riistovou
retardaci a vyvojové opozdéni (tyto poruchy jsou znamy také
jako Taybiho-Lindertv, Lowryho—Wooduv a Roifmantav syn-
drom).‘2 Gen RNU4-2 kéduje snRNA U4, ktera je soucas-
ti hlavniho spliceozomu, a patogenni varianty v tomto genu
jsou pri¢inou autozomalné dominantni poruchy.®?

Souvislost mezi genem RNU4-2 a neurovyvojovym one-
mocnénim byla poprvé objevena Greenem et al., ktefi zkou-
mali pfitomnost variant ve vice nez 41 tisicich nekédujicich
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oblastech u 5529 nepfibuznych probandi s neurovyvojovy-
mi poruchami a 46 401zdravych kontrol.® U 47 pfipadu cha-
rakterizovanych poruchou vyvoje intelektu, mikrocefalii,
malym vzrastem, hypotonii, zachvaty a motorickym opoz-
dénim byly ve dvou oblastech genu RNU4-2 prokazany de
novo kauzalni varianty. Roz$ifenim ptivodni kohorty o dalsi
verejné publikované datasety pak zvysili poéet identifikova-
nych jedincti na 73. Chen et al. identifikovali heterozygotni
varianty v tomto genu u 115 probanda s neurovyvojovymi
poruchami, prokazali, Ze je gen vysoce exprimovan ve vy-
vijejicim se lidském mozku, a demonstrovali, jak vybrané
sekvenéni varianty ovliviiuji sestfih pre-mRNA.® Nasledné
Schot et al. reanalyzou 164 celogenomovych trii s negativ-
nim nalezem nalezli kauzalni variantu u jedné probandky.®
Nejéastéjsi identifikovanou variantou genu RNU4-2 byla va-
rianta n.64_65insT, a to pfiblizné v 75-79 %, druha nejcas-
téjsi byla varianta n.77_78insT.® Varianta zji$téna u naseho
pacienta, n.64_65insG, byla v literatufe popsana u dvou dal-
sich jedinct.

Na zakladé prevalence ReNU syndromu v téchto studiich
se odhaduje, Ze de novo varianty v RNU4-2 by mohly vysvét-
lit priblizné 0,4 % vsech jedinct s neurovyvojovymi onemoc-
nénimi, coz ¢ini tuto novou poruchu jednou z nejéastéjsich
vzacnych poruch, ktera vsak unikala svému objeveni, nebot
RNU4-2 stejné jako dalsi nekodujici geny, resp. jejich exo-
ny, nejsou standardné pokryty pomoci WES.*? Bez pouziti
WGS ve vyse uvedenych studiich a sekvenaci nekédujicich
variant proto nebylo mozné tyto rekurentni varianty v genu
RNU4-2 s prislusnym fenotypem asociovat. Podil neurovyvo-
jovych onemocnéni vysvétleny variantami v genu RNU4-2 by
mohl byt jesté vyssi, pokud by se omezil na jedince s tézkymi
syndromickymi neurovyvojovymi poruchami. Bohuzel dia-
gnostika muze byt komplikovana kvili vysokym finanénim
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nakladam na WGS, které navic neni bézné dostupné v dia-
gnostické praxi. Cilené Sangerovo sekvenovani genu RNU4-
2 nebo doplnéni metody WES o sondy navrzené pro neké-
dujici gen RNU4-2 (tzv. spike-in technologie) by mohlo tuto
mezeru ¢aste¢né zaplnit. Rozpoznatelné klinické rysy popi-
sované u tohoto syndromu mohou napomoci k lepsi identifi-
kaci pacientu, ktefi jsou nejvhodnéjsi pro nékterou z variant
tohoto testovani, a to jak prospektivné, tak u nevyresenych
historickych pripadu.

ZAVER

Navzdory stale pokrodilejsim molekularné genetickym
a bioinformatickym pfistupim vyuZivanym v diagnostice
vzacnych neurovyvojovych poruch zastava az 60 % jedincu
bez stanovené diagnézy. Nalezeni genu RNU4-2 v souvislosti
s ReNU syndromem pomoci celogenomového sekvenovani
umoznilo vysvétlit pfi¢inu onemocnéni u fady pacienti se
vzacnymi neurovyvojovymi poruchami a soué¢asné poukaza-
lo na dosud nevyuzity diagnosticky potencial nekédujicich
oblasti genomu. Zjisténi, Ze varianty genu RNU4-2 mohou
prispét k vysvétleni pul procenta neurovyvojovych one-
mocnéni, naznacuje, Ze mnoho dalsich jedincu stale ¢eka
na diagnézu zpusobenou variantami v nekédujicich ¢astech
genomu. Zarazeni genu RNU4-2 do standardnich klinickych
a diagnostickych postupti u jedinct s tézkym globalnim ne-
urovyvojovym postizenim a dal$imi typickymi symptomy
(hypotonie, mikrocefalie, vy$e popsana kraniofacialni dys-
morfie, porucha rustu, porucha vyvoje fe¢i, porucha autis-
tického spektra, kfece, abnormality CNS a dalsi) by mohlo
ukonéit diagnostickou odyseu mnoha pacientt a otevrit ces-
tu k vyzkumu novych 1é¢ebnych metod. |
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ABSTRACT

Aicardi-Goutiéres syndrome type 6 (AGS6) is a genetically determined autoinflammatory disorder, classically inherited in an
autosomal recessive manner. We report a Czech child with a heterozygous ADARI NM_001111.5:c.3019G>A variant causing
AGS6. In silico analysis supports a dominant-negative effect, underscoring the need to consider dominant inheritance in AGS6
diagnosis and management.

1 | Introduction (TORCH) were negative [1]. According to the Orphanet data-
base, over 500 cases of AGS with variable phenotypic manifes-
Aicardi-Goutiéres syndrome (AGS) is a rare multisystemic in- tations have been published to date. Based on the underlying

herited disorder primarily affecting the immune system and molecular genetic etiology, the condition is classified into nine
central nervous system. It was first described in 1984 by French types according to the causative gene [2]. However, due to lim-
pediatric neurologists in eight children from five families who  ited awareness, broad phenotypic heterogeneity, and diagnostic
developed progressive encephalopathy during the neonatal challenges, the true prevalence of AGS is presumed to be higher
or early infancy period. The clinical presentation, mimicking than currently reported [3, 4].

congenital infection, included chronic lymphocytosis in cere-

brospinal fluid (CSF), intracranial calcifications, and leukodys- A shared pathogenic mechanism across all AGS subtypes
trophy, while serological tests for common congenital infections ~ (AGS1-AGS9) is aberrant activation of interferon signaling,
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resultingin chronic autoinflammatory damage [2, 5]. Excessive
type I interferon production, particularly IFN-a, exerts neuro-
toxic effects [6], making central nervous system involvement
of varying severity and character a hallmark of the clinical
picture. Classical forms manifest as progressive neurological
symptoms such as microcephaly, epilepsy, psychomotor delay
or regression, dystonia, sleep disturbances, or neonatal sei-
zures [7]. Diagnostic clues include findings from CSF analysis,
serum markers, and neuroimaging. Characteristic features
are chronic lymphocytosis in CSF, elevated IFN-a and pterins
in serum and CSF, and MRI findings of leukodystrophy, intra-
cerebral calcifications (especially periventricular and in the
basal ganglia), cerebral atrophy, or vasculopathy [8-11]. A fre-
quent clinical feature is the presence of painful, intermittently
appearing, pruritic pernio-like skin lesions, typically located
on acral parts of the limbs [12], which may even represent the
sole manifestation of the disease in some patients [13]. AGS
may also present with nonspecific features of chronic disease
such as hepatosplenomegaly, thrombocytopenia [14], endocr-
inopathies [15], feeding difficulties [16], or ocular abnormal-
ities. Symptom onset most commonly occurs during the first
year of life, but cases with adolescent or adult onset have also
been reported [17].

Adult cases range from mild forms to severe manifestations,
including isolated psychological symptoms or spastic paraple-
gia [15, 18, 19]. AGS is typically a disabling disorder with a
prognosis depending on the specific genetic subtype and se-
verity of clinical involvement. Even when the genetic cause
is identified, predicting the disease course remains difficult.
While some patients achieve a stable condition, neurological
deficits often persist, increasing the patient's dependence on
care [20].

Due to its heterogeneous clinical presentation, AGS diagnosis
is often delayed and requires a high index of suspicion, partic-
ularly in individuals presenting with a phenotype resembling
congenital infection in the absence of confirmed infectious
agents. Clues such as progressive neurological regression,
spastic paraparesis or quadriparesis, microcephaly, or char-
acteristic skin lesions should prompt further investigation.
Biochemical abnormalities in CSF, including elevated neop-
terin and IFN-« levels, lymphocytic pleocytosis, and elevated
protein content, can support clinical suspicion. Interpretation
of neuroimaging findings depends heavily on the modalities
used [21-23]. A definitive diagnosis, therefore, relies on mo-
lecular genetic testing.

In the AGS6, which is the focus of this case report, three cases
have been described in the literature to date involving a het-
erozygous pathogenic variant in ADARI identical to the one
identified in our patient [24]. ADARI plays a critical role in
maintaining immune tolerance to self RNA, and its dysfunc-
tion, including loss of its A-to-I RNA editing activity, results
in inappropriate activation of antiviral pathways. The pre-
sumed pathogenic mechanism involves a dominant-negative
effect, in which the product of the mutated allele not only
lacks normal function but also interferes with the function of
the wild-type protein. This mechanism may result in a clinical
phenotype resembling that of an autosomal recessive disease.
The hypothesis of a dominant-negative mechanism for this

specific pathogenic variant has been described in the litera-
ture [25]. However, this has not yet been confirmed experi-
mentally nor supported by advanced molecular modeling. In
this report, we present the case of a 13-month-old boy with
progressive spasticity and psychomotor regression who was
diagnosed with AGS type 6 due to a heterozygous ADARI
NM_001111.5:c.3019G>A variant.

2 | Case History and Examination

We present the case of a 13-month-old boy referred for eval-
uation due to progressive spastic paraplegia evolving into
quadrispasticity, accompanied by the regression of psycho-
motor development. Family history was negative, and the pa-
tient's sibling was healthy. The boy was born from the second
pregnancy of a healthy mother. The third trimester of preg-
nancy was complicated by gestational hypertension treated
with methyldopa. Prenatal ultrasound examinations revealed
no abnormalities. Delivery was spontaneous at term, with
the newborn being eutrophic and exhibiting an uneventful
postnatal adaptation. Early psychomotor development was
initially assessed as harmonious and within the broader
range of normal. According to the parents, the child had a
calm temperament since birth. However, around 6 months of
age, he developed marked irritability, progressive spasticity,
and regression of both motor and cognitive development. At
the first neurological examination, quadrispasticity was ob-
served, with developmental regression corresponding to the
level of a neurologically impaired newborn. Somatic examina-
tion revealed microcephaly, general hypotrophy, hypogonad-
ism, cryptorchidism, and micropenis. The parents reported
difficulties with the introduction of solid foods, the patient
was unable to chew and swallowed pieces whole. His diet re-
mained limited to milk formula and blended food. At the age
of 13 months, the boy was referred to our department for fur-
ther evaluation of his overall health status. Anthropometric
measurements showed a body length of 71cm (2nd percen-
tile, standard deviation [SD] -2.08), weight of 7.9kg (0.6th
percentile, SD -2.52) the weight-for-height ratio was within
19th percentile, SD -0.88. Head circumference reached 44cm
(2.1 percentile, SD -2.03). Brain MRI revealed dysgenesis of
the corpus callosum with dilatated ventricular system and
deepened cerebral sulci corresponding with mild cortical
atrophy, and a laminar adenohypophysis with a thinned in-
fundibulum and hypoplastic dimensions for age (<2mm)
(Figure 1). Laboratory testing showed mildly elevated lac-
tate (3.4mmol/L), lactate dehydrogenase (5.73 pukat/L), and
ALT (1.23 pkat/L). The MRI finding of a hypoplastic pituitary
correlated with laboratory-confirmed deficiency of gonado-
tropins and growth hormone. EEG and EMG did not reveal
clear pathological findings. Given the polymorphic, rapidly
progressive, and syndromic neurological presentation, the
patient was enrolled in the national BabyFox study, a rapid
whole-genome sequencing (rWGS) program for seriously or
critically ill children, performed in a trio setting (proband
and both parents). Whole genome sequencing was performed
using the Illumina NovaSeq 6000 system; variant calling was
conducted through the DRAGEN pipeline V4.3, and tertiary
analysis, including HPO-driven phenotypic prioritization
and clinical variant interpretation, was carried out using the
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FIGURE1 | FIGURE 1 Brain MRI performed at 13 months of age. The examination showed deepened cerebral sulci suggesting cerebral atrophy,

enlarged ventricular system, dysgenesis of the corpus callosum, and age-appropriate myelination.

Emedgene V36.2 platform (all solutions from Illumina Inc.
San Diego, CA, USA). Pathogenic de novo heterozygous vari-
ant NM_001111.5:¢.3019G>A, p.(Glyl007Arg) in the ADARI
gene was identified within 5days of blood collection and sub-
sequently verified by Sanger sequencing (Figure 2).

3 | Differential Diagnosis, Investigations, and
Treatment

Pathogenic variants in ADARI are associated with autosomal
recessive Aicardi-Goutiéres syndrome type 6 (MIM: 615010)
and autosomal dominant dyschromatosis symmetrica hered-
itaria (DSH, MIM: 127400). Several recent studies have high-
lighted that probands with de novo heterozygous variants in
ADARI may present with features resembling spastic paraple-
gia, hypothesizing a dominant-negative effect of the pathogenic
variant [25, 26].

To further support the hypothesis of a dominant-negative effect
of the pathogenic variant, we performed advanced molecular
modeling (Figure 3). The G1007 residue in ADAR1 is located
within the enzyme's catalytic deaminase domain. G1007 is
a part of the highly conserved GEG triplet sequence (G1007-
E1008-G1009) that resides within the base-flipping loop of the
deaminase domain. This loop plays a critical role in the en-
zyme's ability to flip the targeted adenosine out of the RNA helix
and into the active site where deamination occurs [26]. The two
glycine residues flanking the catalytic glutamate (E1008) are
essential due to their small size and conformational flexibility.
These properties allow the crucial catalytic glutamate residue
E1008 to intercalate into the minor groove of the dsSRNA sub-
strate, a necessary step for facilitating the flipping of the tar-
geted adenosine base [26].

The substitution of glycine, a small and nonpolar amino acid,
with arginine, a large and positively charged amino acid, at
position 1007 will disrupt this base-flipping mechanism. The
bulky side chain of arginine is likely to cause steric hindrance,
interfering with the loop conformation and its ability to in-
sert into the minor groove. Moreover, the introduction of a
positive charge at this location could alter the electrostatic

interactions within the active site and with the dsSRNA sub-
strate. Depending on the rotamer of the introduced positively
charged arginine R1007, it can form a salt bridge with nega-
tively charged E1008, which would be detrimental to the ac-
tivity of ADARI.

The hypothetical dominant-negative effect of the ADARI1
G1007R variant can be attributed to two mechanisms: (a)
Mechanism I, competitive inhibition through potentially en-
hanced RNA binding by mutant protein [27], and (b) Mechanism
II, the potential formation of non-functional heterodimers
of the mutant protein with the wild-type protein [28]. Both the
enhanced RNA binding leading to competitive inhibition and
the formation of non-functional heterodimers can contribute
to the overall dominant negative effect observed in individuals
with the G1007R variants. The mutant protein’'s potential to bind
RNA with higher affinity could directly block the wild-type en-
zyme, while its ability to form dysfunctional dimers could fur-
ther reduce the pool of functional ADAR1 complexes. Currently
available experimental data do not allow us to distinguish be-
tween the two proposed mechanisms, which must therefore be
regarded as hypothetical. In addition, in silico modelling is lim-
ited by incomplete structural information in public databases
and by the high uncertainty in predicting the relative arrange-
ment of individual domains. Resolving the structure of the ter-
nary complex with bound RNA, including the region carrying
the variant identified in this study, would require extensive ad-
ditional structural analyses, which lie beyond the scope of the
present work.

Based on current knowledge, clinical presentation, structural
impact of the p.Glyl007Arg variant in ADAR1, and hypothetical
mechanisms of dominant-negative effect, the diagnosis of AGS6
was established in this patient.

4 | Conclusion and Results

The patient was referred to a multidisciplinary neurologic and
pediatric internal care. Symptomatic treatment focusing on
spasticity was initiated. As part of pediatric internal medicine
follow-up, dysphagia rehabilitation and stimulation testing of
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FIGURE 2 | Electrophoretogram depicting the results of Sanger sequencing verification of the ADARI NM_001111.5:c.3019G>A variant in the
proband and both parents. A heterozygous G>A peak marked with an arrow is observed exclusively in the proband, with wild-type sequence in both

parents, confirming the variant's de novo origin.

the hypothalamic-pituitary axis were indicated, with a view
toward hormone replacement therapy and possible surgical cor-
rection of cryptorchidism. The family was offered genetic coun-
seling as part of future parental planning.

5 | Discussion

We present the case of a child with a complex spectrum of neu-
rological and somatic manifestations, characterized primarily

by progressive spasticity and psychomotor regression. Given the
syndromic and rapidly evolving clinical picture, genetic testing
was performed. Rapid whole genome sequencing (rWGS) within
the BabyFox study, confirmed by Sanger sequencing, identified
a heterozygous pathogenic de novo variant in the ADARI gene
(NM_001111.5:c.3019G>A; p.Glyl007Arg), previously associ-
ated with both AGS6 and DSH [29]. This case demonstrates that
first-tier r'WGS can deliver a timely etiologic diagnosis in criti-
cally ill infants with unclear syndromic presentations, curtail
unnecessary testing, and guide clinical management.
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FIGURE3 | Position of the variant G1007R near the catalytic center
of ADARI. The key residues are shown in stick, while the coordinated
catalytic zinc ion is shown as a sphere. The mutated residue G1007 (in
purple) is located just next to the R1009 in the GRG loop, which is criti-
cal for RNA binding and catalysis. G1007 is at a 9.9 A distance from the
Zn?* (yellow dashed line), which is coordinated by the residues H910,
E912, C66 and C1036. The variants G1007R could increase the affinity
of the mutant ADAR1 toward the negatively charged phosphate back-
bone of dsRNA due to an extra positive charge. The structure of ADAR1
was prepared using AlphaFold3 (DeepMind/Google), and the zinc ion
was placed from the structure PDB ID 9D5K. The figure was prepared
by PyMol.

Although our patient did not present with the full phenotypic
picture of either AGS6 or DSH, recent reports [29] describe a
clinical phenotype resembling hereditary spastic paraplegia
(HSP) in individuals with heterozygous ADARI variants. The
brain MRI findings (cortical atrophy, ventricular dilatation, and
corpus callosum dysgenesis) were consistent with previously
described neuroimaging features in AGS patients. While the ab-
sence of intracranial calcifications could raise diagnostic uncer-
tainty, it is known that their detection may be challenging using
conventional MRI, particularly in young infants. Imaging tech-
niques such as computed tomography or susceptibility-weighted
imaging sequences exhibit significantly higher sensitivity for de-
tecting calcifications but were not performed in this case due to
the patient's age and clinical stability at the time of evaluation.
No cutaneous signs of DSH, such as hypopigmented or hyperpig-
mented macules on the face or dorsal aspects of the extremities,
were present in our patient. However, the absence of DSH-like
cutaneous manifestations in genetically confirmed cases of
AGS6 has been documented and may reflect variable expressivity
of ADARI, influenced by genetic background and environmental
factors. This hypothesis is supported by the significantly higher
incidence of clinically evident DSH in East Asian populations
compared to other ethnic groups [29].

In this case, the clinical presentation was not suggestive enough
to raise early suspicion of AGS. The diagnosis was made based
on genetic testing, prior to the availability of cerebrospinal fluid
or peripheral interferon-related biomarkers. Although measure-
ment of IFN-a and pterin levels in CSF was initially planned,

these tests were not performed due to their limited availability and
the invasive nature of lumbar puncture in a neurologically fragile
child. The variant NM_001111.5:¢.3019G>A (p.Gly1007Arg) in
ADARI is associated with incomplete penetrance and variable
expressivity, both of which remain poorly understood and may
reflect the influence of genetic modifiers. Current evidence sug-
gests a dominant-negative mechanism of pathogenicity, in which
the mutant protein not only loses its physiological function but
also interferes with the function of the wild-type allele. Structural
modeling performed using AlphaFold and PyMOL supports this
hypothesis, revealing the location of the mutated residue near
the catalytic site of the deaminase domain.

Therapeutic options for AGS remain limited despite advances
in molecular diagnostics. The standard of care continues to
focus on symptomatic management, primarily targeting spas-
ticity, epilepsy, feeding difficulties, and other systemic mani-
festations. In the case of the patient presented in this report, a
13-month-old boy with rapidly progressive spasticity, develop-
mental regression, and a de novo heterozygous pathogenic vari-
antNM_001111.5:c.3019G>A in the ADARI gene, treatment was
initiated within a multidisciplinary care setting, focusing on the
management of neurological and endocrine complications. The
patient received symptomatic therapy, including central muscle
relaxants, rehabilitation, dysphagia intervention, and planned
hormonal substitution due to confirmed pituitary insufficiency.
Targeted immunomodulatory therapy was not initiated, primar-
ily due to the patient’s young age, the lack of robust evidence in
the pediatric population, and an unclear risk/benefit ratio.

In recent years, increasing attention has been directed toward
the use of Janus kinase (JAK) inhibitors, particularly baricitinib
and ruxolitinib, which interfere with the JAK/STAT signaling
pathway, a key effector downstream of type I interferon (IFN-I)
signaling and the central pathophysiological mechanism in AGS.
Published case reports, including one involving the same ADAR1
variant (p.Glyl007Arg), have described a positive response to a
combination of corticosteroids and ruxolitinib, supporting the hy-
pothesis that targeting the downstream IFN-I-mediated inflam-
matory cascade may be beneficial in selected AGS6 cases [25]. At
present, however, no active clinical trials are enrolling patients
with ADARI variants, according to regional or global databases
(CTIS, ANZCTR, WHO-ICTRP). Compassionate use programs
with baricitinib (e.g., NCT01724580, NCT03921554) have been
completed. Long-term corticosteroid therapy may help alleviate
nonspecific systemic symptoms but does not result in signifi-
cant neurological improvement. Various alternative methods for
managing spasticity have been described in isolated case reports,
including deep brain stimulation, intrathecal baclofen pumps
[30], or botulinum toxin injections [19], although the effects
were either limited or not well defined. Epilepsy associated with
AGS generally responds well to standard antiepileptic drugs [31].
Therefore, the treatment of AGS6 remains primarily supportive
and symptom-focused, and decisions regarding potential immu-
nomodulatory interventions must be made on an individual basis
considering patient age, disease severity, systemic inflammatory
activity, and the availability of specialized centers.

To the best of our knowledge, this is the first genetically con-
firmed case of AGS6 with the ¢.3019G>A variant reported in
a Czech patient. In the presented case, the diagnosis of AGS6
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was established based on rapid molecular genetic testing,
which identified a heterozygous pathogenic ADARI variant
(NM_001111.5:c.3019G>A; p.Glyl007Arg). Although most
AGS subtypes follow autosomal recessive inheritance, AGS6
has been repeatedly associated with autosomal dominant
transmission, likely mediated by a dominant-negative effect of
the mutant protein on the wild-type allele. Our structural mod-
eling supports this hypothesis, illustrating how the G1007R
substitution may interfere with RNA binding and catalysis,
and potentially disrupt the function of the wild-type protein
in heterozygous individuals. At present, care is focused on
symptomatic management, while targeted immunomodula-
tion, including JAK/STAT inhibition, remains investigational
[32]. From a diagnostic perspective, AGS should be considered
in the differential diagnosis of early-onset neurological regres-
sion, particularly in cases mimicking congenital infection with-
out identified pathogens or perinatal risk factors. Early genetic
diagnosis can significantly influence clinical decision-making,
prognosis, and reproductive counseling.
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Abstract

Background Hereditary spastic paraplegia type 56 (SPG56) is a rare autosomal recessive neurodegenerative disorder
caused by biallelic variants in the CYP2UT gene, which encodes a cytochrome P450 enzyme involved in fatty acid
metabolism and mitochondrial function. The clinical spectrum includes progressive spasticity of the lower limbs,
developmental delay or regression, cognitive impairment, and variable ophthalmological findings. Although several
cases have been reported in recent years, the functional characterization of individual variants remains limited.

Case presentation Here we describe a male patient with early-onset SPG56 carrying two CYP2U1 missense variants,
NM_183075.3:c.1376 C>T p.(Pro459Leu) and NM_183075.3:c.557G > A p.(Arg186His). Combined genomic, cellular, and
in silico analyses confirmed loss of enzymatic activity and protein instability, supporting the pathogenic classification
of both variants. Functional validation led to reclassification of the p.(Arg186His) variant from uncertain significance
to pathogenic. Further, we link specific CYP2U1 missense changes to convergent molecular defects, thereby refining
genotype-phenotype correlations. From a therapeutic perspective, we highlight the relevance of experimental
interventions such as folinic acid supplementation and multimodal spasticity management, while emphasizing the
future promise of gene therapy for SPG56 patients.

Conclusions Our findings highlight the value of integrating genomic, biochemical, and structural approaches in

the diagnostic evaluation of rare neurogenetic disorders, and provide functional evidence that the identified CYP2UT
variants are damaging, consistent with the observed early-onset complex SPG56 phenotype.

Keywords Hereditary spastic paraplegia, SPG56, CYP2U1, Functional validation, Missense variants, Cytochrome P450,
In silico modeling
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Background

Hereditary spastic paraplegia (HSP) comprises a het-
erogeneous group of more than 80 genetic syndromes,
primarily affecting motor neurons. The hallmark symp-
tom is progressive spasticity and weakness of the lower
extremities due to neurodegeneration of the corticospi-
nal tract. Uncomplicated (or pure) HSP manifests mainly
with motor impairment, whereas complicated (or com-
plex) HSP displays additional neurological or extra-neu-
rological features such as intellectual disability, epilepsy,
cognitive dysfunction, peripheral neuropathy, or chorio-
retinal dystrophy. In recent years, an increasing num-
ber of causative genes have been identified, with diverse
modes of inheritance — autosomal dominant, autosomal
recessive, X-linked dominant, or mitochondrial. While
individual HSP subtypes are rare or ultra-rare, the overall
prevalence of HSP is approximately 1 in 100,000 individ-
uals, depending on the population studied [1-3].

Spastic paraplegia type 56 (SPG56, OMIM#615030) is
an autosomal recessive HSP caused by biallelic patho-
genic variants in the CYP2UI gene, which encodes a
member of the cytochrome P450 family [4, 5]. Although
the exact function of CYP2U1 in humans is not fully
understood, it is predominantly expressed in the cen-
tral nervous system and thymus [5]. It represents a
specific human enzyme that catalyzes w- and (0-1)-
hydroxylation of long-chain fatty acids, particularly ara-
chidonic acid and docosahexaenoic acid (DHA) [6, 7].
In experimental models, CYP2U1 has been shown to
convert arachidonic acid exclusively into two regionally
specific metabolites, 19-hydroxy- and 20-hydroxyara-
chidonic acid (19-HETE and 20-HETE). These products
belong to bioactive eicosanoids, acting as local signaling
molecules that influence vascular tone, neuronal excit-
ability, Ca™ channel regulation, and immune responses.
19-HETE has been demonstrated to function as an
inhibitor of P/Q-type Ca* channels in Purkinje cells
of the cerebellum, suggesting that CYP2U1 may indi-
rectly modulate neurotransmitter release and cerebral
microcirculation. Conversely, 20-HETE acts as a vaso-
constrictor in cerebral and renal tissues, contributing to
the regulation of blood flow and blood pressure. Given
the high expression of CYP2U1 in the thymus, a role in
immune processes has also been proposed, mediated
through the metabolism of polyunsaturated fatty acids
that affect lymphocyte proliferation and differentiation.
Thus, CYP2U1 activity integrates lipid signaling, neuro-
physiology, and immune regulation, occupying a unique
position among the cytochrome P450 enzymes [6].

To date, 61 pathogenic or likely pathogenic CYP2U1
variants have been reported in the ClinVar database,
most of which are predicted to result in loss of function
of the enzyme according to current variant annotations.
Approximately 50 individuals with SPG56 have been
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reported in the literature [8—22]. All of them carried bial-
lelic CYP2U1 variants, while heterozygous carriers were
asymptomatic. SPG56 typically presents in infancy with
progressive spastic paraplegia and variable additional fea-
tures, including intellectual disability, cognitive dysfunc-
tion, upper limb involvement, psychiatric manifestations,
and MRI abnormalities such as hypomyelination or brain
calcifications [10-13, 16, 21]. However, a small number
of cases with uncomplicated HSP have been described. In
2025, a case report documented a woman with biallelic
pathogenic CYP2U1 variants who developed adult-onset
symptoms at the age of 39 [22], illustrating significant
phenotypic and age-related variability. Furthermore, vari-
able maculopathies in patients with biallelic CYP2U1
variants were first described by Leonardi et al. in 2016
[9] and have since been repeatedly confirmed by other
reports [18, 20]. A recent report described two siblings,
both compound heterozygotes for the same pathogenic
CYP2U1 variants [20]. One sibling developed neurologi-
cal symptoms consistent with SPG56 from the age of two
but exhibited no visual impairment, whereas the other
showed reduced visual acuity at age of 15 years without
neurological manifestations. Detailed ophthalmologic
evaluations revealed retinal impairment in both individu-
als, resembling changes seen in macular telangiectasia
type 2, with more severe manifestations in the visually
impaired sibling. The striking phenotypic discordance,
despite identical biallelic genotypes, underscores the
unresolved variability of CYP2U1-related disease and the
likely contribution of genetic or environmental modifiers.

All reported cases were identified through a system-
atic literature search using the keywords CYP2U1 AND
(SPG56 OR spastic paraplegia), followed by detailed
screening of the described clinical features in each report;
overlapping cases were carefully excluded. A summary of
the most common symptoms and their percentage occur-
rence, based on 52 literature-reported cases, is presented
in Table 1.

These observations emphasize the importance of pub-
lishing detailed case reports of individuals with CYP2U/1
variants. Careful phenotypic characterization across ages
and clinical presentations is crucial for identifying poten-
tial modifiers, genetic, metabolic, or environmental, that
influence disease expression. Such cumulative evidence
may refine genotype—phenotype correlations, improve
diagnostic protocols for early detection of comorbid
symptoms, and support the development of personalized
therapeutic strategies.

In this study, we report a patient with early-onset com-
plex SPG56 carrying two CYP2UI missense variants and
provide their functional characterization using biochemi-
cal and structural approaches. Our aim is to contribute
additional evidence supporting variant pathogenicity and
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Table 1 Prevalence of symptoms in SPG56 patients (based on
52 published cases; references [8-22])

Lower limbs spasticity 92%
Upper limbs spasticity 27%
Neurodevelopmental disorders 52%
Seizures 6%
Dysarthria 2%%
Abnormal brain MRI 2%%
White matter hyperintensities 19%
Thinning of the corpus callosum 6%
Delayed myelination 6%
Basal ganglia calcification 8%
Unspecified visual impairment 8%
Maculopathy 32%
Pigmentary degenerative 8%
Pseudoxanthoma elasticum 6%
Macular telangiectasia 8%
Unspecified maculopathy 10%

to further delineate the clinical and molecular features
associated with CYP2U1-related disease.

Case presentation

We present a Czech male born to healthy non-consan-
guineous parents. The family does not originate from a
known endogamous or genetically isolated population.
Proband has an older sister who experienced a mild
speech delay but is otherwise healthy, with no neurologi-
cal symptoms. The mother reported use of acetylsalicylic
acid during pregnancy due to a risk of placental abrup-
tion; otherwise, the perinatal history was uneventful.
Early psychomotor development was within normal lim-
its, with appropriate motor milestones. Between 3 and 4
months of age, the patient began physiotherapy for mild
body asymmetry, occasional opisthotonic posturing,
and central hypotonia, with limited improvement. At
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approximately 6 months of age, the physiotherapist noted
increased spasticity in the lower limbs, prompting inten-
sified physiotherapy. Over the next two months, motor
development further deteriorated, resulting in hospital-
ization for complex evaluation.

Neurological examinations revealed regression of
motor function to a level comparable with a newborn,
axial central hypotonia combined with early-stage spas-
ticity of the limbs (more pronounced in the lower limbs
and with all typical clinical signs of central motor neuron
impairment), variable dystonic posturing of the extremi-
ties, and increased regurgitation. Psychosocial devel-
opment was found to be normal, or at least much less
impaired than motor skills. This trend was also evident in
subsequent developments. Extensive laboratory work-up,
including a comprehensive selective screening for inher-
ited metabolic disorders, revealed no major abnormali-
ties. Only borderline vitamin B12 deficiency and mild
vitamin D insufficiency were detected, both of which
were corrected with appropriate supplementation. Ultra-
sound of the abdomen revealed no abnormalities. Addi-
tional findings included a closed anterior fontanelle, mild
slowing of background activity in the EEG (Supplemen-
tary Figure S3), demyelinating changes on EMG (Supple-
mentary Figure S4), and MRI abnormalities consistent
with delayed myelination (Fig. 1A, B). Cardiac examina-
tion, including EKG and echocardiography, revealed no
structural or functional abnormalities. Ophthalmologic
assessments were repeatedly normal, with no abnormali-
ties detected on fundoscopic examination.

Given the unclear etiology, further metabolic work-
up was performed, along with comprehensive genetic
testing. No specific inborn error of metabolism was
identified. Genetic testing consisted of karyotyp-
ing, array-based comparative genomic hybridization
(array-CGH), whole-exome sequencing (WES), and

Fig. 1 Brain MRI at 9 months of age. (A) T1_tra: bilaterally symmetrical low signal intensity areas in the paraventricular white matter of the frontal lobes
(abnormal due to age-dependent process of myelination), (B, C) T2+ FLAIR_tra: band-like hyperintensities of white matter in both sequences (predomi-
nantly in the left frontal and right occipital region), corresponding with delayed myelination, (D) T1-weighted sequence, sagittal plane
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mitochondrial genome sequencing. The patient had a
normal male karyotype, and array-CGH showed no dele-
tions or duplications. Mitochondrial sequencing revealed
no variants relevant to the phenotype. WES identified
two variants in the CYP2UI gene, likely pathogenic vari-
ant NM_183075.3:c.1376 C>T p.(Pro459Leu) and vari-
ant of uncertain significance NM_183075.3:¢.557G > A
p-(Argl86His). Subsequent parental testing confirmed
the biallelic positions, with each parent being heterozy-
gous for one of the two variants (see Fig. 2). The sister is
not a carrier of either of the described CYP2U/1 variants.

Both identified CYP2U1 variants are extremely rare in
population databases. The NM_183075.3:c.1376 C>T
p-(Pro459Leu) variant (rs747965749) has a reported
allele frequency of approximately 0.00005-0.00006 in
gnomAD, while NM_183075.3:c.557G > A p.(Argl86His)
(rs746319505) is present at an allele frequency of approx-
imately 0.00001. Given these extremely low frequencies,
the probability of their co-occurrence by chance in the
same individual is exceedingly low.

In addition to the protein-level effects, we considered
the possibility of alternative transcript isoforms that
might escape the impact of the identified variants. Inter-
rogation of genome annotation databases (Ensembl and
UCSC Genome Browser) indicates that CYP2U1 has a
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limited number of annotated transcript variants, with
the canonical isoform containing both affected residues
(Arg186 and Pro459). No well-supported protein-coding
isoforms lacking these regions were identified. While the
existence of low-abundance or tissue-specific transcripts
cannot be entirely excluded, current evidence suggests
that alternative splicing is unlikely to provide significant
functional compensation for the identified variants.

This genetic finding strongly supported a diagnosis of a
compound heterozygote SPG56 and was consistent with
the clinical presentation, further reinforcing the geno-
type—phenotype correlation characteristic of CYP2UI-
related disease. To further validate the diagnosis, we
performed a functional study and in silico structure mod-
elling of the NM_183075.3:c.557G>A p.(Argl86His)
variant in the CYP2UI gene, previously classified as a
variant of uncertain significance, as well as confirming
the likely pathogenic variant NM_183075.3:c.1376 C>T
p-(Pro459Leu) by these approaches.

Functional analysis and in silico structure modelling

To determine the ability of CYP2U1 with the missense
variants NM_183075.3:c.557G > A p.(Argl86His) or
NM_183075.3:c.1376 C > T p.(Pro459Leu) to catalyse
the hydroxylation of arachidonic acid to 19-HETE and

NM_183075.3:c.1376C>T (p.Pro459Leu) | [ NM_183075.3:c.557G>A (p.Arg186His)
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Fig. 2 Sanger sequencing electrophoretograms from segregation analysis. The likely pathogenic NM_183075.3:c.1376 C>T variant was inherited from
the unaffected father, while the variant of uncertain significance, NM_183075.3:c.557G > A, was inherited from the unaffected mother
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20-HETE isomers, we adapted a method for detecting
the products of this enzymatic reaction by LC-MS as
described previously [4].

Briefly, full-length human CYP2U1I c¢DNA was sub-
cloned into pcDNA3.1(+)IRES_GFP plasmid (Add-
gene). Gene variants NM_183075.3:c.557G>A and
NM_183075.3:c.1376 C>T were generated using Q5
Site-Directed Mutagenesis Kit (New England Biolabs)
and confirmed by Sanger sequencing. In three indepen-
dent biological replicates, HEK293T cells (cultured in
DMEM with 10% FBS and antibiotics) were seeded at
1x10* cells/cm? and transfected the next day by each
plasmid construct (empty plasmid, CYP2U1 ¢.557G>A
p-(Argl86His), CYP2U1 ¢.1376 C>T p.(Pro459Leu), or
CYP2U1 wild-type) using Lipofectamine 3000 (Invitro-
gen) according to the manufacturer’s protocol. Two days
after transfection, cells were harvested in 1xPBS with a
protease inhibitor cocktail (Thermo Scientific). Similar
expression of each construct in cells was verified by flow
cytometry (GFP, data not shown). Cells were then lysed
by sonication in lysis buffer (50 mM K-phosphate, pH
7.4, 0.5 M sucrose, 1 mM EDTA). After centrifugation
at 20,000 g/4°C/10 min, the supernatant was collected,
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and the protein concentration was measured by BCA
Protein Assay (Thermo Scientific). 25 pg of total proteins
was used for the conventional western blot analysis using
anti-CYP2U1 antibody (sc-393368, Santa Cruz Biotech-
nology) and anti-B-actin antibody (4970 S, Cell Signal-
ing Technology). The protein CYP2U1 was detected only
in lysates from cells transfected either with wild-type or
p-(Argl86His) variant, but consistently undetectable in
the p.(Pro459Leu) variant across all biological replicates,
suggesting that this variant results in protein instability
(Fig. 3A).

The enzymatic activity of CYP2U1 was determined by
incubating 400 pg of total proteins diluted in lysis buffer
with 5 uM arachidonic acid (Sigma Aldrich). The samples
were first incubated at 37 °C/10 min, then the 2xNADPH
regenerating system (Promega) was added (v/v) and the
incubation continued at 37 °C for the next 45 min. The
reaction was terminated by acidification to pH ~ 3.5 with
acetic acid, and the metabolites were extracted twice
with ethyl acetate (v/v). After that, ethyl acetate was
evaporated (Eppendorf Concentrator Plus), and the resi-
dues were diluted in 25 pL of absolute EtOH. Finally, the
UHPLC-MS was used to clearly distinguish the 19-HETE
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Fig. 3 Detection of protein level and enzymatic activity of CYP2U1 and its variants. (A) Western blot analysis of CYP2U1 wild-type and missense variants
overexpressed in HEK293T cells; representative immunoblot (anti-CYP2U1: sc-393368, Santa Cruz Biotechnology, and anti-B-actin: 4970 S, Cell Signal-
ing Technology) is shown. (B) Relative peak area of the metabolites 19-HETE and 20-HETE detected by UPLC-MS, determining the enzymatic activity of
CYP2U1 wild-type and missense variants overexpressed in HEK293T cells; normalized to internal standard 20-HETE-d6; error bars represent SD. Empty
plasmid pcDNA3.1(+)IRES_GFP was used as a control. Data were obtained from three independent biological replicates
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Fig. 4 The structural model of CYP2U1 and localization of mutations. The model downloaded from the AlphaFold Database (ID: AF-Q7Z449-F1-v4) is
shown as a ribbon representation: the overall protein structure (left) and a close-up view (right). The location of heme (magenta stick) and the ligand
Pilocarpine (yellow stick), bound in the active site, was transferred from homologous structures (PDB IDs 3C6G and 3T3S, respectively) using the AlphaFill
algorithm. The localization of mutations Arg186His (red stick) and Pro459Leu (green stick) is shown in the structure of wild-type CYP2U1

and 20-HETE isomers (Supplementary Figure S1) and
demonstrate their presence/absence in the sample,
while 20-HETE-d6 (Cayman Chemicals) was used as an
internal standard. The analysis was performed using an
Agilent 1290 Infinity II liquid chromatograph with an
Agilent QQQ6495A mass spectrometer, equipped with
an Acquity BEH C18 (1.7 pm, 2.1 mm x100 mm, Waters,
detailed specifications in Supplementary Methods). The
19-HETE and 20-HETE isomers were detected only in
the CYP2U1 wild-type sample. Neither of the mutant
proteins catalyzed the hydroxylation of arachidonic acid
to these metabolites (Fig. 3B), with signals in mutant
samples consistently below the limit of detection, sug-
gesting the loss of enzymatic activity in the CYP2U1
p-(Argl86His) variant and confirming the pathogenic
effect of the CYP2U1 p.(Pro459Leu) variant, probably
due to the protein instability.

Next, we used in silico modelling to better understand
the effect of variants on the protein structure and func-
tion. The tertiary structure of CYP2U1 was obtained from
AlphaFold DB [23] (Fig. 4). The missing heme group was
added using AlphaFill [24] inferred from the homologous
structure PDB ID 3C6G. The active site location was deter-
mined based on the position of Pilocarpine in the analo-
gous structure PDB ID 3T3S, identified via AlphaFill [25]
with further confirmation from multiple ligands detected
by AlphaFill. The protein-heme complex was also mod-
elled using AlphaFold3 [26]. Both models were structurally
aligned and compared in 3D. Overall, the models obtained
from AlphaFold DB and predicted using AlphaFold3 show
good structural agreement, including the location and
orientation of the heme (Supplementary Figure S2). Site-
directed mutations were introduced in both models using

PyMOL [27], and their spatial positioning relative to the
heme and catalytic pocket was critically analyzed.

The Argl86His mutation is located at the tip of the
helix (Fig. 4, red stick). The substitution of a polar argi-
nine for a polar histidine could potentially be tolerated
by the structure. This is supported by the AlphaMissense
prediction, which assigns a score of 0.49, suggesting an
ambiguous effect. Using other prediction algorithms,
the probably damaging (PolyPhen2: HDivPred score 1,
HVarPred score 0.999; [28]) and deleterious (SIFT v6.2.0:
score 0.00, median 4.32; [29], and MutationTaster v2021:
Tree vote 70|30 del|benign [30]) effects on protein struc-
ture were predicted. The Argl86His mutation is posi-
tioned 12 A away from the heme and is localized on the
opposite side of the catalytic pocket. The helix carrying
this mutation is in direct contact with the heme, and
even a slight distortion due to the Argl86His substitu-
tion could impair heme binding or repositioning, leading
to a detrimental effect on catalytic function [4]. Loss of
heme binding renders the enzyme functionally inactive,
compromising its ability to hydroxylate arachidonic acid,
a key biochemical process in neuronal maintenance [6].

The Pro459Leu mutation is located on a loop, approxi-
mately 18 A away from the heme (Fig. 4, green stick). This
mutation is predicted to be poorly tolerated by the pro-
tein structure due to an apparent steric clash between the
Leu side chain and adjacent residues in this region. It is
expected to cause structural destabilization. This interpre-
tation is further supported by the AlphaMissense predic-
tion, which assigns a score of 0.67, indicating a deleterious
effect. This variant is listed in the HGMD database [31]
as causative for spastic paraplegia based on primary litera-
ture evidence published by Leeson et al. [32].
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The NM_183075.3:c.557G > A p.(Arg186His) variant
reclassification

The functional and in silico analyses complemented the
genetic findings, allowing us to propose reclassification
of the missense variant NM_183075.3:¢.557G > A from
uncertain significance to pathogenic in accordance with
ACMG Standards and Guidelines criteria [33]. Firstly,
WES and subsequent parental testing revealed the bial-
lelic position of this variant with a likely pathogenic vari-
ant (NM_183075.3:c.1376 C > T) in our patient (PM3).
As demonstrated by a functional study, the variant
NM_183075.3:c.557G > A leads to the loss of enzymatic
activity of CYP2U1 (PS3), and the deleterious effect was
also predicted by in silico methods (PP3). In addition,
the criteria PM2 (extremely low allele frequency; MAF <
0.01%; gnomAD) and PP2 (missense variants are a com-
mon mechanism of disease; [4, 5, 11, 22]) were fulfilled.
This variant therefore meets the criteria to be classified
as pathogenic (PS3, PM2, PM3, PP2, PP3), and we have
accordingly submitted this variant to the ClinVar data-
base with this classification.

Therapeutic approaches

Following the SPG56 diagnosis, we conducted a literature
review to explore potential therapeutic considerations.
Wong et al. reported a possible association between
CYP2Ul1-related SPG56 and cerebral folate deficiency
in two patients, who received long-term oral folinic acid
supplementation [19]. The authors described clinical sta-
bilization; however, these observations remain limited
and should be interpreted with caution.

In our patient, cerebrospinal fluid (CSF) folate levels
could not be assessed due to unsuccessful lumbar punc-
tures, and no direct evidence of folate deficiency was
obtained. Oral folinic acid supplementation was never-
theless initiated on an empirical basis, without objective
data on treatment response to date. Symptomatic treat-
ment with clonazepam and baclofen was introduced to
manage spasticity.

Following the diagnosis, the patient’s family connected
with an international network of families affected by
SPG56 through social media and expressed interest in par-
ticipation in an upcoming academic clinical trial of gene
therapy for CYP2U1-related spastic paraplegia, which is
currently being prepared in Australia. Overall, these obser-
vations highlight the need for further systematic studies to
evaluate potential therapeutic strategies in SPG56.

Discussion and conclusions

Hereditary spastic paraplegia type 56 (SPG56) repre-
sents one of the most complex forms of autosomal reces-
sive HSPs due to its variable phenotypic expression and
overlapping metabolic and mitochondrial features. The
present case adds to the limited number of reported
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patients with biallelic CYP2U/I variants and expands
the clinical and molecular spectrum of the disease. The
early onset and rapid progression observed in our patient
are consistent with previously described infantile cases,
where motor regression and severe spasticity develop
within the first year of life [10, 11, 16]. The combina-
tion of NM_183075.3:c.1376 C > T p.(Pro459Leu) and
NM_183075.3:c.557G > A p.(Argl86His) variants has
not been reported previously, and our functional vali-
dation provides direct experimental evidence for their
pathogenicity.

Previous studies have shown that CYP2U1 plays an
essential role in lipid metabolism and mitochondrial
homeostasis [5-7]. The enzyme’s ability to hydroxylate
arachidonic acid and other polyunsaturated fatty acids
generates bioactive eicosanoids (19-HETE, 20-HETE),
which are key regulators of neuronal signaling and vas-
cular tone [6]. Pathogenic variants that abolish this enzy-
matic activity are expected to impair neuronal membrane
integrity and synaptic signaling, leading to the progres-
sive motor neuron degeneration characteristic of SPG56.
Our findings are in full agreement with earlier reports
demonstrating loss of function as the main pathogenic
mechanism [4, 12]. The instability of the Pro459Leu pro-
tein and the loss of catalytic activity in Arg186His further
emphasize that even structurally conservative substitu-
tions can disrupt the enzymatic function of CYP2UI.

The genotype-phenotype correlation in SPG56 remains
challenging due to the small number of cases and the
presence of considerable intrafamilial variability. Some
patients with identical genotypes show only mild spas-
ticity, while others develop severe neurodevelopmental
regression or ocular pathology such as maculopathy or
retinopathy [9, 18, 22]. In our patient, no visual abnor-
malities were detected, supporting the notion that ocular
involvement is not a universal feature but rather a vari-
able manifestation potentially influenced by environ-
mental or modifier genes. This heterogeneity highlights
the need for continuous phenotypic monitoring and data
sharing across international registries.

From a diagnostic standpoint, this study demonstrates
the importance of integrating comprehensive genomic,
biochemical, and structural analyses. Whole-exome
sequencing remains the most efficient approach for
diagnosing SPG56 and related HSP subtypes. However,
as shown here, functional validation can provide deci-
sive evidence for reclassifying variants of uncertain sig-
nificance into pathogenic categories, in accordance with
ACMG guidelines. This approach not only improves
diagnostic accuracy but also supports the development of
potential genotype-specific therapeutic strategies.

Therapeutically, management of SPG56 remains largely
symptomatic. The recently reported association between
CYP2Ul-related HSP and cerebral folate deficiency
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[19] suggests a potential metabolic target in a subset of
patients. In our case, despite unsuccessful cerebrospinal
folate assessment, empirical folinic acid supplementa-
tion was initiated, reflecting the current experimental
approach to potentially modifiable metabolic compo-
nents. The patient’s family has also been connected with
an international SPG56 community and is preparing to
participate in an upcoming academic gene therapy trial
in Australia, expected to begin in 2026. This underlines
the increasing translational momentum toward personal-
ized treatment in ultra-rare neurogenetic disorders.

This study has several limitations. It is based on a sin-
gle patient, which limits generalizability and precludes
robust genotype—phenotype conclusions. Functional
analyses were restricted to in vitro assays and may not
fully capture in vivo disease mechanisms. In addition,
CSF folate levels and objective treatment response data
were not available, limiting interpretation of potential
therapeutic implications.

However, our data expand the current knowledge of
CYP2Ul1-associated hereditary spastic paraplegia type 56
(SPG56) by identifying and functionally characterizing two
missense variants, NM_183075.3:¢.557G > A p.(Arg186His)
and NM_183075.3:c.1376 C>T p.(Pro459Leu). Our
findings demonstrate an undetectable enzymatic activ-
ity for the p.(Argl86His) variant and indicate that the
p-(Pro459Leu) variant leads to protein instability. Both
variants disrupt CYP2U1 function through distinct molec-
ular mechanisms. This case highlights the diagnostic and
interpretative value of integrating genomic, biochemical,
and in silico structural approaches in the evaluation of vari-
ant pathogenicity in rare neurogenetic disorders.

These data provide further support for the association
between CYP2U1 variants and SPG56 and highlight the
need for cautious consideration of experimental thera-
peutic approaches, such as folinic acid supplementation
and symptomatic management of spasticity, while gene
therapy remains a potential future direction requiring
further evidence. Comprehensive functional validation
should be considered an important step in assessing vari-
ants of uncertain significance, particularly in rare neuro-
genetic diseases.
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Vzécna onemocnéni predstavuji rozsahlou a heterogenni skupinu prevazné geneticky
podminénych chorob. V souc¢asnosti je zndmo vice nez Sest tisic klinickych jednotek,
které v souhrnu postihuji pfiblizné 6-8 % celosvétové populace a predstavuji vyznam-
nou zdroj? zdravotnickou i socioekonomickou zatéz. Vyznamny pokrok v molekularni
genetice, zejména zavedeni celoexomového a celogenomového sekvenovani, vyrazné
zkratil dobu k urceni diagnézy a umoznil odhalit nové genetické pficiny onemocnéni.
Presto zUstava priblizné polovina pacientl bez stanovené diagnézy. Cilena kauzalni
terapie je v soucasnosti dostupna pouze pro maly podil téchto chorob, coz zduraznuje
potiebu dal$iho vyzkumu a inovaci v oblasti precizni mediciny. Clanek se zaméfuje na
piehled soucasnych diagnostickych a terapeutickych pfistupti a na perspektivy, které
prinaseji nové genomické technologie a cilené lécebné strategie.

Klicova slova: vzacna onemocnéni, nediagnostikovani pacienti, diagnosticka odysea,
pokrocila geneticka diagnostika, personalizovana medicina, drug repurposing.

Challenges and perspectives in the diagnosis of undiagnosed pediatric
patients and an overview of therapeutic options in rare diseases

Rare diseases represent a broad and heterogeneous group of disorders that are
predominantly genetically determined. Currently, more than six thousand clinical
entities have been identified, which collectively affect approximately 6-8% of the
global population and pose a significant healthcare and socioeconomic burden.
Major advances in molecular genetics, particularly the introduction of whole-exome
and whole-genome sequencing, have markedly shortened the time to diagnosis and
enabled the discovery of new genetic causes of disease. Nevertheless, approximately
half of all patients remain without a causal diagnosis. At present, targeted causal
therapy is available for only a small proportion of these disorders, highlighting the
need for continued research and innovation in the field of precision medicine. This
article focuses on an overview of current diagnostic and therapeutic approaches
and on the perspectives offered by emerging genomic technologies and targeted
treatment strategies.

Key words: rare diseases, undiagnosed patients, diagnostic odyssey, advanced genetic
diagnostics, personalized medicine, drug repurposing.
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Uvod

Vzacna onemocnéni se mezinarodné li-
$i svym defini¢nim vymezenim. V ramci EU,
a tedy také v Ceské republice, jsou vzacna
onemocnéni definovéana jako Zivot ohrozu-
jici nebo zévazna chronicka onemocnéni, je-
jichz prevalence je nizsi nez 5 osob z 10 000
(1:2000), a ktera jsou spojena s vyznamnym
narGstem morbidity a mortality nebo znac¢-
nym snizenim kvality Zivota postizenych (defi-
nice podle Evropské komise) (Macek, 2019). Ve
Spojenych statech je za vzacné onemocnéni
povazovano takové, kterym trpi méné nez
200 000 obyvatel USA (odpovida prevalenci
cca 1:1600) (Thomas et al., 2019). Tuto definici
zalozenou na prevalenci zavadi v USA popr-
vé Orphan Drug Act z roku 1983, federalni
zékon, ktery byl vytvofen na podporu vy-
zkumu vzacnych onemocnéni a vyvoje lécCiv.
Zékon dale uvadi, ze se jedna o onemocnéni,
»Uu nichz nelze divodné predpokladat, ze na-
klady na vyvoj a zpristupnéni léku pro tako-
vé onemocnéni bude mozné uhradit z pro-
deje takového |éku ve Spojenych statech”.
V Japonsku je onemocnéni vzacné, pokud
je jim postizeno méné nez 50 000 obyvatel
(odpovida prevalenci cca 1:2500) (Hayashi
et Umeda, 2008). Ackoli jednotlivé diagnézy
se v populaci vyskytuji jen sporadicky, sou-
hrnné se odhaduje, ze vzacné onemocnéni
postihuje 6-8 % populace, tedy priblizné 30
miliond Evropanu. V celosvétovém méfitku
jde o odhadovanych 300 milionti osob. V ram-
ci této rozsahlé skupiny se dale vymezuiji tzv.
ultra-vzacna onemocnéni, ktera postihuji jesté
mensi podil pacientd a jsou spojena s mimo-
fadnymi obtizemi v diagnostice, vyzkumu
i terapii. Ultra-vzacna onemocnéni bohuzel
nemaji obecné akceptovanou prevalen¢ni
definici. V literature Ize naleznout rzné defi-
nice. Néktefi autori uvadéji jako hranici preva-
lenci nizsi nez jeden pacient na 200 tisic osob
(Smith et al., 2022), jini definuji ultra-vzacné
onemocnéni na zakladé poctu celosvétové
popsanych pripadd, ktery by mél byt nizsi
nez 30 (Crooke, 2022). Absence jakéhokoli
formalniho regulacniho rozliseni mezi vzac-
nymi a ultra-vzacnymi chorobami vsak vytvari
problematickou sedou zénu jak pro pacienty,
tak pro potencialni vyrobce Iéka. Je dilezité
vnimat skutecnost, Ze dle databaze Orphanet
ma priblizné 85 % z 6 000 katalogizovanych

vzacnych onemocnéni prevalenci nizsi nez
1 na milion a spadalo by tedy do kategorie
ultra-vzacnych onemocnénich (vizObr. 1). A to
mluvime pouze o pacientech, jejichz choro-
ba jiz byla alespon popséna. Stanovit pocet
pacientl v populaci, ktefi trpi ultra-vzacnou
geneticky podminénou chorobou, kterd jesté
nikdy popsana nebyla, Ize bohuzel jen velice
tézko. Odhaduje se, ze priblizné 50 % pripa-
da zistava nediagnostikovanych, a to nejen
kvdli slozitosti klinického obrazu a limitiim
soucasnych diagnostickych metod, ale také
proto, ze fada téchto chorob dosud nebyla
plné popsana nebo geneticky identifikova-
na. Vzhledem k tomu, ze dominantni ¢ast
téchto onemocnéni se klinicky manifestuje
jiz v détském véku, hovofime potom o dét-
skych pacientech bez diagnézy. Vyznamna
cast téchto onemocnéni ma neurologickou
manifestaci, pricemz u détskych pacientd je
zastoupeni neurologické symptomatiky jesté
vyssi. Podle recentnich studii se az polovina
viech vzacnych onemocnéni projevuje pri-
marné neurologickymi priznaky (The Lancet
Neurology, 2022). Pfiblizné 80 % ma geneticky
pavod (Boycott et al., 2019) a manifestuje se
jiz v raném véku nejcastéji formou epilepsie,
opozdénim psychomotorického vyvoje, hy-
potonie, pohybovych poruch nebo progre-
sivni svalovou slabosti. Klinicky obraz byva
nespecificky, coz casto vede k opozdéné nebo
nespravné diagnéze. Dle vysledki posledniho
mezinarodniho dotaznikového Setfeni Rare
Barometer organizace EURORDIS z roku 2024
trva doba od prvnich priznakd do stanoveni
presné diagnézy v Evropé v priméru 4,7 roku
(Faye et al., 2024), pricemz toto obdobi inten-
zivniho hledani diagnoézy, ¢asto spojeného
s opakovanymi navstévami zdravotnickych
zarizeni a konzultacemi rGznych specialista,
oznacujeme u vzacnych onemocnéni ter-
minem diagnostickd odysea. Tento pojem
vystihuje dlouhou a ¢asto frustrujici cestu
pacienta i jeho rodiny k nalezeni presné pri-
Ciny potizi, ktera byva doprovazena nejisto-
tou, psychickou zatézi a oddélenim zahaje-
ni pripadné adekvatni |écby. S ohledem na
vysokou variabilitu klinickych projeva, ge-
netickou heterogenitu a nizkou prevalenci
jednotlivych onemocnéni predstavuji vzacné
choroby v détské neurologii mimoradnou dia-
gnostickou i terapeutickou vyzvu. Prestoze
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v poslednim desetileti doslo diky rozvoji mo-
lekularni genetiky, genomickych technologii
a evropské spolupraci k vyznamnému zkrace-
ni diagnostické odysey, mnoho pacient zi-
stava dosud bez presné etiologickeé klasifikace
atim i bez moznosti adekvatni lécby. Cilem
tohoto prehledového ¢lanku je shrnout sou-
Casné poznatky o diagnostickych postupech
u détskych pacientt bez stanovené diagnozy
a podat prehled dostupnych i rozvijenych te-
rapeutickych pristup( u vzacnych onemocné-
ni, zejména z pohledu evropského kontextu.

Diagnostické vyzvy u détskych
pacientli bez diagnézy

Cilem fady odbornych organizaci a pod-
purnych siti je zajistit dostupnost speciali-
zovanych pracovist pro pacienty bez dosud
stanovené diagnozy - diagnosticka vyzva.
| kdyz se v prvnifazi jedna predevsim o stano-
veni diagnézy, role téchto pracovist spociva
také v zajisténi potrebné multidisciplinarni
péce, nastaveni lécebného planu a dlouho-
dobého sledovani téchto pacientl nezavisle
na znalosti kauzalni diagnézy. Pomoci vysoko-
kapacitnich sekvenacnich metod se dnes dafi
urcit genetickou pric¢inu onemocnéni priblizné
u 50% z nich, a pocet diagnostikovanych pa-
cientt s ultra-vzacnymi onemocnénimi tak
rychle roste (Crook, 2022).

Diagnostické moznosti vzacnych one-
mocnéni se v poslednich nékolika desetiletich
dramaticky rozvijely, zejména diky pokroku
v oblasti molekularni biologie a genomiky.
Z diagnostiky historicky zalozené prede-
vsim na cytogenetickych pristupech se stala
komplexni oblast vyuzivajici vysoce citlivé
sekvenacni a bioinformatické technologie,
které umoznuji identifikovat kauzalni varianty
i u fenotypové slozitych pfipadu. Zavedeni
technologii sekvenovani nové generace
(Next Generation Sequencing, NGS) v prvni
dekadé 21. stoleti znamenalo zasadni pralom.
Metoda celoexomového sekvenovani (WES)
umoznila sekvenovat viechny kédujici geny
soucasné a dramaticky zkratila ¢as potiebny
k nalezeni kauzalni mutace. Metoda WES je
zalozena na sekvenaci viech kédujicich oblasti
genomu (exom), které tvofi pouze 1-2 % jeho
celkové sekvence, ale které zahrnuji vétsinu
znamych patogennich variant, protoze tyto
mohou mit piimy dopad na strukturu a funkci
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proteind. Je schopna detekovat siroké spekt-
rum genomovych variant (jednonukleotidové
varianty — SNV, kratké inzerce a delece - in-
dels, a omezené variabilitu v poctu kopii (CNV)
v exonovych oblastech), a stala se klicovou
pro diagnostiku komplexnich a nejasnych ge-
netickych onemocnéni (Sawyer et al., 2016).
V Ceské republice je WES jiz dostupné v ramci
uhradového systému verejného zdravotniho
pojisténi a je indikovano zejména u pacientd
s podezienim na geneticky podminéné one-
mocnéni, u nichz nebyla diagndza stanovena
konven¢nimi metodami, jako jsou chromo-
zomalni array ¢i cilené NGS panely. Recentni
studie a metaanalyzy publikované v letech
2024-2025 uvadéji, ze diagnosticka vytéznost
WES se obvykle pohybuje kolem 30-50 %, coz
znamena, ze priblizné polovina az dvé tietiny
pacientl zustavaji i po provedeni tohoto vy-
Setfeni bez diagnézy (Han et al., 2025; Moey et
al., 2025). Celogenomové sekvenovani (WGS)
zalozené na NGS predstavuje dalsi Groven cha-
rakterizace lidského genomu, ktera umoznuje
prekonat nékteré limitace WES. WGS je zalo-
Zeno na sekvenaci celého lidského genomu,
véetné intronovych a dalsich nekédujicich
oblasti, coz poskytuje nejkomplexnéjsi ge-
neticky obraz (Stavropoulos et al., 2016). Tato
metoda je schopna detekovat témér viechny
typy genetickych variant, SNV, indels, CNV,
aomezené i jiné typy strukturnich variant.
WGS je logickym dalsim krokem, zejména
uzite¢né v pripadech, kde predchozi metody
selhaly. Nicméné WGS je nakladnéjsi a gene-
ruje obrovské mnozstvi dat, které vyzaduji
pokrocilou analyzu a interpretaci.

Nejnovéjsi pokroky v genetické diagnos-
tice predstavuji technologie zalozené na sek-
venaci s dlouhym ¢tenim (long-read sequen-
cing, LRS), které se zacaly vyuzivat v posledni
dekadé. LRS umoznuje sekvenovani delsich
usek( DNA, coz usnadnuje identifikaci velkych
a komplexnich strukturalnich variant, véetné
civariant v genech s vysokou mirou sekvencni
homologie ¢i jinych obtizné analyzovatelnych
oblastech genomu, jako jsou repetitivni ob-
lasti (napf. FMR1, HTT) nebo mobilni elementy
(Conlin et al., 2022). Povaha technologie LRS
také umoznuje pii sekvenaci pfimou detek-
ci metylovanych nukleotidd, a tedy ziskani
celogenomovych metylacnich profili. WGS

Obr. 1. Pocty vzdcnych onemocnéni a pacientt v jednotlivych skupindch dle jejich prevalence; prevzato
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a LRS dnes nejsou soucasti rutinni diagnosti-
ky, a je vyuzivano spise ve specializovanych
centrech, a az po selhani predchozich stan-
dardnich diagnostickych metod u WES nega-
tivnich pacientd. Prestoze metody WES, WGS
a LRS zasadné rozsitily diagnostické moznosti,
z(stava ¢ast pacientl i nadale bez stanovené
molekuldrni pficiny onemocnéni. U téchto
pripadi Ize doplnit a kombinovat jesté dalsi
pokrocilé pristupy, jako je analyza metylomu
(u LRS automaticky), sekvenovani RNA (RNA-
seq), ¢i jiné komplexni multiomické pristupy
(proteomika, metabolomika).

U pacientd, ktefi i po pouziti téchto nej-
modernéjsich genomickych metod zlstavaji
bez diagnoézy je velice dulezité periodicky
reanalyzovat existujici sekvenacni data.
V ramci reanalyzy je zohlednén jednak ak-
tualizovany fenotyp pacienta vyjadreny po-
moci tzv. HPO (Human Phenotype Ontology)
terminl a zaroven jsou pouzity nejnovéjsich
verze bioinformatickych nastrojt, nastroj pro
predikci patogenity, klinickych a populacnich
databazi a také aktualni odborna literatura
(Wenger et al., 2017). Kombinace vyse zminé-
nych pfistupl mize potencialné identifikovat
nové nebo nedavno objevené asociace mezi
kauzalnim genem a symptomy pacienta. Na
zakladé recentnich publikaci mize pouhé
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prehodnoceni genomickych dat, obvykle
s jednoro¢nim ¢asovym odstupem, zvysit
diagnostickou vytéznost o 5-26 % v pripadé
reanalyzy WES (Fung et al., 2020) a0 4-11 %
v pripadé WGS (James et al., 2020).

V fadé pfipadl brani stanoveni nebo uzav-
feni diagndzy skutecnost, ze vyznamnou cast
identifikovanych variant nelze skrz nedostatek
evidence o jejich funkénim dopadu jedno-
znacné klasifikovat jako patogenni ¢i benigni.
Napriklad v nejpouzivanéjsi databazi genetic-
kych variant a lidskych onemocnéni, ClinVar, je
témér polovina variant v soucasnosti vedena
jako varianty nejasného vyznamu (VUS) (Tesi
et al., 2023). V téchto pripadech je zadouci
doplnit funkéni studie, které umozni ovérit
biologicky dopad dané varianty a potvrdit ¢i
vyvratit jeji patogenitu. Schematické znazor-
néni jednotlivych metodickych pfistupti pou-
Zivanych u pacientl s negativnim vysledkem
standardni diagnostiky znazornuje obrazek 2.

V pripadech, kdy ani reanalyza sekvenac-
nich dat a doplnéni funk¢nich studii u VUS
v potencialné kauzalnich genech nevedou
k jednoznacné identifikaci diagnostické va-
rianty, predstavuje dalsi krok sdileni geno-
mickych dat prostfednictvim mezinarodnich
platforem. Tyto nastroje umoznuji tzv. case
matching (matchmaking), tzn. vyhledavani



pacientl s podobnym genetickymi variantami
a fenotypy. Pomoci case matching platforem
Ize najit dalsi laboratofe nebo klinicka praco-
visté, které nalezly pacienta se stejnou VUS
a soucasné podobnym fenotypem. Tak Ize
spole¢né dolozit, ze existuje kauzalni vztah
mezi genovou variantou a pozorovanym fe-
notypem. Klicovou tlohu v tomto sméru se-
hrava mezinarodni sit Matchmaker Exchange,
ktera prostrednictvim federované infrastruk-
tury propojuje systémy jako GeneMatcher,
PhenomeCentral ¢i DECIPHER a umoziuje
bezpecnou a standardizovanou vyménu dat
o pacientech (genotyp + fenotyp) mezi razny-
mi systémy. Podle analyzy publikované v ro-
ce 2025 vedlo vyuziti Matchmaker Exchange
k identifikaci vice nez 1 500 shodnych pfipadu,
které vyznamné prispély k objasnéni gene-
tické etiologie rady dosud nediagnostikova-
nych onemocnéni (Kobren et al., 2025). Tento
pristup je klicovy zejména u ultra-vzacnych
chorob, kde je potvrzeni diagnézy nebo pa-
togenity variant ¢asto mozné pouze diky me-
zinarodni spolupréci a porovnani fenotypové
podobnych pripadu.

Stanoveni presné genetické diagnézy ma
zasadni vyznam nejen pro pochopeni pato-
geneze onemocnéni, ale také pro adekvatni
lécbu, predikci pribéhu a genetické poraden-
stvirodinam. Pfechod od diagnostiky k terapii
predstavuje v oblasti vzacnych onemocnéni
jeden z nejvyznamnéjsich soucasnych posu-
ni. Zatimco dnes ma cilenou lé¢bu k dispozici
jen maly zZlomek pacientd, rychly pokrok v ob-
lasti vyvoje léciv, véetné drug repurposingu
a dalsich cilenych terapeutickych strategii,
otevira prostor pro rozvoj personalizované
mediciny a zlep3eni progndzy u fady dosud
nelécitelnych vzacnych onemocnéni.

Soucasné terapeutické
vyzvy a pristupy u vzacnych
onemocnéni

Navzdory vyznamnému pokroku v oblasti
vyzkumu a vyvoje léciv pro vzacna onemoc-
néni zlstava vétsina téchto onemocnéni bez
ucinné kauzalni terapie. Pfijeti Orphan Drug
Act v roce 1983 znamenalo zasadni legislativni
krok, ktery umoznil vyvoj vice nez 500 léciv
pro vzacna onemocnéni (Thomas, Caplan,
2019) a podnitil zajem farmaceutického pra-
myslu o tuto oblast. Pfesto je odhadovéno, ze

pouze 5 % vzacnych onemocnéni ma v sou-
casnosti schvalenou lécbu a priblizné u 15 %
je lécivy pripravek ve vyvoji nebo s udélenym
oznacenim |éciva pro vzacné onemocnéni
(orphan drug designation). Nejvétsi problé-
my pretrvavaji u ultra-vzacnych chorob. Tyto
predstavuiji specifickou terapeutickou vy-
zvu na technologické, regulacni i ekonomic-
ké urovni (Fermaglich et al., 2023). Jednim
zmala dolozenych priklad( ispésného vyvoje
léciva pro ultra-vzacné onemocnéni je he-
reditarni orotova acidurie, vrozena porucha
metabolismu pyrimidind, ktera byla dosud
popsana u méné nez 30 pacientd celosvétové
(Staretz-Chacham et al., 2023). U postizenych
novorozencl se rychle rozviji zdvazna mega-
loblasticka anémie, leukopenie a dale opoz-
déni motorického a intelektualniho vyvoje.
V roce 2014 studie faze Il se ¢tyfmi pacienty
ukazala, ze pacienti léCeni uridin triacetatem,
peroralni prolécivem uridinu, od spole¢nosti
WellStat Therapeutics dosahli potfebné sta-
bilizace u kli¢covych hematologickych para-
metrd. V roce 2015 schvalil americky Urad pro
kontrolu potravin a léciv (FDA) uridin triacetat
pod znackou Xuriden na zékladé omezenych
udaju z faze Il (Newton, 2022). V soucasné
dobé je hereditarni orotova acidurie jedno
nejvzacnéjsich onemocnéni, u kterého je na
trhu dostupna registrovana lécba.

Genova terapie

Genova terapie (GT) je nastroj moderni
terapie zalozeny na cilené modifikaci bunécné
DNA nebo interakci s bunéénou DNA/RNA za
ucelem aktivace nebo inaktivace konkrétniho
genu. GT predstavuje jeden z nejperspektiv-
néjsich terapeutickych pristupti k Ié¢bé mono-
genné podminénych vzacnych chorob. Prvni
klinicka studie ovérujici moznosti vyuziti GT
pro lécbu dédi¢nych onemocnéni byla prove-
dena v roce 1990 v Narodnim institutu zdravi
(NIH - National Institutes of Health) v USA.
Michael Blaese a French Anderson pouzili
uspésné GT pro lécbu dvou pacientek trpi-
cich tézkou kombinovanou imunodeficienci
(SCID - severe combined immunodeficien-
cy disease) zpUsobenou deficienci enzymu
adenosindeaminazy (ADA). Vysledek byl sice
klinicky omezeny, avsak zcela zasadni z hle-
diska potvrzeni celého konceptu GT.V letech
2017-2023 bylo v Evropé zahajeno vice nez
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90 klinickych studii s é¢ivymi pripravky GT
u vzacnych onemocnéni, pficemz 12 pripravk(
jizbylo registrovano a dalsich 15 je ve teti fazi
klinického hodnoceni (Gicquel et al., 2023).

Zékladnim cilem GT je (i) nahradit funkci
poskozeného genu vlozenim funkéni kopie
tohoto genu do bunék pacienta - genova
augmentace (napf. u monogenné dédi¢nych
chorob), (i) utlumit mutované geny pomoci
terapeutickych oligonukleotidd (napf. v pfi-
padé onkogent) nebo (iii) opravit poskozené
geny pomoci genové editace (Obr. 3). Na rozdil
od symptomatické lécby, kterad se pouziva
k 1é¢bé geneticky podminénych chorob (napf.
substitucni enzymoterapie u metabolickych
poruch), nelé¢i pouze symptomy, ale obnove-
nim funkce poskozeného genu odstranuije pri-
¢inu onemocnéni, a je tedy lé¢bou kauzalni.
Klinicky pouzivana GT vyuziva prenosu nové-
ho genetického materialu do bunék pacienta
za ucelem dosazeni lécebného efektu, kterym
je bud obnoveni funkce, anebo naopak od-
stranéni chybné funkce poskozeného genu.
Transfer genetického materialu |ze v zasadé
provést dvéma zpuisoby - in vivo nebo ex vivo
(tedy in vitro). In vivo transferem rozumime
genetickou modifikaci cilovych bunék piimo
v téle pacienta. Ex vivo, tedy in vitro transfer
znamena, Ze z téla pacienta jsou izolovany
vhodné bunky, které jsou geneticky modifi-
kovény v laboratori, a nasledné vpraveny zpét
do téla pacienta. Principialni vyhodou ex vivo
strategie je moznost selekce uspésné modifi-
kovanych bunék a jejich kontrola pred aplikaci
zpét do téla pacienta. GT Ize rozliSovat také na
zakladé metody doruceni genu do cilovych
bunék/tkané a pouzitého nosice (vektoru).
Hovofime potom o virové GT vyuzivajici vi-
rové vektory, které jsou zbaveny schopnosti
se mnozit, jakou jsou retroviry, lentiviry nebo
adeno-asociované viry (AAV) predevsim u ge-
nové augmentace, a o nevirové GT vyuziva-
jici nosice, které nejsou zalozeny na virovych
vektorech, a to predevsim u terapeutickych
oligonukleotid.

Priklad GT vyuzivajicich ex vivo podani
a genové augmentace u autolognich hema-
toepotetickych kmenovych bunék je registro-
vany pripravek Strimvelis zalozeny na pouziti
retrovirového vektoru nesouciho funkéni alelu
genu pro ADA u pacientd s ADA-SCID, tedy
stejného imunodeficitu, ktery byl vibec prvni
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nemoci lécenou pomoci GT. Na ex vivo podani
je provadéno také u pripravku Casgevy (exa-
-cel) Lyfgenia, ten oviem nevyuziva genové
augementace, ale je historicky prvnim priprav-
kem GT zalozeném na genové editaci pomoci
technologie CRISPR/Cas9, a to pro lécbu srp-
kovité anémie. In vivo GT naopak predstavuje
piimé podani virového vektoru in situ nebo
systémové pfimo do téla pacienta. Prikladem
je pripravek Luxturna k Iécbé retinalni dys-
trofie, kde je provadéno subretindlni podani
virového vektoru AAV sérotypu 2 nesouciho
funkéni kopii genu RPE65.

2Zvlastni vyznam maji GT v détské neu-
rologii. Systémové podavany pfipravek
Zolgensma (onasemnogene abeparvovec)
zalozeny na AAV sérotypu 9 nesoucim
funkéni gen pro SMN1 a majici tropismus
k neurondim, ktery se pouziva k 1écbé spi-
nalni muskularni atrofii (SMA) (Baylot et
al., 2024). Zolgensma prokazuje dlouhodoby
efekt po jednorazovém podani a zasadné
meéni pfirozeny pribéh SMA (Cacoub et al.,
2025). Podminkou pro zahdjeni |écby je test
na protilatky proti vektoru AAV9. AAV9 se
totiz pfirozené vyskytuje v nasem prostredi
a imunitni systém ditéte, které se s nim pred
lécbou setkalo ¢i prodélalo infekci, mize vy-
tvorfit neutralizacni protilatky neumoznu-
jici tento typ lécby. V soucasnosti se jedna
o nejdrazsi lé¢bu v CR, jejiz cena presahuje
50 miliont K¢ na jednoho pacienta.

Lécba zalozena
na terapeutickych
oligonukleotidech

Terapeutické oligonukleotidy jsou kratké
nukleotidové sekvence, které interaguiji s ci-
lovou mRNA nebo pre-mRNA a lze je rozdé-
lit na dvé hlavni skupiny: (i) ASO (antisense
oligonucleotides) — kratké jednoretézcové
oligonukleotidy vazici se na komplementarni
RNA, kde blokuji néjakou specifickou sekvenci
nebo znemoznuiji translaci, a (i) siRNA (small
interfering RNAs) — malé interferujici RNA
(kratké, v priméru 21 bp), které vyvolavaji
degradaci cilové mRNA endonukleazovym
Stépenim.

Typickym pfikladem ASO je nusinersen,
pouzivany v lé¢bé SMA. Nusinersen se vaze
na pre-mRNA pseudogenu SMN2 a moduluje
jeji sestfih tak, aby zabranil vynechani exonu

Obr. 2. Prehled technologii a postupt pouzivanych u pacientd, u kterych standardni diagnostické nd-
stroje nevedly k pozitivnimu ndlezu; spadd sem celé spektrum modernich pristupd, které se oviem bézné
nepouZivaji'v diagnostice, ale spise ve vyzkumném prostiedi; napriklad celogenomové sekvenovdni WGS
a LRS, sekvenovdni RNA, proteomika, metabolomika a dalsi; vsechny tyto metody mohou byt doplnény
pokrocilymi funkénimi studiemi s vyuZitim riznych typt bunécnych (in vitro) a zvifecich (in vivo) modeld;

upraveno podle prace Marwaha et al,, 2022
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7.Tim umoznuje vznik plnohodnotného pro-
teinu SMN, jehoz nedostatek je pric¢inou roz-
voje onemocnéni. U Duchennovy muskularni
dystrofie (DMD) dochazi v dusledku deleci
¢i duplikaci exont k naruseni ¢teciho ramce
genu DMD, coz vede ke vzniku predcasné-
ho stop kodonu a ztraté syntézy funkcniho
dystrofinu. Terapie na bazi ASO, jako jsou
pripravky golodirsen a casimersen, vyuzivaji
princip exon skippingu - cileného pieskoceni
urcitého exonu pfi sestfihu pre-mRNA. Tim se
obnovi ¢teci rdmec a umozni tvorba zkracené,
ale ¢astecné funkéni formy dystrofinu, ktera
zlepsuje stabilitu svalovych vlaken a zpoma-
luje progresi onemocnéni.

Prikladem terapeutické siRNA je moleku-
lainklisiranu, ktery se vyuziva v 1écbé primar-
ni hypercholesterolemie. Inklisiran vyuziva

121

=2 =2>Gy
& R

RNA interference. Intracelularné v hepato-
cytech na zakladé komplementarity vyva-
zuje mRNA kodujici proteazu PCSK9, ktera
je nasledné degradovana. Neni k dispozici
pro translaci proteinu PCSK9, a tim dochazi
ke snizeni jeho syntézy. Snizené mnozstvi
vytvorené PCSK9 nesnizuje aktivitu LDL re-
ceptor(, které se tak mohou opakované vyu-
zivat k odstraniovani LDL cholesterolu z krve.
Vysledkem je pokles hladiny LDL cholestero-
lu v cirkulaci. Dal$imi priklady terapeutickych
oligonukleotidl jsou patisiran a vutrisiran,
schvalené pro Iécbu hereditarni transthy-
retinové amyloidézy (hATTR amyloidosis).
Obé molekuly vyuzivaji mechanismus siRNA
ke snizeni exprese patologického proteinu
transthyretinu (TTR) prostfednictvim degra-
dace jeho mRNA.



Drug repurposing

Drug repurposing (nékdy také drug re-
positioning), tedy hledani novych indikaci
pro jiz existujici léciva, predstavuje efektiv-
ni a ekonomicky dostupnou strategii, jak
urychlit vyvoj lécby vzacnych onemocnéni.
Tento pristup vyuziva inovativni poznatky
o mechanismech ucinku léciv a soucasné stavi
na jiz ovérenych znalostech o jejich bezpec-
nosti, farmakokinetice a klinické toleranci,
¢imz vyrazné snizuje cas i naklady potrebné
k vyvoji zcela nového pripravku.

Zatimco drive $lo o proces zalozeny pre-
vazné na empirickych klinickych pozorovanich,
dnes se repurposing stal soucasti konceptu
precizni mediciny. Moderni pristupy vyuzivaji
bioinformatické a multiomické analyzy, které
propojuji genomicka, transkriptomicka, proteo-
micka a metabolomicka data (Tesi et al., 2023).
Pomoci metod sitové mediciny (network me-
dicine) a modeld umélé inteligence (Al) Ize
identifikovat spolecné molekularni patofyzio-
logické mechanismy mezi riznymi onemoc-
nénimi a vyhledavat existujici léciva vhodna
pro nové indikace. Takto vedené analyzy jiz
umoznily poukazat na vice nez 1000 potenci-
alnich kandidata pro dosud nelécené vzacné
choroby (Tesi et al., 2023).

Repurposing tak vytvari most mezi vyzku-
mem a klinickou praxi, ktery umoznuje rych-
lejsi translaci poznatka do |écby. Prikladem je
vyuziti sirolimu (rapamycinu), ptivodné imu-
nosupresiva, jako inhibitoru mTOR u tuberdzni
sklerézy, antidiabetika metforminu v terapii
mitochondridlnich a nadorovych onemocnéni
nebo B-blokatoru propranololu v é¢bé infan-
tilnich hemangiom (antiangiogenni tcinek).
K dalsim klinicky ovéfenym prikladim repur-
posingu patfi sildenafil (pGvodné urceny pro
erektilni dysfunkci) vyuzivany v lé¢bé plicni
arterialni hypertenze nebo riluzol, ptvod-
né vyvinuty pro lécbu amyotrofické lateralni
sklerézy (ALS), je diky mechanismu Gcinku
zalozeném na modulaci glutamatergni neu-
rotransmise nyni pouzivan takeé jako dopliko-
va terapie u SMA, roztrousené sklerézy nebo
Huntingtonovy choroby. Prikladem je i dan-
trolen plvodné vyvinuty pro lécbu maligni
hypertermie dnes pouzivany také v terapii
spasticity u neuromuskularnich poruch.

Stejny princip Ize uplatnit i u dalSich one-
mocnéni se sdilenymi molekularnimi draha-

HLAVNI TEMA

Obr. 3. Zdkladni strategie genové terapie. A) genovd augmentace, B) utlumeni genu, C) genovd editace

A) genova augmentace

2trata buiika s
funkce genu obnovenou funkci

@ ‘
transfer genu
-

funkéni kopie
genu

C) genova editace

B) ultumeni genu

patologicka bufika s
aktivace genu opravenou funkci

->®

inhibiéni oligonukleotid
(ASO, siRNA)

oprava vysledny efekt...
oprava
poskozena homologni
funkce genu >€ rekombinace opravena bufika
@ > o vyfazeni z funkce
Sk a burika
--- nehomologni posEasSR
spojovani koncl
nukleaza, DNA templat
systém CRISPR/Cas9 =@ nefunkeni alela
vioZeni sekvence
=@~ funkéni alela
B funkéni alela po cileném

mi, napfiklad v oblasti autofagie, zanétlivych
signalnich kaskad ¢i aberantni bunééné signa-
lizace. Jiny pristup k lékovému repurposingu
vychazi ze skutecnosti, ze lé¢ivo maze ovliv-
novati jiné molekularni cile, nez pro které bylo
plvodné urceno, a tim pulsobit terapeuticky
i u odlisnych onemocnéni.

Zajimavym smérem je tzv. personalizo-
vany repurposing, kdy se lécivo vybird podle
individualniho genomického profilu pacien-
ta (N-of-1 approaches). Tento pristup se zacina
uplatriovat predevsim u détskych pacient
s tézkymi neurovyvojovymi ¢i metabolickymi
poruchami, kde jiné terapeutické moznosti
chybi (Tesi et al., 2023).

Ekonomickeé a regulacni aspekty

Zasadni prekazkou vyvoje modernich te-
rapii pro vzacna a ultra-vzacna onemocnéni
jsou vysoké naklady, slozity regulacni proces
a omezena dostupnost. Cena jednorazové
podavanych genovych léciv presahuje moz-
nosti vétsiny narodnich systému verejného
zdravotnictvi. Evropska unie reaguje systé-
mem regulacnich pobidek v ramci Orphan
Drug Regulation, ktery zahrnuje danové ule-
vy, prodlouzenou trzni exkluzivitu a védecké
poradenstvi pro vyrobce. Pfesto pouze malé
procento vzacnych onemocnéni dosahne faze
registrace a komercni dostupnosti (Cacoub et
al., 2025). Neziskové a pacientské organizace
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sehravaji klicovou roli v piekonavani téchto
bariér. Podporuji koordinaci klinického vy-
zkumu, zlepsuji nabor pacientd a poskytuji
data potiebna pro postregistracni sledovani
ucinnosti (Chaudhary, Kumar, 2025; Dongzhe,
Kesselheim, 2025). U ultra-vzacnych chorob,
kde pocet pacientd ¢asto nepresahuje jed-
notky na svété, se stale castéji diskutuji nové
modely schvalovani a Ghrad inovativnich [éciv.

Zaveér

Vzéacné a zejména ultra-vzacna onemoc-
néni zGstavaji i pres vyrazny pokrok v oblasti
diagnostickych metod vyznamnou vyzvou
soucasné mediciny. Rozvoj genomickych
technologii, zdokonalovani bioinformatickych
nastroja a disledna fenotypizace pacientt za-
sadné zlepsily moznosti identifikace genetic-
kych pficin onemocnéni. Klicovou roli v tomto
procesu hraje budovani specializovanych cen-
ter, ktera disponuji pokrocilymi metodami,
jako je celogenomové sekvenovani s kratkym
i dlouhym ¢tenim, analyza RNA a multiomické
pristupy, doplnéné o funkéni studie u genetic-
kych variant s nejasnym dopadem. Soucasti
téchto postupl je také pravidelna reanalyza
genomickych dat u pacient( s podezfenim na
geneticky podminéné onemocnéni, u nichz
ani komplexni multiomicky pristup dosud ne-
ved| ke stanoveni pficiny potizi. Tato centra
spolupracuji v ramci mezinarodnich siti a mat-
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chmakingovych platforem, které umoznuji
sdileni dat a identifikaci pacient( se shodnym
fenotypem a genetickym nalezem. Pfesna ge-
neticka diagnostika je zaroven klicovym pred-
pokladem pro vyvoj a klinické vyuziti cilenych
aindividualizovanych lé¢ebnych pristup.
Lécba vzacnych a ultra-vzacnych onemocnéni
se postupné posouva od nespecifické symp-
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