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Abstrakt

Predkladana prace shrnuje vysledky vyzkumu zaméteného na studium kryptickych
ptestaveb lidskych chromosomt. Konkrétné se zamétuje na tii zékladni oblasti vyzkumu.

Prvni oblast ptedstavuje vyzkum kryptickych prestaveb identifikovanych jako
kauzalni pfi¢iny onemocnéni u mentaln¢ retardovanych pacienti s ptivodné¢ neznamou
etiologii. Nejcastéji se jednd o tzv. mikrodele¢ni sydromy. Velka variabilita fenotypu a
Casto prekryvajici se symptomy mikrodelecnich syndromu vyzaduji celogenomovy piistup.
V ramci vyzkumu bylo vySetfeno 64 probandi a u 10 (16 %) znich byly nalezeny
kryptické ptestavby, jez byly dale analyzovany.

Druhou oblast predstavuje vyzkum kryptickych pfrestaveb asociovanych
s pseudoautosomélnim regionem 1 (konkrétné s oblasti genu SHOX), jeZ mohou byt
pfirozenou soucasti variability genomu i pfi¢inami vzniku onemocnéni. V ramci vyzkumu
bylo vysetfeno 98 pacienti s Léri-Weillovou dyschondroste6zou nebo idiopatickym
malym vzristem, pficemz kauzéalni mutace byla nalezena u 68,8 %, resp. 7,8 % probandd.
Soucasné byla drobna delece, tzv. delece L05101 nalézajici se v blizkosti regulacnich
oblasti genu SHOX, vyhodnocena jako populacni polymorfismus bez zjevného
fenotypového dopadu. Komparativni analyza duplikaci detekovanych v souboru 250
zdravych jedincii v porovnani s rozsahem a umisténim duplikaci u pacientii oznacila
duplikace s vysokym patogennim potencidlem. Vysledky byly podpofeny metaanalyzou
publikovanych duplikaci ve sledované oblasti.

Tteti oblast ptedstavuji piestavby chromosomalniho regionu 8q24 a mutace v genu
TRPSI asociované svelmi vzacnym trichorhinofalangedlnim syndromem. V ramci
vyzkumu bylo vySetfeno 9 pacientil, u 7 byla nalezena pravdépodobna pfi¢ina onemocnéni.
Zvolena metodika umoZznila rovnéZz analyzu rozsédhlych 5° a 3" netranslatovanych oblasti
genu TRPS1 a detekovala zde fadu polymorfismd.

Prace poukazuje na vyznam vyzkumu kryptickych prestaveb lidskych chromosomi
pro lepsi porozuméni strukturni variabilité¢ lidského genomu a pro pochopeni vzniku

urcitych patologii s jednoduchym i1 komplexnim genetickym pozadim.

Klicova slova
kryptické ptestavby lidskych chromosomi; mentalni retardace; gen SHOJX; duplikace
v oblasti SHOJX; trichorhinofalangealni syndrom; gen TRPSI; molekularni cytogenetika

¢lovéka
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Abstract

The presented dissertation summarizes the results of research focused on the study of
cryptic rearrangements of human chromosomes. Specifically, it focuses on three core areas
of research.

The first area is the research of cryptic rearrangements identified as causal causes of
mental retardation in patients with previously unknown aetiology. The most common are
the so-called microdeletion syndromes. The large variability of the phenotype and often
overlapping symptoms of microdeletion syndromes require a whole-genome approach.
Within the research, 64 probands were investigated and in 10 (16%) cryptic
rearrangements were found and further analyzed.

The second area is the research of cryptic rearrangements associated with the
pseudoautosomal region 1 (specifically with the SHOX gene region), which may be both
natural components of population variability and the cause of the disease. Within the
research, 98 patients with Léri-Weill dyschondrosteosis or idiopathic short stature were
examined, with a causal mutation found in 68.8%, and 7.8% probands respectively. At the
same time, the minor deletion (so-called L0O5101 deletion) was evaluated as a population
polymorphism without an apparent phenotypic impact. Duplications with high pathogenic
potential were identified by mean of comparative analysis of duplications detected in a set
of 250 healthy individuals and patients. The results were supported by meta-analysis of
published duplications in the observed area.

The third area is the research of rearrangements of chromosomal region 8q24 and
TRPSI gene mutations associated with the rare trichorhinophalangeal syndrome. The
probable cause of the disease was found in 7 patients out of 9. The chosen methodology
also allowed analysis of extensive 5' and 3' untranslated regions of the TRPS! gene and
detected a number of polymorphisms.

The dissertation highlights the importance of the research of cryptic rearrangements
of human chromosomes in order to better understand the structural variability of the human

genome and the origin of pathologies both with simple and complex genetic background.

Keywords
cryptic rearrangements of human chromosomes; mental retardation; SHOX gene;
SHOX area duplications; trichorhinophalangeal syndrome; TRPSI gene; human molecular

cytogenetics

v



Obsah

1. Koncepce a struktura Prace  .....ccceeieeiiinieineionarosnecssasossscsnsscnnses 1
2. Souhrn vyzkumné problematiky . .coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieae 2
2.1 Kryptické pfestavby ..ot 2
2.2 Kryptické prestavby asociované s mentalni retardaci  ............... 5
2.3 Kryptické prestavby pseudoautosomalniho regionu 1 ............... 8
2.4 Kryptické prestavby chromosomalniho regionu 8q24 ............... 16
2.5 Perspektivy vyzKumu ... 21
2.6 Pouzité zKratky ..o 24
2.7 Citovand literatura  ...o.iiiii e 26
RIIYA C11Y 00200401 ) 1 111 [ 35
3.1 Publikace v impaktovanych ¢asopisech ....................cociiiil. 35
3.2 Pfispévky na mezindrodnich odbornych konferencich ............... 40
3.3 Prispévky na domacich odbornych konferencich ~ ............... 41
4. Predkladané publikace .........ccccieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinienee. 42

I) Cryptic chromosomal rearrangements in children with idiopathic mental
retardation in the Czech population ...................cccveeiiiiiiiinnnnn.. 43
IT) SHOX gene defects and selected dysmorphic signs in patients of idiopathic
short stature and Léri-Weill dyschondrosteosis — ........................ 48
II1) Analysis of common SHOX gene sequence variants, and ~4.9kb PARI deletion
I ISS PALIENLS ..o e 53
IV) Comparison of SHOX and associated elements duplications distribution
between patients (Léri-Weill dyschondrosteosis/idiopathic short stature) and
population sample ... ... 57
V) Mutation analysis of TRPS1 gene including core promoter, 5'UTR, and 3'UTR

regulatory sequences with insight into their organization ............... 62



1. Koncepce a struktura prace

Predkladand prace predstavuje shrnuti védeckého vyzkumu, na némz se predkladatel
spolupodilel v pribéhu svého postgradudlniho doktorského studia. Prace neni ve svém
celku zalozena na feseni jednoho zakladniho védeckého problému, ¢i na jednolitém hledani
odpovédi na jednu zésadni védeckou otdzku, nybrz je koncipovana jako mozaika vicera
dil¢ich veédeckych vyzkumi, jez ovSem spojuje tématickd souvislost. Z toho vychazi i
podoba prace coby souhrnné, obsahujici jako nedilnou soucast pétici piivodnich védeckych
¢lankt publikovanych v impaktovanych odbornych ¢asopisech (publikace I — V).

Stiedobodem piedkladatelova védeckého zajmu v kontextu této prace jsou kryptické
strukturni aberace lidskych chromosomil, jednak jako pficiny patologii a jednak jako
soucast ptirozené lidské genetické variability. Za ucelem uzs§iho vymezeni ji tedy lze
tématicky klasifikovat do oboru molekularni cytogenetika ¢lovéka. Vlastni vyzkum se
konkrétné dotyka

a) kryptickych prestaveb asociovanych s mentélni retardaci (publikace I)

b) kryptickych prestaveb asociovanych s kostnimi dysplaziemi, konkrétné

a. prestaveb pseudoautosomalniho regionu 1 (publikace II, IIT a IV)

b. pfestaveb chromosomalniho regionu 8q24 (publikace V).

Predkladand prace tedy sestava ze souhrnu vyzkumné problematiky (v jehoZ ramci
bude pfedstavena odborna tématika, a to vcCetné zaClenéni v praci prezentovaného
védeckého badani do kontextu aktudlnich trendd v ramci discipliny), ze shrnuti a

charakteristiky vystupti vyzkumu, to vie doplnéno o plné znéni péti odbornych publikaci'.

'V ptipads citovani téchto publikaci bude v ramci odkazu v textu uvedeno i oznageni publikace v ramci této
prace (P-I az P-V), napft. (Solc et al., 2014, P-III).



2. Souhrn vvzkumné problematiky

2.1 Kryptické prestavby

Jako ,kryptické ptestavby“ se obvykle oznacuji takové strukturni aberace
chromosomii, které neni mozné detekovat za vyuziti metod klasické cytogenetiky, tedy za
vyuziti rozlicnych pruhovacich technik aplikovatelnych na metafazni chromosomy.
Kryptické prestavby se od klasickych neodliSuji kvalitativné, jedna se o kvantitativni
kontinuum, pfi¢emz rozhrani je relevantni ¢isté z metodologického hlediska. S ohledem na
to nelze ani stanovit jednozna¢nou obecnou velikostni hranici mezi kryptickymi a
mirné li§i v zadvislosti na riznych chromosomovych oblastech. Obecné se d4 fici, Ze za
kryptické 1ze povazovat piestavby mensi nez 3 — 5 Mb (Gijsbers et al., 2009, Salman et al.,
2004). Co do typu se miize jednat o ptestavby rtizného druhu — delece, duplikace,
translokace atd. Oznacuji se pak vétSinou ptedponou ,,mikro®, tedy jako ,,mikrodelece®,
,mikroduplikace* apod.

Kryptické prestavby lze detekovat za vyuziti technik molekuldrni genetiky a
molekularni cytogenetiky. Tyto metody muzeme pro pichlednost rozdélit do tii
vyvojovych skupin. Prvni skupinu tvoii metody postavené na hybridizaci — jako ptiklad
jmenujme metody FISH (fluorescent in situ hybridization), m-FISH (multicolour FISH),
SKY (spectral karyotyping) a nejpokrocilejsi CGH (comparative genomic hybridization),
resp. aCGH (array CGH, tzv. mikroCipy). Druhou skupinu pak metody odvozené od
metody PCR (polymerase chain reaction), zejména qPCR (quantitative PCR). Treti
skupinu pak pfedstavuji metody kombinujici oba piedchozi mechanismy do jednoho celku
— MAPH (multilocus amplifiable probe hybridization) a MLPA (multiplex ligation-
dependent probe amlification).

Asi 12 % genomu tvofii relativné stabilni CNV (copy number variations). Jedna se o
pfirozené¢ se vyskytujici strukturni variabilitu pfedstavovanou drobnymi delecemi a
duplikacemi, pfi¢emz variabilni tUseky mivaji velikost od 1 kb az po nékolik Mb
(Stankiewicz et Lupski, 2010; Watson et al., 2014). V soucasné dob¢ se na CNV soustiedi

pozornost vyzkumu. Cilem je jak odhalit CNV s moznym funkénim vyznamem (majici



podil na popula¢ni variabilité fenotypu jedincit), tak vybrat CNV bez fenotypového efektu
jako dalsi slozku systému pro identifikaci osob a jejich ptivodu.

Mikrodelece a mikroduplikace mohou vznikat kdekoli v genomu, ale néktera mista
jsou k jejich vzniku nachylnéjsi (Ballif et al., 2007; de Vries et al., 2003; Weise et al.,
2012). Jedna se o oblasti tzv. LCR (low copy repeats; 10° — 10° kb) (Bailey et al. 2002;
Mefford et Eichler 2009) a TAR (telomere associated repetition; 10° kb) (Flint et al.,
1997). Rozvoj LCR, neboli segmentalnich duplikaci, je jednim ze zakladnich mechanismi
evoluce. Duplikované tseky jsou Casto tandemove usporadané, nachdzeji se v genomu ve
dvou nebo vice kopiich a sdili vysoky stupeit homologie (97 %) (Shaffer et al., 2007).
Kromé homologie sdileji bloky LCR i velikost typickou pro konkrétni region (piiblizné od
10 do 400 kb) a vzdalenost mezi jednotlivymi bloky repetic (Stankiewicz et Lupski, 2002).
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Obrazek 1
Mechanismus vzniku delece a reciproké duplikace prosttednictvim LCR

— prevzato z Lupski, 1998

Vysoky stupeii homologie umoznuje nealelickou homologni rekombinaci,
tzv. NAHR (non-allelic homologous recombination). Segmentalni duplikace mohou byt
uspotadany ve formé piimé ¢i invertované repetice a k rekombinaci muze dochdzet jak
mezi homolognimi chromosomy, tak mezi sesterskymi chromatidami, nebo dokonce i1 v
rdmci jedné chromatidy. Dusledkem NAHR je delece, pfipadné reciproka duplikace

chromosomalniho useku leziciho mezi sekvencemi U¢astnicimi se rekombinace. Pokud



deletovana oblast obsahuje geny, miiZze byt jejich ztrata spojena s patologickym fenotypem.
V réamci jednoho repetitivniho useku se rekombinace odehrava ¢asto mezi dvéma uréitymi
homolognimi useky. Timto zptsobem vznikaji opakujici se charakteristické piestavby
asociované s n¢kterymi mikrodelecnimi syndromy (Gu et al., 2008; Shaffer et Lupski,
2000).

Dal§imi chromosomalnimi oblastmi, v nichz casto dochdzi k prestavbam, jsou
subtelomerické sekvence, které jsou obecné bohaté na geny (Mefford et Trask, 2002;
Saccone et al., 1992). Nachazi se zde tzv. TAR, které bezprostiedné sousedi s vlastnimi
telomerami. Rizné chromosomy mohou sdilet vysoce homologni TAR sekvence a
umoznuji tak opét vznik NAHR (Flint et al., 1997). Pokud v disledku NAHR, nebo z
jiného ditvodu, dojde ke ztraté telomery, mohou se v prubéhu bunééného déleni vytvaret
mustky mezi sesterskymi chromatidami. Pfi rozestupu béhem anafdze pak dochéazi k
nahodnému roztrzeni mdustku, pfiCemz jedna chromatida obsahuje koncovou cast
duplikovanou a druhd chromatida tuto ¢ast postrada. Nez dojde k opétnému pokryti
poskozeného konce chromosomu novou telomerou, miize se u rychle se délici bunky
uvedeny cyklus opakovat (tzv. breakage-fusion-bridge cyklus) a dochéazi ke vzniku
komplexnich ptestaveb (Selvarajah et al., 2006).

Vyznamnou roli pfi vzniku chromosomalnich ptestaveb hraji mechanismy, které se
ucastni opravy dvouvldknovych zlomi. V prubéhu déleni mohou byt opraveny pomoci
homologni rekombinace s vyuZitim sesterské chromatidy. Mimo fazi déleni se uplatiiuje
nehomologické spojeni koncii, tzv. C-NHEJ (classic non-homologous end joining). Jedna
se o evoluéné velmi stary a energeticky nenarocny proces, kdy jsou jednoduse ligaci
spojeny dva sousedici dvouvlaknové konce. Za normalnich okolnosti je tento proces velmi
rychly (cca 30 min). Pravé rychlost zarucuje, ze v drtivé vétSiné bude tim nejbliz§im
sousednim dvouvldknovym koncem opravdu navazujici chromosomalni fragment. Za
urCitych okolnosti, které nejsou zatim objasnény, bunka zvoli alternativni cestu,
tzv. A-NHEJ. Vzhledem k tomu, Ze pii této cesté predchazi ligaci volnych konct
vyhledavani mikrohomologii, trva A-NHEJ mnohem déle (az 20 hodin). Dlouhéd ¢asova
prodleva mezi vznikem zlomu a jeho opravou mize vést ke spojeni nespravnych konct a
vzniku chromosomalni pfestavby (Karran, 2000).

Dal$i mechanismus zaloZeny na vyuZiti mikrohomologie nealelnich oblasti, ktery
vede k tvorbé chromosomalnich ptestaveb je tzv. FoSTeS (fork stalling and template

switching) uplatiiujici se béhem replikacni faze (Gu et al., 2008).



2.2 Kryptické prestavby asociované s mentalni retardaci

Prvni oblast védeckého zajmu této prace predstavuji kryptické strukturni aberace
chromosomil asociované s mentalni retardaci. Kryptické pfestavby chromosomtl, zejména
pak mikrodelece, mohou vést ke vzniku komplexnich onemocnéni (syndromii).
K symptomim u fady téchto syndromu patii mimo jiné praveé i mentalni retardace.

Obecné vzato postihuji rtizné formy mentélni retardace ptiblizn¢ 1 — 3 % populace
(Vissers et al., 2010). Etiologie mentalni retardace je velmi heterogenni, pficemz se mtize
vyskytovat jak izolovang, tak v komorbidite s jinym onemocnéni, ¢i jako soucast syndromii
zahrnujicich v klinickém projevu napf. malformace a dysmorfie. U piiblizné¢ poloviny
pacientll zlistava pfi¢ina mentalni retardace nezndma. Genetické ptic¢iny (zahrnujici mutace
genomove, chromosomalni i genové, ptipadné dalsi poruchy na molekularni Grovni) lze
najit (podle riznych studii) u 17 — 41 % ptipadt (Bernardini et al., 2010; Rauch et al.,
2006). U pfiblizné¢ 5 — 20 % jedinch (ze vSech osob s mentalni retardaci) je kauzélni
pfi¢inou krypticka chromosomalni aberace (de Vries et al., 2003; Liang et al., 2008;
Hirschfeldova et al., 2011, P-I).

Jak jiz bylo feCeno, kryptické prestavby mohou vést ke vzniku komplexnich
onemocnéni (syndromtl). Nejcastéji se jednd o tzv. mikrodelecni syndromy, které¢ jsou
zpusobeny kryptickymi delecemi, vedle toho je stale vétSi pozornost vénovana tzv.
mikroduplikacnim syndromiim, jez jsou zpuisobovany mikroduplikacemi. Detailni studie
Weise et al. (2012) uvadi, Ze ptestoze ke vzniku reciprokych mikrodeleci a mikroduplikaci
(a tudiz 1 syndromtl) by mélo dochazet ve stejné mifte, bylo v dobé vzniku studie popsano
211 mikrodele¢nich syndrom, ale pouze 79 mikroduplikac¢nich syndromil, z ¢ehoz pouze
v 56 lokusech byly popsany jak mikrodelece, tak mikroduplikace (tedy reciproké
prestavby) (viz obrazek 2). Vedle toho studie ukazuje, diky metanalyze publikovanych
odbornych praci, Ze zatimco mikrodele¢ni syndromy jsou v odborné literatuie popisovany
(ve vzristajici mife) jiz od roku 1990, mikroduplika¢ni syndromy aZ od roku 2004. Autofti
tuto nerovnovahu interpretuji jednak jako mozny nasledek nerovnomérného selekéniho
tlaku proti aberantnim gametam v pribéhu gametogeneze a jednak jako mozny nasledek
skute¢nosti, ze mikroduplikace vedou v obecné rovné, ve srovnani vici mikrodelecim,
k mirn¢jSim (az Z&dnym) klinicky relevantnim fenotypovym projevim. Navic
mikroduplikace se poji s mnohem variabilnéjSim fenotypem (dokonce i mezi Cleny jedné

rodiny nesoucimi stejnou aberaci).
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Obrazek 2

Schématicky prehled vsech chromosomalnich regionii, jejichz klinicky vyznamna mikrodelece ¢i

mikroduplikace byla popsdna alespori dvakrat (v dobé vyjiti publikace). Cervené Sipky predstavuji zachycené
mikrodelece, modré Sipky zachycené mikroduplikace a smiSené Sipky zachycené reciproké mikrodelece i
mikroduplikace.

— prevzato z Weise et al., 2012

VétSina syndromli patii mezi tzv. syndromy pfilehlych gent (,,contiguous gene
syndromes*‘), coz znamend, ze klinicky projev je ve své sumé zplsoben aberaci nékolika
ke

patologického fenotypu. Variabilita v rozsahu i1 presné lokalizaci pfestavby pak souvisi

sousednich genli, pficemz aberace kazdého znich vede konkrétni soucasti
s pomérné vysokou mirou variability klinickych projevil (k niZ ovSem pfispiva i genetické
pozadi a negenetické faktory). Fenotyp dalSich syndromt je pak Upln¢ nebo ve vyrazné

pfevazujici mife disledkem aberace jednoho konkrétniho genu, zatimco ostatni aberované



geny se na klinickém obrazu pacienta neprojevuji nijak vyrazné. Vysledny klinicky projev
se pak podoba nésledkim bodovych mutaci daného genu s majoritnim plsobkem.
Fenotypova variabilita syndromu se pak tyka zejména onéch minoritn€ pfispivajicich genda,
ovSem nejvyznamnéjsi fenotypové rysy byvaji pritomny vzdy.

Svou roli hraje i povaha postizenych genti. Pokud se jedna o geny kodujici strukturni
proteiny, pak je obvykle postizena jen urcitd tkan ¢i tkané a klinicky projev nemusi byt
nijak zavazny i v piipad¢ rozsahlé delece. Naopak i mald delece genu, ktery koéduje
transkripéni faktor, jehoz exprese je pifisn¢ regulovéna, miize mit za nasledek postizeni
mnoha tkani, protoze sekundarné jsou jeho nizkou hladinou postizeny exprese velkého
mnozstvi gent v riznych tkénich.

S pfihlédnutim k velké variabilit¢ a vzdjemnému piekryvu fenotypi fady
mikrodele¢nich a pfedev§im mikroduplikacnich syndrom miizeme ptedpokladat, ze
zachytnost téchto syndromi v populaci je stale podhodnocena. S rozvojem metody aCGH
a diky detekci CNV pomoci sekvenovani nové generace (NGS) nalezenych mikroduplikaci
a mikrodeleci neustale ptibyva. Piedev§im u mikroduplikaci je vSak tieba velkd ostraZitost
pfi interpretaci kauzality nalezené ptestavby ve vztahu ke sledovanému fenotypu probanda.

Néapomocné pak mohou byt rizné databaze, jako je napt. DECIPHER.

Ptedkladand publikace I (Hirschfeldova et al., 2011, P-I) shrnuje vysledky vyzkumu
provedeného na 64 probandech s diagnostikovanou idiopatickou mentalni retardaci.
Publikace popisuje kryptické ptestavby nalezené u 10 probandi (16 %), z nichz nekteré
patii mezi dobfe charakterizované a spojené s urcitym syndromem, zatimco jiné nikoli.
Dale ptfedklada rozbor fenotypovych projevil pacientd a diskutuje jejich molekularné

genetické pozadi.



2.3 Kryptické prestavby pseudoautosomalniho regionu 1

Druhou a nejrozsahlejsi oblasti védeckého zdjmu této prace, jsou mikrodelece a
mikroduplikace lokalizované do pseudoautosomalniho regionu 1 (PAR1; Xp22 a Ypll),
konkrétné do oblasti genu SHOX a jeho znamych regulacnich elementii. Tento gen kéduje
vyznamny transkripéni faktor, ktery hraje zasadni ulohu pfi regulaci rastu, zejména ristu
dlouhych kosti. V sousedstvi genu se nalézd velké mnozstvi regulacnich elementl s
povahou zesilovaci. Aktivita n€kterych z nich je natolik vyznamna, Ze jejich ztrata v
disledku delece vede, i pfes zachovani neporuSeného genu SHOX, k patologickému
fenotypu. Vzhledem k tomu, Ze nelze fenotypové odlisit jedince s deleci genu SHOX od
jedincti nesoucich sekvenéni mutaci, byla soucasné provedena i mutacni analyza tohoto
genu. VySe uvedené (zejména strukturni) varianty ¢i mutace byly analyzovany jak
z pohledu klinického, tak z perspektivy pfirozené variability lidského genomu.

Gen SHOX (short stature homeobox-containing gene; GenelD #6473), patfici mezi
tzv. homeoboxové geny, poprvé definovali Rao et al. (1997) a paralelné€ nezavisle Ellison
et al. (1997). Rozprostira se po oblasti o velikosti pfiblizné 40 kb. Piivodni charakterizace
uvadéla, Zze gen je tvofen sedmi exony, pfi¢emz exony 6a a 6b podléhaji alternativnimu
sestiithu, a koduje tedy dvé izoformy proteinu SHOXa (o velikosti 292 aminokyselin) a
SHOXDb (o velikosti 225 aminokyselin). Dalsi studie vSak rozsitfily pocet exonti o dalsi
Ctyti (2a, 7-1, 7-2 a 7-3), a tudiz rozSifily 1 paletu izoforem proteinu (Durand et al., 2011)
(viz obrazek 3). V ramci genu byla identifikovana sekvence tzv. homeoboxu, kodujici tzv.
homeodoménu, vazebnou doménu o velikosti 60 aminokyselin, typickou pro transkripéni
faktory ucastnici se embryonalniho vyvoje (Ellison et al., 1997; Rao et al., 1997). Gen
SHOX ma vysokou miru sekvencni podobnosti s dalsim lidskym genem SHOX2 a také
s jeho mySim orthologem S/ox2. Byl nalezen u vétSiny druhi obratlovel veetné Simpanze,
psa, slepice, Zaby a ryby, s pozoruhodnou vyjimkou hlodavci, ktefi gen v prib¢hu evoluce
ztratili (Clement-Jones et al., 2000).

Studie genové exprese odhalily jasny rozdil v rozlozeni exprese isoforem SHOXa a
SHOXb. Zatimco ptfevazné jsou ob¢ exprimovany ve fibroblastech v kostni dfeni, coz
odpovida jejich roli transkripénich faktorti regulujicich rist zejména dlouhych kosti,
isoforma SHOXa je navic exprimovéna v n¢kolika dalSich tkénich (Rao et al., 1997). Dalsi
studie prokéazaly exprimaci SHOX 1 v fad¢ dalSich embryondlnich a fetilnich tkanich

(svaly, ktze, stfeva, oko, mozek, micha), stejné¢ jako v adultnich tkanich, pfiCemz



nejvyrazngj$i exprimace byla zjisténa v placenté, kosternim svalstvu, kostni dfeni a tukové
tkani. V nizké mife byla zjisténa exprese SHOX také v nékterych oblastech fetalniho i
adultniho mozku. Zejména byly v nékolika mozkovych tkanich plodu a dospélych
detekovany izoformy zahrnujici nové identifikovany exon 2a, v nejvétsi mife ve fetalnim
oku a mozku a v adultni kostni dfeni a kosternim svalstvu. Varianty obsahujici n¢kterou
formu exonu 7 byly detekovany ve vétSim mnozstvi pouze ve fetdlni mozkové tkani. To
naznacuje, ze vedle regulace rustu mize SHOX hrat roli i v regulaci vyvoje nervové tkane,
coZ se zejména muze tykat téch izoforem proteinu definovanych po dodatecném objevu
¢tyt exontt SHOJX, jejich funkéni specifika nejsou dosud uspokojivé rozlusténa (Durand et

al., 2011; Marchini et al., 2016).
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Obriazek 3

Gen SHOX. Gen se vyskytuje priblizne 500 kb od telomery (Tel), zabira oblast priblizné 40 kb a

sklada se z deviti exonu kodujici dvé hlavni izoformy SHOXa a SHOXb a prinejmensim ctyri dalsi
alternativni izoformy. Charakteristickou a funkcné nejvyznamnéjsi tzv. homeodoménu koduje tzv. homeobox.

— pfevzato z Marchini et al., 2016



Samotna exprese genu SHOX je regulovana tfemi zdkladnimi mechanismy (viz
obrazek 4). Prvni regulaci predstavuje existence dvou alternativnich promotord, P1 a P2,
které generuji shodné mRNA s vyjimkou nekodujicich 5°UTR sekvenci obsahujicich rizny
pocet AUG elementii. ZvySeny pocet AUG vede nasledn¢ ke snizeni miry translace
transkriptu. Dva promotory mohou byt uzivany v zdvislosti na aktualnich fyziologickych
potiebach, ovSem jejich rozlicna aktivace neni dosud vysvétlena (Blaschke et al., 2003;
Marchini et al., 2016). Druhou formu piedstavuji regulac¢ni elementy (CNEs; conservative
noncoding elements) ve fazi cis. Konkrétné byly v PAR1 popsany tii CNEs piedchazejici
genu (,,upstream®) a ¢tyfi CNEs nasledujici gen (,,downstream®), jejichz zesilovaci funkce
(,,enhancer”) byla prokazana jak v lidskych buiikéch, tak v bunikdch nékolika dalSich
zivocichii (Benito-Sanz et al., 2012; Durand et al., 2010; Fukami et al., 2006; Sabherwal et
al., 2007). Tteti regulaéni mechanismus pifedstavuje jiz zmifiovany alternativni sestiih
tykajici se zejména 3°UTR sekvenci, ptipadné tzv. RUST (regulative unproductive splicing
and translation), ktery tvoii diky alternativnimu sestfihu transkripty, které¢ jsou kvili
pfitomnosti ptfedcasného terminacniho kodonu degradovany syst¢émem NMD (nonsense-
mediatd mRNA decay), pfiCemz tvorba takovych transkriptl je cilend a umoziiuje rychlé

prepnuti a tvorbu funkéniho transkriptu v ptipadé, Ze se v buiice objevi vhodny signal.

Obrazek 4

Mechanismy regulace exprese genu SHOX.

A) Alternativni promotory. Dva promotory (P1 a P2) ridi expresi SHOX a produkuji transkripty, které

se lisi ve svych 5 ‘UTR.

B) Regulacni elementy. Horni vodorovnd ¢dara predstavuje fyzickou vzddlenost od telomer.

C) Sestiihové varianty. Ruzné isoformy jsou generovany genem SHOX prostrednictvim alternativniho
sestrihu. Odlisné 3 ‘UTR mohou byt podrobeny alternativni regulaci zprostredkované mikroRNA. Viozeni
exonu 2a vede ke vzniku predcasného terminacniho kodonu v exonu 3, coz by mohlo vést k degradaci mRNA.
Exon Il a IV obsahuji homeobox. Svétle Seda pole oznacuji netranslatované oblasti; tmavé Seda pole
predstavuji otevieny cteci ramec.

— pfevzato z Marchini et al., 2016
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V ramci proteinu SHOX, resp. v ramci nejcastéji se vyskytujici izoformy SHOXa,
1ze popsat n¢kolik vyznamnych funkénich domén ¢i mist (viz obrazek 5). Charakteristicka
pro homeoboxové geny je homeodoména, skladajici se ze tfi helikalnich motivi, jez se
pfimo vaze na molekulu DNA. Mutace vedouci k zaméné aminokyselin, ¢i jiné poruse
v této doméné, tuto schopnost oslabuji, potazmo znemoznuji (Gehring et al., 1994).
Vyznamny je jaderny lokaliza¢ni signal (sekvence aminokyselin definujici smér transportu
SHOX do jadra), jejiz mutace tento transport znemoziiuje (Sabherwal et al., 2004).
Dimeriza¢ni doména umoznuje vzdjemnou interakci proteini SHOX a vytvafeni funkcné
efektivnich dimert (homodimerti i heterodimerti co do izoforem proteinu), kterazto
schopnost miize byt opét narusena mutaci (Schneider et al., 2005). Dalsi vyznamnou
doménou je transaktivaéni doména, kterd zprosttedkovéva transkripci stimulujici aktivitu
proteinu. Tato doména je lokalizovana pobliz C-konce proteinu a neni soucasti izoformy
SHOXDb — pfi stimulaci transkripce tedy SHOXb ziejmé funguje jako modulator aktivity
SHOXa v ramci dimeru (Rao et al, 2001). Specificky vyznamné je pak fosforylacni misto —
jednd se o hojné fosforylovanou aminokyselinu serin na pozici 106 v ramci peptidu,
pficemz fosforylace (provadéna casein kindzou II) slouzi za ndstroj regulace aktivity

proteinu (Marchini et al., 2006).

Dimerizacni doména

Fosforylaéni misto
. |s106

N HD [nis 0AR C

DNA vazebnd doména Transaktivaéni doména

Obriazek 5

Protein SHOX, jeho vyznamné domény a mista. (HD — homeodoména; NLS — jaderny lokalizacni

signal (nuclear localization signal); OAR — transaktivacni doména (OAR — otp, aristaless and rax); N — N
konec; C — C konec; P — misto fosforylace; CKII — casein kindaza II)

— pfevzato z Marchini et al., 2016
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Protein SHOX je hojné exprimovan v buiikéch riistovych plotének, kde se zapojuje
do regulace hypertrofie, proliferace a diferenciace chondrocytl. Zejména stimuluje tvorbu
extracelularni matrix a ve vybranych bunkach spousti apoptdézu. Interaguje s mnoha
dalSimi proteiny (véetné vyznamného regula¢niho proteinu FGFR3 a gent rodiny SOX) a

ucastni se fady signalnich drah (Marchini et al., 2016).
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Obrazek 6

Shranuti 230 mutaci v exonech SHOX dle databaze SHOX (www.shox.uni-hd.de). Exon 2 obklopuje

cast 5 ‘UTR a exony 6a a 6b cast 3 ‘UTR, exon 1 obsahuje pouze 5 ‘UTR a casto neni zahrnut v
diagnostickych analyzach. Homeobox se nachadzi v exonu 3 a exonu 4. Nejcastéjsimi opakujicimi se mutacemi
Jjsou pArgl47 v exonu 3 (sedmkrat) a pArg195 v exonu 5 (desetkrdt). Modre jsou oznaceny unikdtni mutace,
Cervend predstavuje celkové mnozstvi mutaci v daném exonu/oblasti. (Ex — exon; HB — oblast homeoboxu)

— ptevzato z Marchini et al., 2016

Mutace genu SHOX, vedouci k dysfunk¢nosti ¢i absenci proteinu SHOX, mohou vést
k zdvaznym klinickym disledkim zahrnujicim maly vzrist postavy, ¢i obecnéji
patologicky vyvoj kosti. Klinicky vyznamné jsou jiz mutace heterozygotni, coz ukazuje na
dilezitost zachovani genové doze SHOX. Velmi pfisna mnohatroviiova regulace exprese
umoziuje spravné naCasovani tvorby poteinu. Zda se ale, Zze mnozstvi vznikajiciho
proteinu SHOX vazané na jednu alelu neni velké a v piipad¢ ztraty jedné alely neni

dostate¢né k tomu, aby pln¢ vykondval svou funkci. Piiblizné 80 % detekovanych mutaci
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genu SHOX piedstavuji delece o rizné velikosti zahrnujici cely gen, nebo jeho regulacni
sekvence, dalSich asi 5 % predstavuji mensi delece zasahujici jen jeden, ¢i n¢kolik exon
genu (Binder, 2011; Fukami et al., 2008; Chen et al., 2009). Delece v regulacnich
oblastech ovSem mohou byt téZ soucasti pfirozené variability (Solc et al., 2014, P-III).
Klinicky vyznamné jsou téz missense a nonsense bodové mutace, ke kterym dochazi
zejména v exonech 3 a 4 v mistech kodujicich homeobox, ptipadné postihuji transaktivacni
doménu koédovanou exonem 6a (Marchini et al., 2007) (viz obrazek 6). Zatimco u
nalezenych deleci je asociace s patologii zietelna, u detekovanych duplikaci je situace
mnohem slozit&jsi. I kdyz publikované prace ukazuji, ze duplikace jsou fazeny tandemove,
je velmi obtizné stanovit, zda ur¢itd duplikace vyrazné naruSuje expresi genu SHOX.
Nicméné se zdé, Zze urcité duplikace maji vysoky patogenni potencial (Hirschfeldova et
Solc, 2017, P-IV).

Poruchy genu SHOX jsou asociovany s Léri-Weillovym syndromem, Langerovym
sydromem, idiopatickym malym vzriistem a gonosomalnimi aneuploidiemi.

Léri-Weilliv syndrom, neboli Léri-Weillova dyschondroste6za (MIM 127300),
vznikd v disledku heterozygotni deficience genu SHOX. Jedna se o formu skeletalni
dysplazie s charakteristickou dispropor¢né¢ malou postavou. Kromé malé¢ho vzriistu patii
mezi typické klinické projevy mesomélie (zkracend piedlokti a lytka), cubitus valgus
(vboCeny loket), Madelungova deformita (zkracend a ohnutd kost vieteni, dorsalné
dislokovana distalni ¢ast kosti loketni) a zkracené kosti metakarpalni a metatarzalni (Hintz,
2002). U piiblizné¢ 70 — 90 % pacientd s Léri-Weillovym syndromem byla prokézana
delece genu SHOX, jeho ¢asti, nebo regulacnich sekvenci (80 %), anebo bodova mutace
(20 %) (Hirschfeldova et al., 2012, P-1I; Kosho et al., 1999; Ogata et al., 2002).

Langertv syndrom, neboli Langerova mesomelicka dysplazie (MIM 249700), je
dosti vzacné onemocnéni a v podstaté se jednd o extrémnéjsi formu Léri-Weillova
syndromu vznikajici jako duasledek homozygotni deficience genu SHOX. Pacienti s
Langerovym syndromem vykazuji extrémné maly vzrist a zdvazné dysmorfie kosti
koncetin, ¢asto dochéazi k hypoplazii nebo aplézii kosti loketni a lytkové (Hintz, 2002).

Idiopaticky maly vzrist (MIM 300582) je charakterizovan signifikantné¢ malym
vzrastem (< -2 SDS), trvale nizkym tempem rastu a nepfitomnosti jiného postizeni, které
by mohlo byt pfi¢inou. Patologie genu SHOX se ukazuje jako plvodce piiblizné 10 %
tohoto onemocnéni, coZz ji ¢ini (s frekvenci 1:300 v celkové populaci) nejcasté)si

monogenni pfi¢inou malého vzristu (Marchini et al., 2016).
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Vyznamnou roli hraje heterozygotni deficience genu SHOX pravdépodobné i v ramci
klinického profilu Turnerova syndromu, jehoz pfi¢inou je gonosomalni monosomie
(45,X0). Vice nez 90 % zen s Turnerovym syndromem je abnormaln€ malého vzristu a
pravé haploinsuficience genu SHOX by mohla byt pfi¢inou této slozky fenotypu (Hintz,
2002). Naopak gonosomalni aneuploidie, pfi nichz dochéazi ke zvyseni poctu gonosomi
(47,XXX; 47XXY; 47,XYY; 48,XXXX; atd.), se projevuji zvySenou postavou, coz také
byva pficitdno zmeéne v poctu alel genu SHOX (Binder et al. 2001).

Ptredklddand publikace II (Hirschfeldova et al., 2012, P-II) shrnuje vysledky
vyzkumu provedeného na 98 jedincich s diagnostikovanou Léri-Weillovou
dyschondrosteosou nebo idiopatickym malym vzristem. Publikace popisuje mutace
nalezené v genu SHOX a jeho regula¢nich oblastech. Dale pfedkladéa rozbor fenotypovych
projevil pacientd a diskutuje jejich molekularné genetické pozadi, zejména kryptické
prestavby, jejichz klinicky vyznam je nejasny (tzv. delece pod MLPA sondou L05101;

ruzné duplikace).

Predkladand publikace III (Solc et al., 2014, P-III) uvadi vysledky mensi studie
zaméfené konkrétné na tzv. deleci pod MLPA sondou LO5101. Po porovnani frekvence
jejiho vyskytu mezi pacienty s idiopatickym malym vzristem a zdravymi jedinci
vyhodnocuje deleci jako klinicky nevyznamnou soucést pfirozené variability. Studii
doplituje haplotypova analyza sekven¢nich polymorfismii nalezenych u pacienti

(Hirschfeldova et al., 2012, P-11), ovSem bez statisticky vyznamného vysledku.

Piedkladand publikace IV (Hirschfeldova et Solc, 2017, P-IV) piedstavuje
komparativni analyzu duplikaci detekovanych v souboru 250 zdravych jedincl v porovnani
s rozsahem a umisténim duplikaci u pacienti z piedchozich studii autorli, jeZ oznacila
duplikace s vysokym patogennim potencialem. Vysledky byly podpofeny metaanalyzou

publikovanych duplikaci ve sledované oblasti.
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2.4 Kryptické prestavby chromosomalniho regionu 8q24

Posledni oblasti védeckého zajmu, jiz se zabyva tato prace, jsou strukturni aberace
spojené s chromosomalnim regionem 8q24, konkrétné s genem 7RPSI, a mutace v genu
TRPSI. V klinické roviné jsou tyto mutace asociované s tzv. trichorhinofalangealnim
syndromem.

Trichorhinofalangeédlni syndrom (trichorhinophalangeal syndrome; TRPS) je velmi
vzacné genetické onemocnéni s typickymi kraniofacidlnimi a skeletdlnimi malformacemi.
V soucasné¢ dobé se rozliSuji na klinické i molekularné genetické urovni tfi typy
oznacované jako TRPS I (OMIM #190350), TRPS II (OMIM #150230) a TRPS III
(OMIM #190351).

Podtyp TRPS 1 predstavuje zdkladni, nejcastéjsi formu TRPS. Jeho
charakteristickymi klinickymi znaky jsou kratké, fidké, jemné, pomalu rostouci vlasy,
hruskovity tvar nosu, dlouhé philtrum, laterdln€é fidnouci oboci, kuZzelovité tvarované
epifyzy predevsim stfednich ¢lankl prstd rukou i nohou, mirné zkradcené metakarpalni a
metatarsalni kosti, brachydaktylie (pfevazné zplsobena brachymesofalangii), mirna
postnatalni riistova retardace a zpozdény kostni vék (Ludecke et al. 2001). Dale byly u
nekterych pacientl zjiStény téZ vyboceni prstil v proximalnich interfalangealnich kloubech
(Corsini et al. 2014), malé a nepravidelné tvarované femordlni epifyzy (Vaccaro et al.
2005) a problémy s vyvinem druhé dentice a opozdény zubni v€k (Machuca et al. 1997).
Pti¢inami TRPS I na molekulérni arovni mohou byt mikrodelece, nebo bodova mutace v
genu TRPS1 (Ludecke et al. 2001; Solc et al., 2017, P-V).

TRPS 1I (jinak téZ Langer-Giedioniv syndrom (LGS)) vznika v dasledku
heterozygotni mikrodelece zahrnujici gen TRPSI a spoletné s nim také distalnéji
lokalizovany gen EXT1; jedna se tedy o typicky syndrom pftilehlych gent (Ludecke et al.
1995). Delece postihuje pfinejmenSim vSechny geny od TRPS!I az po EXTI, tj. vice nez
1 Mb (Shanske et al. 2008), ale miZe byt i rozsahlejsi — proximalné mize zasahovat aZ do
oblasti 8q22.2 a distaln¢ az do oblasti 8q24.2 (Hilton et al. 2001; Hou et al. 1995; Ludecke
et al. 1999; Solc et al., 2017, P-V). Klinické projevy tohoto syndromu v sobé spojuji
klasické symptomy TRPS I s mnohocetnymi dédi¢nymi exostéozami typu I s pivodem v
mutacich genu EX7 (hereditary multiple exostoses; OMIM #133700), a u vétSiny pacientl
se projevuje téZ mirna az stfedni mentalni retardace. Exostdozy mohou byt velmi variabilni

co do poctu i velikosti (Tsang et al. 2014). Bylo popsano, ze pacienti s TRPS II maji v
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priméru mensi vzrast, nezli pacienti s TRPS I ¢i se samotnymi izolovanymi exostézami,
pravdépodobné z divodu kumulativniho efektu, protoze oba geny ovliviiuji rist a vyvoj
skeletu. Pacienti s mensi deleci vykazuji 1 mirnéjsi stupen mentalni retardace, ve srovnani s
pacienty s rozsahlejsi deleci (Ludecke et al. 1991). Kandidatnim genem pro mentalni
retardaci by u TRPS II mohl byt proximéln¢ se nachéazejici gen CSMD3, ktery je hojné
exprimovan ve fetdlnim i adultnim mozku. Zda se, Ze tento gen je neporuSen u pacientil
bez mentalni retrdace, avSak minimaln¢ u c¢asti pacienti s TRPS II trpicich mentalni
retardaci je deletovan. Je tedy pravdépodobné, ze haploinsuficience genu CSMD3 by
mohla byt zodpovédna za mentalni retardaci u pacientd s TRPS II (Ludecke et al. 1991;
Riedl et al. 2004). U nékterych pacientti s TRPS II byly popsany i dalsi symptomy, napf.
kozni defekty, laxity a hypermobilita kloubti, zvySena predispozice ke kostnim frakturam,
mikrocefalie, problémy s piijmem potravy v détstvi, u novorozencii hypotonie, opozdény
psychomotoricky vyvoj s pozdnim néstupem feci apod. (Vaccaro et al. 2005).
Zaznamenana byla i1 v&t$i nachylnost k urogenitalnim a respira¢nim infekcim (Michalek et
al. 2009). Ptitomnost ¢i absence téchto a dalSich znak miiZe byt spojena s rozsahem
delece u jednotlivych pacientt, tedy projevuje se zde i nadale jev popisovany jako syndrom
prilehlych gend (Fantauzzo and Christiano 2012; Hou et al. 1995; Pereza et al. 2012;
Shanske et al. 2008).

Podtyp TRPS III, nejvzacnéjsi ze spektra TRPS, se liSi od TRPS II normalni
inteligenci a nepfitomnosti exostéz a od TRPS I podstatné vyrazngjsi rlstovou retardaci,
brachydaktylii zpisobenou zkracenim metakarpalnich kosti a c¢lank prsti a castym
vybocenim kosti v proximalnich interfalangealnich kloubech (Nitkawa and Kamei 1986).
TRPS III tedy svou fenotypovou zavaznosti pfedstavuje z klinického hlediska extrémni
projev TRPS L. Je to dano skutecnosti, Ze TRPS III vznika v disledku specifického typu
mutaci v genu TRPSI. Konkrétné¢ se pfitom jednd o missense mutace v exonu 6, jehoz
prevazna Cast koduje DNA-vazebny GATA motiv zinkového prstu (Hilton et al. 2002;
Kobayashi et al. 2002; Ludecke et al. 2001; Maas et al. 2015).

Je ovSem nutno podotknout, ze fenotypové projevy TRPS vykazuji vysokou miru
variability. Fenotyp se 1i8i v z&vislosti na véku a pohlavi, a to jak u neptibuznych pacientti
nesoucich identickou mutaci, tak u pacientli ptibuznych (Ludecke et al. 2001) a dokonce 1
u monozygotnich dvojcat (Naselli et al. 1998).

Gen TRPSI (GenelD #7227) byl identifikovan na dlouhém raménku chromosomu 8,
v oblasti 8q24.1. Tvoii jej sedm exonl a zahrnuje ptiblizné 260,5 kb genomické DNA,
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pfi¢emz exony 2-7 jsou kodujici (Momeni et al. 2000). Je exprimovan ve vice nez 50
ruznych adultnich i fetalnich tkdnich (Chang et al. 2002; Kunath et al. 2002; Malik et al.
2001; Momeni et al. 2000).

Gen TRPSI zasahuji delece, jez mohou byt riizn¢ velké. Popsany byly delece o
velikosti jednoho, dvou ¢i nékolika malo part bazi, ménici ¢teci ramec (tzv. ,,frameshift™
mutace) (Nan et al. 2013), ale stejné tak i delece zahrnujici zna¢nou ¢ast dlouhého raménka
chromosomu 8 (Hilton et al. 2002). Dale byly mnohokrat popsany i bodové nonsense ¢i
missense mutace (Ito et al. 2013), sestfihové mutace (Ludecke et al. 2001), paracentrické
inverze zahrnujici region 8q24.11 (Sasaki et al. 1997), inzerce (Vaccaro et al. 2005) ¢i
1997). S ohledem na publikovana data lze fici, ze ptiblizné polovina pacientli s TRPS I je
nositeli mutace zdédéné, zatimco u druhé poloviny doslo ke sporadické mutaci de novo
(Chen et al. 2011; Corsini et al. 2014; Hilton et al. 2002; Ludecke et al. 2001).

Gen TRPSI koduje protein TRPS1 skladajici se z 1281 aminokyselin fungujici jako
jaderny transkripcéni faktor a fadici se do nové tfidy transkripénich faktort ,,multi-type
zinc-finger”. Protein TRPS1 vykazuje v jadfe nehomogenni distribuci a je lokalizovan v
rozsahlych avSak malo pocetnych jadernych téliskach (Kaiser et al. 2003). Vedle toho
existuji naznaky, ze by protein mohl vykonavat dal§i minoritni funkci mimo jadro, ktera
vsak zatim neni dobie definovana (Fantauzzo et al. 2008).

Ve struktufe tohoto proteinu se objevuje zcela unikatni kombinace nékolika
rozdilnych typl motivii zinkového prstu véetné GATA-type a IKAROS-like. Sekvence
proteinu také obsahuje dva pravdépodobné lokaliza¢ni jaderné signaly. Jedna se o jediny
znamy transkripcni faktor, ktery ve své struktufe spojuje devét motivii zinkovych prstl Ctyt
odlisnych typli (Momeni et al. 2000). Tfi z motivl zinkového prstu jsou typu C2H2 a
sdileji konsenzualni sekvenci C2X14H2. Dals§i tfi motivy zinkového prstu sdileji
konsenzudlni sekvenci C2X12H2. Sedmy motiv zinkového prstu je typu C2C2
(CXNCXI17CNXC) a vykazuje podobnosti s vice nez 160 proteinovymi sekvencemi,
zejména Clenl rodiny DNA-vazebnych transkripénich faktordt GATA, coZ poukazuje na
mozné zahrnuti v regulaci genové exprese. Zbyvajici dva zinkové prsty typu C2H2 se
nalézaji na C-konci a vykazuji vysokou miru podobnosti s témét tiemi sty dalSimi motivy
zinkového prstu u proteinii mnoha raznych organismti. Nejvyssi stupenn podobnosti byl
pfitom nalezen u dvou charakteristickych zinkovych prsti z rodiny IKAROS (Chang et al.
2002; Malik et al. 2001).
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Protein TRPS1 piisobi jako represor transkripce genil regula¢né zavislych na dalSich
transkripcnich faktorech typu GATA. Pro tuto aktivitu je pfitom nezbytna pfitomnost C-
terminalni IKAROS-like domény (Malik et al. 2001), jejimz prostiednictvim se TRPSI
vaze s kofaktory a aktivuje se (Ludecke et al. 2001; Sun et al. 1996). Aktivita TRPS1 jako
transkripéniho faktoru je rovnéz kontrolovana posttranslaénimi modifikacemi. V ptipadé
TRPSI1 byla potvrzena SUMOylace na C-konci proteinu (navazani malych proteint, tzv.
small ubiquitin-like modifier). Jedna se pravdépodobné o klicovy mechanismus regulace
aktivity tohoto transkripéniho faktoru (Kaiser et al. 2007).

Mutace genu TRPSI mohou vést k tvorbé zkraceného proteinu postradajiciho
C-termindlni IKAROS-like doménu, ktery ztraci schopnost se aktivovat. Pfedpoklada se,
ze proteiny s missense mutaci jsou schopné dosahnout jadra a formovat dimery c¢i
multimery skrze své IKAROS-like domény, nicméné maji nejspiSe sniZenou afinitu k
DNA. Pokud ale missense mutace postihuje pifimo GATA doménu, vznikly protein se neni
schopen vazat na DNA a regulovat transkripci; takto mutované proteiny jsou tedy

transkripéné neaktivni (Momeni et al. 2000).

IRES

transcript 1 (NM_014112.4) SCurrzmacyorny MUREENEPLENVA ...
AUG ( aGCcRCATGS)
exon 1a exon 2 IEES exon 3
transcript 3 (NM_001282903.2) MESMLD MVRKRWPELANVA ...
AUG (tECootATER)
exon 1b exon 3
transcript 2 (NM_001282902.2) MESN MVRKENEPLRNVA ...

AUG { 2CCRgCATGE)

Obrazek 7
Schéma 5°’UTR a oblasti translacnich startii v riznych transkriptech genu TRPS1.
— prevzato ze Solc et al., 2017, P-V

Regulace exprese genu TRPSI neni dosud objasnéna. Jako klicovy transkripéni
faktor podilejici se na fadé procesd, mimo jiné i na regulaci bunéného cyklu, lze
pfedpokladat jeho pfisnou kontrolu. Podle zndmych transkriptli byla rekonstruovéana
organizace genu TRPSI. Neni pfekvapenim pfitomnost alternativniho sestfihu na 5 konci
genu, ktery vytvaii rizn¢ dlouhé a rtizné strukturované 5'UTR sekvence a ktery vyZzaduje

pfitomnost alternativnich promotord. Rovnéz rozsahla 3'UTR oblast ma jist¢ vyznamnou
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regulacni Glohu (viz obrdzek 7). Lze ptfedpokladat, Zze se v okoli genu 7TRPSI/ budou
nachézet i dalsi cis regulaéni elementy. Rizeni celého procesu transkripce a translace a
odlisna biologickd funkce odlisnych transkripti zistdva dosud neobjasnéna (Solc et al.,

2017, P-V).

Ptredkladand publikace V (Solc et al., 2017, P-V) shrnuje vyzkum provedeny na
souboru deviti neptibuznych jedincti s trichorhinofalangealnim syndromem rtzného typu.
Zahrnuje analyzu jejich fenotypu a odhaluje pravdépodobné kauzalni piiciny vzniku
syndromu na urovni DNA. Zvolend metodika umoznila vedle kodujicich oblasti genu
analyzovat i rozsdhlé¢ 5° a 3° netranslatované oblasti genu TRPSI a detekovat zde fadu
polymorfismi. Ziskané poznatky jsou uvedeny do kontextu dosavadnich publikovanych

studii, zvySena pozornost je vénovana také regulaci exprese genu 7RPS1.
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2.5 Perspektivy vyzkumu

Vyzkum kryptickych ptestaveb lidskych chromosomt se i do budoucna jevi jako
velmi perspektivni a stoji pted fadou zajimavych otazek. Oproti svym pocatkim, kdy se
pozornost soustfedila zejména na klinicky vyznamné piestavby s pfimym patologickym
dopadem na svého nositele, soucasny vyzkum se vedle toho vyraznéji zamétuje: zaprvé na
CNV, jez jsou soucasti ptirozené variability lidského genomu a nemaji klinicky vyznam
(v€etné téch, jez mohou predstavovat evolucni stopu); a zadruhé na prestavby, jezZ mohou
néjakym zptsobem hrat roli pfi vzniku komplexnich, polygenné¢ podminénych a
multifaktorialnich onemocnéni.

Paklize se zaméfime konkrétné na témata, jimz se vénuje tato prace, pak vysSe
uvedené hraje vyznamnou roli pfi studiu souvislosti mezi kryptickymi pfestavbami a
mentalni retardaci (¢i v SirSim pohledu patologickym kognitivnim a intelektudlnim
fungovanim nervové soustavy). Vyzkum, k némuz se snazi pfispét i tato prace, zdaleka
neni u svého konce — mnozstvi kryptickych ptestaveb, jeZ jsou kauzalné spojeny se
vznikem syndromil zahrnujicich ve fenotypovém projevu mentalni retardace (ale i téch bez
tohoto symptomu), se neustdle zvySuje. OvSem stale Castéji se jednd nikoli o dobie
definované, opakujici se pfestavby a lokusy, nybrz o unikatni aberace vedouci ke vzniku
vzacnych syndromu. Tato situace stavi pfed nové vyzvy jak lékate, tak védce, nebot’ jim
neumoziuje opfiit se pii 1é€be pacienta, potazmo pfi interpretaci biologického vyznamu
aberace, o bohatou evidenci a sni jiZ spojenou praxi, a vede je tak k hleddni novych
medicinskych 1 vé&decko-metodologickych pfistupii. Situaci pii detekci vzacnych
kauzalnich aberaci navic komplikuje vySe uvedeny fakt, Ze se zvySujici se schopnosti
zmapovat genom clovéka roste mnozstvi popsanych a u kazdého ¢lovéka téz detekovanych
CNV (napt. Gallasso et al., 2010). Uleh¢eni naopak ptedstavuji obsidhlé databaze (napf.
DECIPHER), které v posledni dob&é umoziuji spolehlivéji identifikovat strukturni
polymorfismy a o néZ se lze opfit pii vyhodnocovani vyznamu nalezenych ptestaveb.

Vedle toho se zacinaji odhalovat i souvislosti mezi konkrétnimi ptestavbami a
heterogennimi patologickymi projevy, jako je napt. epilepsie (napi. Mullen et al., 2013).
OvSem ziejm& nejambicioznéj$im je v soucasnosti vyzkum snaZici se objasnit spojeni
kryptickych ptestaveb se vznikem a podobou poruch autistického spektra. Vznik této
multifaktoridlni patologie s vysoce polygennim genetickym pozadim byl v ramci mnoha

studii asociovan s bodovymi mutacemi, strukturnimi aberacemi i epigenetickymi mutacemi
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mnoha gent. Aktudlni vyzkumy se snazi o novy pohled, kdy se nehled4 spojeni konkrétni
mutace ani pfesné role, kterou hraji jednotlivé geny, nybrz piechazi se na komplexngjsi
pohled na jinych trovnich, nezli je genom, a to na urovni transkriptomu, proteomu a
interaktomu. Zde je jiz (zatim ovSem pouze v hrubych rysech a s pozadavkem na dalsi
studie a posilovani evidence) mozné identifikovat urcité signalni a regulacni drahy, jejichz
naruseni (skrze bodovou, strukturni nebo epigenetickou mutaci které¢hokoli z velkého
mnozstvi zapojenych genti) je pravdépodobné spojeno se vznikem poruch autistického
spektra (pro podrobné zpracovani viz napt. Krum et al., 2014).

Perspektivy vyzkumu cileného pouze na konkrétni chromosomadlni regiony, resp.
oblasti asociované s konkrétnimi geny, jejz predstavuji i dal§i dvé témata této prace, se
z povahy véci samoziejmé li§i. Jak v pfipadé genu TRPSI a trichorhinofalangealniho
syndromu, tak v pfipadé genu SHOX a snim asociovanych onemocnéni pokracuji
vyzkumy zabyvajici se konkrétnimi patologiemy genti a spojujici je s konkrétnimi
klinickymi duasledky a perspektivami. Vedle patologii kodujicich sekvenci, vedoucich
k absenci proteinového produktu ¢i jeho defektiim, se pozornost zaméfuje i na patologie
regulace genové exprese. Zde jsou jak v pfipadé genu TRPSI, tak genu SHOX intenzivné
zkoumany nekddujici sekvence exonti (S’UTR a 3’UTR) a také promotorové sekvence.
V piipad¢ genu SHOX je ovSem stale vétsi daraz kladen i na vyzkum regulacnich,
enhancerovych sekvenci v okoli genu. Moderni metodologické ptistupy umoznuji v
soucasné dobé& analyzu praveé 1 nekodujicich sekvenci, jejichz vyzkum byl diive ¢asto kvili
jejich délce a nizké komplexnosti opomijen. V piipadé geni jako jsou transkripéni faktory
TRPSI a SHOX, kde se predpokladéd velmi piisnd mnohauroviiova regulace exprese genu,
by méla analyza regulacnich oblasti pfejit do rutinni praxe. Prekdzkou zatim zistava
nedostate¢né standardizovany a zjednoduSeny systém testovani a interpretace funkéniho
vyznamu nalezenych variant. Nicméné vzhledem k bouflivému rozvoji tohoto odvétvi se
da predpokladat, Ze 1 tato ptekazka bude brzy odstranéna. Vyzkum duplikaci
v pseudoautosomalni oblasti odhaluje komplikace spojené s jejich interpretaci, které maji
obecnéjsi charakter. DlleZitou roli hraje uspotfadani duplikované oblasti, zda jsou primarné
naruseny kodujici ¢i regulacni sekvence, ale i mozZnost kompetice duplikovanych
regulacnich elementt o transkripéni faktory, jejichZ mnoZstvi miize byt omezené, ptipadné
zda nové prostorové uspotradani chromosomalni domény nenarusuje spavnou interakci
mezi faktory v riznych cis regulacnich elementech (Hirschfeldova et Solc (2017, P-1V)).

Vyzkum genu SHOX, s ohledem na mnozstvi jeho zndmych regulacnich elementd, které
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jsou i relativné dobie charakterizované, a na Casty vyskyt drobnych pirestaveb, mize slouzit
jako vzor pro vyzkum dalSich podobnych gend.

Predmétem vyzkumu zlistava v piipad¢ obou gent i funkce kdédovanych proteint.
V piipadé TRPS1 nejsou vSechny jeho funkce jesté zdaleka zmapované. V piipadé SHOX
se jednd spiSe o detailn€j$i vyzkum, napf. vramci jeho aktivity v prehypertrofickych
chondrocytech je tfeba upftesnit, kterd z jeho funkei se v kterém kroku procesu uplatiuje,
jak jsou tyto odlisné funkce koordinovany apod. Vedle toho je tfeba vénovat pozornost
tomu, jakou ulohu hraje SHOX v dalSich tkanich. Zejména by protein SHOX podle
nékterych ndznakd mohl hrat roli pfi vyvoji nervové tkané (specificky se to tyka nové
popsanych izoforem zahrnujicich exony 7-1, 7-2 a 7-3). V posledni dobé se dokonce
objevuji 1 teorie, ze pravé i patologie SHOX by mohla pfispivat ke vzniku poruch
autistického spektra (viz napi. Tropeano et al., 2016).

Souhrnem Ize ftici, ze kryptické piestavby lidskych chromosomi piredstavuji
vyzkumnou oblast, ktera skryva mnoha tajemstvi a jejiz studium ndm muze pfinést fadu
poznatkil o pfirozené strukturni variabilité lidského genomu a jeho evoluci, fyziologickém
1 patologickém fungovani genii a proteind, regulaci genové exprese i o slozitém
genetickém pozadi polygennich a multifaktoridlnich onemocnéni. A ¢im vice se o
kryptickych piestavbach lidskych chromosomi dozviddme, tim ocividngjsi je, ze jesté

nesrovnateln¢ vice toho ziistava pied nasimi zraky ukryto.
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2.6 Pouzité zkratky

3’UTR ... 3° untranslated region (3 netranslatovany region)

5’UTR ... 5° untranslated region (5° netranslatovany region)

aCGH ... array CGH

C ... C konec proteinu

CGH ... comparative genomic hybridization (komparativni genomova hybridizace)

CKII ... casein kinase II (casein kindza II)

CNE ... conservative noncoding element

CNV ... copy number variations

CSMD3 ... CUB And Sushi Multiple Domains 3 (lidsky gen)

DNA ... deoxyribonucleic acid (deoxyribonukleova kyselina)

Ex ... exon

EXTI ... exostosin 1 (lidsky gen)

FGFR3 ... fibroblast growth factor receptor 3 (lidsky protein)

FISH ... fluorescent in sifu hybridization (fluorescencni in situ hybridizace)

FoSTeS ... fork stalling and template switching

HB ... homeobox (homeobox)

HD ... homeodomain (homeodoména)

LCR ... low-copy repeats

MAPH ... multilocus amplifiable probe hybridization

m-FISH ... multicolour FISH (mnohobarevna FISH)

MLPA ... multiplex ligation-dependent probe amlification

N ... N konec proteinu

NAHR ... non-allelic homologous recombination (nealelickd homologni rekombinace)

NHE]J ... non-homologous end joining (nehomologni spojovani konct)

NMD ... nonsense-mediated mRNA decay (degradace transkripti s pfedCasnym
terminacnim kodonem)

NLS ... nuclear localization signal (jaderny lokaliza¢ni signal)

OAR ... otp, aristaless and rax (transaktiva¢ni doména)

P ... misto fosforylace

PARI ... pseudoautosomal region 1 (pseudoautosomalni region 1)

PCR ... polymerase chain reaction (polymerazova fetézova reakce)
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gPCR ... quantitative PCR (kvantitativni PCR)

RUST ... regulative unproductive splicing and translation (tvorba neproduktivnich

transkriptd jako mechanismus regulace exprese genu)
SHOX ... short stature homeobox-containing gene (lidsky gen)
SHOX ... short stature homeobox-containing gene (lidsky protein)
SHOX? ... short stature homeobox-containing gene 2 (lidsky gen)
Shox2... short stature homeobox-containing gene 2 (mysi gen)
SKY ... spectral karyotyping (spektralni karyotypizace)
SOX ... SRY-related HMG-box (rodina gentl)
SUMO ... small ubiquitin-like modifier (signalni protein)
TAR ... telomere associated repetition
Tel ... telomera
TRPS ... trichirhinophalangeal syndrome (trichorhinofalangeélni syndrom)

TRPS1 ... transcriptional repressor GATA binding 1 (lidsky gen)
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duplications distribution between patients (Léri-Weill dyschondrosteosis/idiopathic short

stature) and population sample. Gene, 627, 164-168

Impact factor (2016) = 2,415

Journal ranking (2016) = Q3 (Genetics et Heredity)

Citacni ohlas (ke dni 17.10.2017)

dle databazi dosud necitovano

Shrnuti obsahu

Publikace charkaterizuje duplikace v regionu genu SHOX nalezené v souboru 250
zdravych jedincl. V rdmci nasledujici metaanalyzy jsou porovnavany duplikace popsané
v této a predchozich publikacich spoluautori a dalsi duplikace nalezené u zdravych ¢i
pozitivn¢ diagnostikovanych osob publikované v literatufe. Na jejim zaklad¢ jsou
vyvozeny zavery ohledné patogenic¢nosti duplikaci a ohledné funkéniho vyznamu oblasti

sekvenci v regionu genu SHOX.

Podil predkladatele

Piedkladatel je autorem celkové koncepce vyzkumu, organizoval vytvofeni souboru
darct, provedl vesSkeré laboratorni analyzy a spolupodilel se na psani manuskriptu.
Metaanalitickou ¢ast prace rozpracovali oba spoluautofi samostatné ve vice variantach a
nasledné ve spolupraci dokoncili, pfi¢emz finalni podoba vychéazi z varianty navrzené

piedkladatelovou skolitelkou a spoluautorkou.
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Publikace V

Sole R, Klugerova M, Vcelak J, Baxova A, Kuklik M, Vseticka J, Beharka R,
Hirschfeldova K (2017) Mutation analysis of TRPS1 gene including core promoter,

5'UTR, and 3'UTR regulatory sequences with insight into their organization. Clinica
Chimica Acta, 464(1), 30-36

Impact factor (2016) = 2,873

Journal ranking (2016) = Q2 (Medical Laboratory Technology)

Citacni ohlas (ke dni 17.10.2017)

dle databazi dosud necitovano

Shrnuti obsahu

Publikace shrnuje a diskutuje vysledky vyzkumu provedeného na souboru jedinct
s diagnostikovanym trochorhinofalangealnim syndromem. U téchto pacienti byly pomoci
metody MLPA vyhledany kryptické prestavby, jez mohy byt kauzalni pfic¢inou
onemocnéni, a ddle byla provedena mutacni analyza kodujicich 1 nekddujicich ¢asti exonti
genu TRPSI za vyuZiti sekvenovani nové generace a kontrolniho Sangerova sekvenovani.

Pozitivni nalezy byly popsany a diskutovany.

Podil predkladatele
Piedkladatel je autorem celkové koncepce vyzkumu, provedl znacnou Cést
laboratornich analyz, spolu slékafi analyzoval klinicky profil pacienti a napsal

vyznamnou ¢ast manuskriptu.
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Aims: The aim of our study was to scan for cryptic rearrangements using the multiplex ligation probe am-
plification method in a cohort of 64 probands with mental retardation or developmental delays in combination
with at least one of the following symptoms: hypotonia after birth, congenital anomalies, or face dys-
morphisms; but without a positive cytogenetic finding, The study contributes to the knowledge of micro-
deletion syndromes and helps disclose their natural phenotypic variability. Results: In total, 10 pesitives (16%)
were detected, particularly 3 duplications (Xpter-p22.32; 17p112; 22ql1) and 6 different deletions (1p36;
7ql1.23; 10pl15; 15q11-ql3; 17pl1.2; 17p13.3), 1 of these in 2 probands. Besides the well-characterized syn-
dromes, less-often described rearrangements with ambiguous phenotype associations were also detected.
Condusions: Some rearrangements, particularly duplications, are associated with vague phenotypes; and their

frequency could be underestimated.

Introduction

ENTAL RETARDATION MAY oCcur as either isolated or
assodated with several malformations or dysmorphias.
The underlying cause of mental retardation remains un-
known in up to 8F. of all patients (Rauch ef al, 2006)
Chromosomal aberrations are the most commonly known
cause of mental retardation. Standard cytogenetic banding
techniques hold resolution limits of 5-8 Mb; and are, thus, not
powerful enough to detedt chromosomal rearrangements
below 5 Mb in size (Salman ef al., 2004). It is for this reason
these types are referred to as “cryptic” rearrangements.
Cryptic chromosomal rearrangements have been detected
on all human chromosomes (Ballif ef af., 2007) and may arise
all over the genome; however, some chromosomal areas are
more prone to them than are others. Microdeletions /dupli-
cations mostly arise as the result of frequent unequal cross-
over events, bebween sites sharing more than a 97% homalogy
(the so-called, low copy segments, LCRs) (Shaffer ef al, 2007).
Such high-homology sites evolved during genome evolution
by chromosomal segment duplication (Conrad and Anto-
narakis, 2007 ). Subtelomeric regions are more frequently the
subject of microdeletion than are the other parts of the chro-
mosomes (Mefford and Trask, 2002). There are DNA se-
quences adjacent and centromeric to the (ToAGs),, sequence;
these are the so-called telomere assodated repeats, made up of

blocks of repetitive DNA (Flint ef al, 1997). These sequences
are shared among many different subsets of telomeres and
evolved as a result of nonhomologous chromosome re-
combination (Shaffer and Lupski, 2000).

Ower the last several years, the employment of modemn
cytogenetic and molecular genetic techniques has enabled
progressive diagnosisof distinctive cryptic rearrangements as
the underlying causes of idiopathic mental retardation
(Rooms et al, 2006). However, due to the extensive pheno-
typic variation, as well as mutually overlapping phenotypes,
the correct syndrome diagnosis is often difficult. Thus, our
study contributes to the level of knowledge of these micro-
deletion syndromes and helps further disdose their natural

phenotypic variability.
Materials and Methods
Subjacts

Owerall, 64 probands were induded in the study. Study
subjects were requited from the Department of Medical Ge-
netics (1st Faculty of Medidne and General Teaching Hospi-
tal, Charles University in Prague) in dose cooperation with
both the Department of Neurology and the Department of
Pediatrics and A dolescent Medicine, which are the specialist

consultancy locations for these matters within the entire
Czech Republic.

Irstitute of Biology and Medical Genetics, 1st Faculty of Medicine and General Teaching Hospital, Chades Undversity in Pragus, Prague,

Czech Republic.
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Patients’ selection criteria were the presence of either mild-
to-severe mental retardation or developmental delay in
combination with at least one of the following symptoms:
hypotonia after birth, congenital anomalies, and face dys
morphisms; but without a positive cytogenetic finding during
standard oytogenetic karyotyping. The introduction of a pa-
tient into the project was the sole dedsion of the clinical ge-
neticist. All patients who were introduced jor their offidal
legal representatives) signed an informed consent form for the
taking of blood, DMNA analysis, and agreement to submitting
to the study. If required, an informed consent form for blood
taking and DMNA analysis was signed with the proband's re-
lative, as well.

DNA amalysis

The EDTA blood was stored at 4°C and then processed
within 48h after venisecion. Genomic DNA was isolated
from the peripheral blood using QLAGEN spin columns on a
QlAcube (QIAGEM, GmbH). Both DNA purity and con-
centration was measured on a NanoPhotometer (IMPLEMN
GmbH). DMA concentration was adjusted to 30-80ng/pL
before further analysis. The detection of microdeletion re-
arrangements was carried out by using the multiplex ligation
probe amplification (MLFP A) method (MRC-Holland), which
enables simultaneous analysis of tens of genomic regions
(Schouten ef al., 2002).

Each proband was analyzed by use of MLFPA kit P245 to
detect the 21 most common microdeletion syndromes. Ad-
diional microdeletion syndromes were analyzed using
MLFA kit P297 . The subtelomeric regions were analyzed with
the use of the MLPA kit P036. Additional MLPA kits (PO1S,
P64, P147, P250, and ME(Z28) were used for further deletion/
duplimtion verification and specification; and if used are
mentioned in the results section of a particular ase. The
MLFPA reaction was nun with 50-150 ng of DN A, according to
the mamufacturer’s instructions. The MLPA analysis was
arried out by fragmentation analysis conducted on an ABI
FRISM 310 Genetic Analyzer (Applied Biosystems). Visual
examination of the peak patterns and peak areas normal-
ization was done for each sample acoording to the instructions
of the manufacturer for each particular MLFPA kit.

HIRSCHFELDOVA ET AL.

Results

A total of 4 probands were screened for ayptic deletion,
duplication using the MLPA method. The patients’ ages
ranged from 2 months to 15 years, and the male-to-female
ratio was 1 4:1 (37:27). The most frequent age atdiagnosis was
between 1 and 4 years (34 probands). Mental retardation
could only be assessed in those patients who were at least 3
years old (n=38).

Owerall, 10 positives (16%) were detected; specifically 3
duplications and 7 deletions using the MLPA kits P245, PI36,
and F297 (Table 1).

In the case of the 1p36 deletion syndrome, only the
THNFRSF4 probe of MLPA kit F245 was involved. The GNE1
probe and the GABRD probe were both outside of the deleted
region. Additional deletion specification (P147) detected two
separate deletions. One deletion, =1 Mb, spanned from the
TWFES18 probe to the DVL1 probe; the second and largest
(about4 Mb) deletion covered the chromosomal area from the
AJAF] probe to the SLC45A1 probe. The nondeleted region
between the two deletions is about 3 Mb. The 3-year-old boy
involved was 95an all and 17 kg in weight. Considerable
characteristic craniofacial dysmorphisms were detected. This
boy suffered from mild mental retardation, hypotonia, and
epilepsy. Mo auditory findings were detected. Both pheno-
typically healthy parents were analyzed using the MLPA kit
F147 to exclude the presence of a 3 Mb duplication, which an
mask the proband’s nondeleted area. Mo such duplication
was detected in either parent.

In the case of Williams syndrome (7q11.23), Smith-Magenis
syndrome (17p11.2), and Miller-Dieker syndrome (17pl33),
all probes from the MLPA kit P245 were deleted. Both pro-
bands with Williams syndrome display the deletion of all
appropriate probes from the P64 MLPA kit The deletion
extends >1 Mb and encompasses the ELMN and LIMEK] genes,
among others. In a 3year-old boy, the Williams syndrome
was combined with the typical osteogenesis imperfecta (O1).
This proband possessed the characteristic fadal features, de-
velopmental delay, short stature, as well as pulmonary artery
and aortic stenosis. The second proband with Williams syn-
drome was a 7-month-old girl. She was found to be having
infrauterine growth retardation, characteristic facial features,

TasLe 1. SUmMMARY OF ALL REARRANCEMENTS FOUND AND THE MurtieLex Lication Prose
AnmprLiFicaTion Kits Usep ror Taeir DETECTION AND SPECIFICATION

MLPA lat

Probumd no. P45 Py P36 Aberration Additional MLPA lats
MD4 + - 1p36 deletion Pléd; P147
MD& - - + Xpter-pZ2 32 (SHOX) duplication P18
MDZ) + - - 7q11.23 deletion Flad
MDI + - - 22q11 duplication F250
MDZ2 + - - 17p13.3 deletion Flad
MDZ7 + - - 17p11 2 duplication Flad
MD34 + - - 1591 1.2q1 2 deletion ME2E
M8 + - - 17p11.2 deletion Flad
MD53 + - - 1(pl5 (GATASZ) deletion F250
MD&3 + - - 7q11.23 deletion Flad

+ indicates a Hve analysk: —indicates a negative analysis.

MLPA, multiplex ligation probe amplification.
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and developmental delay; but no cardiac developmental de-
fects were detected. A proband with Smith-Magenis syn-
drome displayed the deletion of all P¥4-relevant probes. The
deletion extends = 2.5 Mb. The é-year-old boy displayed hy-
potonia after birth, craniofacial dysmorphism, microcephaly,
and mild mental retardation. Additionally, sleep disturbances
and auto-aggressive behaviors were detected. In the case with
Miller-Dieker syndrome, three of seven MLPA P64 probes
were deleted. The deletion encompasses the METT10D and
LI51 genes, and its range is below 1.5 Mb. The girl proband
was hospitalized at 2 months because of repeated apnoeic
pauses and seizures. She was further found to be having de-
velopmental delay, microcephaly, extension hypertonia,
and severe congenital brain defects (lyssencephaly type [
agyria).

ml:::l'ue case with Prader-Willi syndrome (PW5), all of the
MLFA kit F245 probes were deleted. Further analysis
(ME(28) displayed the paternal origin of the deleted frag
ment. The 2-month-old boy suffered from severe hypotonia,
cryptorchidism, characteristic fadal dysmorphism, and de-
velopmental delay.

In one case, the 10p deletion of one MLPA P245 probe was
detected. The deleted probe targeted the GATAS gene exon 1
and corresponds to the DiGeorge 2 region (10p12-15). The
MLP A kit F25( revealed the GATAS probe deletion tar geting
exon 4. The 9-year-old girl displays infrauterine growth re-
tardation, developmental delay, microcephaly, short stature,
auditory defects, nephropathy, and syndactyly (incomplete
simple syndactyly between the third and fourth finger of the
upper limbs and complete simple syndactyly between the
second and third toes).

Three various duplications were detected. In one case, the
F245 analysis showed a duplimtion of all three 17pl11.2
probes, corresponding to the Smith-Magenis region. The du-
plication was verified using the P64 MLPA kit; and all re-
levant 17p11 probes were duplicated. The 18-year-old girl
suffered from moderate mental retardation, language im-
pairment, short stature, a gait defect, facial dysmorphism
(narrow face, prominent nose, short philtrum, pointed chin),
and a ataract. A Z2q11 duplication was detected in a 10-year-
old girl with mild mental retardation, leamning disability,
disharmonic emotional development, mild craniofadal dys-
morphism, and slight stature. All MLPA P425 probes were
duplicated. The MLFPA kit FZ50 was used for additional spe-
cification; showing that the duplication covers the region
g1l A-D, and spans>25 Mb. The same duplication was
found in the proband s mother.

Surprisingly, in one cse with mild mental retardation, the
interstitial duplication in the PAR] region (including the
SHOX gene) was detected using the P36 MLP A kit, and then
the PO18 kit for additional specification. The 3-year-old girl
displayed hypotonia, macocephaly, facial dysmorphism,
and short stature. The same duplication was also found in the
proband ‘s father.

Discussion

We used the MLFA method to search for aryptic deletions/
duplications in a cohort of &4 probands. The high methodo-
logical effectiveness (16%) in our study sample was estab-
lished by stringent introduction of the probands by clinical
geneticists with abundant experience in the fields of mental
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retardation and dysmorphias in children. The detection rate of
malecular karyotyping could be around 20% in such a cohort
of patients (Gijsbers ef al., 200%). Besides the well-character-
ized syndromes, less-often described rearrangements with
ambiguous phenotype assodations were also detected.

Monosomy 1p36 (MM &07872) is the most common
terminal deletion syndrome, with an estimated prevalence of
1 in 5000 (Shapira ef al., 1997; Shaffer and Lupski, 2000). In our
case, two distinct interstitial deletions were detected: a small
deletion, < 1-1.5 Mb distant from the p-telomere; as well as a
large deletion, 4 to §%) Mb distant from the p-telomere. Such
complex rearrangements have also been desoribed in other
studies (Heilstedt et al., 2003). In our proband, a number of
characteristic aaniofacial symptoms are present; however,
the common auditory findings were not detected (Shapira
et al., 1997; Heilstedt et al., 2003). It seems that the critical
auditory region is outside of the deleted area. Windpassinger
ef al. (2002) suggested that the GABRD gene (gene [D: 2563)
may be a candidate for the neurodevelopmental and neu-
ropsychiatric anomalies seen in this syndrome. Surprisingly,
the GABRD gene was not affected in our proband.

In two cases, the deletion of 7q11.23 was detected as asso-
clated with Williams syndrome (WBS; MIM 194050). The es-
timated WBS frequency is between 1 in 7500 and 1 in 20,000
(Greenberg, 1989; Stremme ef al., 2002). Three large region-
specific segmental duplications are responsible for recurrent
chromosomal rearrangements in 7q11 23 locus (Valero ef al,
2000). In both our cases, the deletion is>1 Mb long, and it
encompasses both the ELN (gene ID: 2006) and LIMK] genes
(gene I0x 3984). Consequently, we assume the most common
1.55Mb deletion exhibited in most patients (95%) (Bayésetal,
2003). Mutations, deletions of the ELN gene are responsible
for vascular and connective tissue abnormalities (Ewart ef al.,
1993, In one proband, the ELN deletion is not associated with
congenital cardiac defects; however, considering her age at
diagnosis, some less-severe heart abnormalities such as heart
murmurs could later emerge. In the proband with O, the
condition was inherited from the mother (Ol type I; MIM
25940, and the 7q11.23 deletion seems to be a opincidental
event.

Two probands with a 17pl11.2 rearrangement were de-
tected. The overall phenotype, including sleep defects and
self-injury in our proband with the 17pl12 deletion, is in
accordance with the diagnosis of Smith-Magenis syndrome
(MM 182290, The phenotype of the proband with the
17p11.2 duplication fulfills the characteristics for Potocki-
Lupski syndrome { MIM 610883). The cataract condition was
inherited from the mother. Both syndromes are the result of a
specific LCRs (Chen ef al, 1997; Potocki ef al., 20000). In both
our cases with Smith-Magenis syndrome and site duplication,
the rearrangement area i5>25 Mb long The most frequent
recurrent deletion/ duplication is ~3.7 Mb long (fuyal et al,,
1996; Chen ef al., 1997).

The 17p13.3 deletion is associated with the Miller-Dieker
syndrome (MIM 247200). A deletion or mutation in the L1517
gene only (gene [k 6(01545) appears to cause the isolated
lissencephaly (ILS; MIM &(7432) (Cardoso ef al, 2003). The
commaon prevalence of Miller-Dieker syndrome and [L5 is 1in
40,000 live births (Fleck ef al,, 2000). In our proband, the de-
letion is <15 Mb in range (and no fadal dysmorphisms were
detected); s0, ILS seems to be the correct diagnosis.
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PWS (MIM 176270) is a neurogenetic disorder usually
@used by chromosomal deletion on chromosome 15q11-q13,
by uniparental disomy or by imprinting defects. The chro-
mosomal alterations resultin an aberrant expression profile of
gene lod that are subject to imprinting. The dinical features,
as well as methylation status of CpG islands in the SNRPN
gene (gene [D: 6638), inour proband are in compliance with a
diagnosis of PWS. The estimated frequency of FWS is ~1in
10,000 (Steffenbur g ef al., 199; Cassidy, 1997). Carrozzo ef al.
(1997) suggested recombination or an intrachromaosomal loop
a5 the mechanisms that underlie the interstitial de nove dele-
tions at 15q11-q13 locus.

The 22q11 duplication is a reciprocal rearrangement to the
deletion mainly associated with DiGeorge syndrome (MIM
188400) with birth prevalence of at least 1 in 4000 (Devriendt
ef al,, 1998). The high frequency of 22q11 copy number chan-
ges is due to the presence of several copies of a repeat se-
quence (LCR22). The extent of the 22q11 rearrangement is
wvariable, although §7% extends from the first (LCR22-A) until
the fourth (LCR22-D)) repeat (Shaikh et al., 2000). Unlike de-
letion, the site duplication is associated with many variable
and ambiguous phenotypes (Courtens et al, 2008). Inour case,
the duplication was detected to the same extent in the pro-
band's mother (who displays neither pathological features
nar behaviors). Similarly, most individuals in whom the
#2q11.2 duplication was diagnosed and with obvious dinical
features have inherited the duplication from a parent with a
normal or near-normal phenotype (Courtens ef al, 2008). I
could be a susceptible genotype for mental retardation with-
out full penetrance; or simply an ascertainment bias, where
the duplication represents population variability with no
direct effect on the phenotype.

The DiGeorge 2 critical region (MIM 6013632) is loated on
1pl3-14. It seems that the more telomeric (10pl4-10pter)
deletion is responsible for the HDR syndrome phenotype
(MIM 146255) (Van Esch ef al., 2000). Haploinsufficiency of
the GATAS gene (gene 1D: 2625) is only associated with the
HDR syndrome (MIM 146255). GATAS is essential in the
embryonic development of the parathyroids, auditory sys-
tem, and kidneys (Van Esch et al., 2000). Our proband displays
hearing defects and nephropathy; however, no hypopar-
athyroidism. However, symptoms of the HDR syndrome are
variably expressed between and within families (Muroya
ef al., 2001). I seems that the proband is simultanecusly a
aarrier of the syndactyly type 1 (MIM 185900).

In one of our probands, the interstitial duplication of the
SHOX gene (gene 10: 6473) (PAR] region; Xp) was detected.
Deletions of the SHOX gene are well domumented (Bertorelli
ef al, 2007). In contrast, SHOX duplication is rare; only a few
cases have thus far been described, and the associated phe-
notype is highly variable (Thomas ef al, 2009). Recently,
SHOX duplication was assodated with type 1 Mayer-Rokd-
tansky-Kuster-Hauser syndrome (MIM Z77000) (Miozzo
ef al., 2010). In our proband, we found a short stature withowt
complying with the increased SHOX gene copy number; ad-
ditionally, the overall phenotype does not satisfy the criteria
for the Mayer-Rokitansky-Kuster-Hauser syndrome. SHOX
duplimtions are likely to be under-ascertained, and maore
@ses need to be well characterized, to acourately determine
their phenotypic consequences.

The MLPA method is suffident to reasonably analyze a
number of susceptible chromosomal regions at the same time.

HIRSCHFELDOVA ET AL.

It is particularly beneficial for probands with vague pheno-
types. However, the MLPA method is not able to detect re-
dprocal rearrangements. Chur data support the assumption
that the majority of the symptoms may be the result of a small
deletion within aritical regions. Consequently, it is essential to
precisely evaluate the extent of the rearrangement, to enable
the determination of such syndrome critical regions and to
assess symptom penetrance and variable expressivity. Besides
the role of genes in the involved interval, there are multiple
factors such as regulatory sequences, epigenetic mechanisms,
parental origin, and nudeotide variations in the nonaffected
allele that may also be important.
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The aim of the study was to analyze frequency of S HOX gene defects and selected dysmorphic sgns in patients
of both idopathic short stature [155) and Léd-Weill dyschondrosteosis [LWD), all derived from the Czech
peopiual abion.
Onerall, 98 subjects were analyzed in the study. Inclesion criteria were the presence of short stature [ —2.0 5D,
in combination with at least one of the selected dysmaorphic signs for the BS54+ goup; and the presence of
Madel ung deformity, withowt positive karyotyping for the LWD + group. Each proband was analyzed by wse
of P8 MLPA kit, which covers SHOX and its regulatory sequences Additicnally, mutational analysis was
done of the coding portions of the SHC
Both extent and breakpoint localizations in the deletions duplications found were quite variable. Some PAR1
mamangements were detected, without obvious phenotypic asseciation. In the 1554 group, MLPA analysis
detected four PAR] deletions asociated with a SHOX gene defect, PAR 1 duplication with an amisi guows effect,
amnd two SHOX mutatons [ 13.75). Inthe LWD + group, MUPA analysis detected nine deletions in PAR1 region,
with a dele teripus effect on SHOX, first reported case of i solated SHOX e nhancer duplication, and SHOX muta tien
[&8.8E). In both 155 + and LWD + groups were positivity asociated with a disproportienate by short stature; in
the 155+ growp, in combvination with muescular hypertrophy.
It seems that small PAR 1 rearmangements mighit be quite freqeent inthe population. Ouwr stedy seggests dispro-
portinate ness, espedally incombi nation with musoular hypertrophy, as relevant i ndicators of 155 1o be the ef
fect of SHOX defect.

© 2011 Elsevier BV, All rights reserved.

1. Introduction

The SHOX ([Short Statume Homeobox-Containing Gene; Gene

Abbreviatione: A, adenine; ¢, INA level; C oytosine; CEN, centrameric; CNE, con-
served non-coding DNA element; DMS0, dimethylsulfoxide; fhGH recombinant
human growth harmone; G, guanine; 1535 idiopathic short stature; Kb, kilobase]s)
or 1000 bp; L leudne; WD LEri-Weill dyschondrosteosis; Mb, megabase(s) or
1000 000 bp; MLPA, multiplex ligand-dependent probe amplification; N, asparagine;
OAR otp, aristaless, and rax domain; p, protein level; P, protand; PAR1, man pseu-
doautosamal region; R, arginine; 5, sevine; SHOX short stature homesobo x-ontaining
gene; 50, stndard deviation; T, thymine; TEL telomeric.

* (ormesponding athor a: nstimee of Bology and Medial Genstics, 1. IF UK
Albertov 4, 128 00 Prague 2 Crech Republic Tel: +d420 324968164; fax: +420
224918666

E-mixil acldrergoss: Jorid @M cunicr (K. Hirschfeldoval, 5ol c Roman@sernamcr
(R Sak), bawevadnine: (A Bacoval firinaZapletalovadinol o= (] Zapletalova),
vkehn@if _aunicr (V. Kebrdlova), gailyova@hbmoc (R Gallyova),
sprasikova@mbrmoc (5 Prasilova), jsoukalova@fnbmo oz (). Soukaoval
rmiha@if aunicr (B Mihalwva)l petrlnenicka®vines (P. Lnemida),

Martina Flariznova@i oumicr (M Florimova), jel@ 1o o (). Sekrova)

QF78-1119/5 - se= front matter & 2011 Elsevier BV, All rights reserved
dai: 101016 § gene 201 110,011

I0: 647 3) is located in the main perudoautosomal region (PART) and
is grouped among the so-@alled homeobox genes, which are distin-
guished by a homeodomain. Like all genes in the pseudoautosomal re-
gion, it esapes X inadivation and shows a “pseudo-autosomal™
inheritanoe pattern [Rao o al., 19497 ). Mutations or deletions duplicabons
affecting the production of the SHOX are associated with: Turner syn-
drome; Léri-Weill dyschond mosteasis (DWD; MIM [D: 127300); its ho-
mazygote form, Langer mesomdic dysplasia (MIM [Dx 249700); as
well a5 with idiopathic short stature [155; MIM ID: 300582) (Chen
et al., 2009; Ellison et al, 1996; Sabherwal et al, 2007). In these syn-
dromes, SHOX defects are implicated in inaccurate bone develo pment
and longitudinal body gowth

The clinical symptoms of the SHOX defidemcy ame highly variable,
and the phenotype can be markedly different, even among affected
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members of the same family [ Grigdioniene et al., 2001}, The symptoms
are usually more pronounced in women, which is the effect of estrogen
[Fukami et al., 2004 ; Ogata et al, 2001).

The variability of the SHOX pathology contains both deletions/
duplications [manly ayptic) and point mutations (Chen et al,
2009; Sabherwal et al, 2007 ). Size of deletions does not correlate
with the intensity of the dinical phenotype (Schiller et al., 2000).
Deletions can inclde both the SHOX and its regpulating regions
[Benito-5anz et al, 2005; Fukami et al., 2006). Partial SHOX duplica-
tions appeared to have a more deleterious effect on skeletal dyspla-
sia and duplication height gain than complete SHOX duplications
(Benito-Sanz et al, 2011b). However, the effea of duplications
and the assodated phenotype is highly variable (Hirschfeldova et
al, 2011; Thomas et al, 2009). One exon which is mostly affected
by causal point mutations is exon 3 [ Marchini et al., 2007}, coding
the greater part of the homeodomain. The management of short
stature in 155 and LWD patients, caused by SHOX-melated haploin-
sufficimoy includes treatment with recombinant human growth
hormone (fhGH), in order to improve the final adult height (Blum
et al, 2007). Early diagnaosis s thus highly advantageous

The aimof the study was to analy ze the frequency of SHOX defects,
as wall as seleced dysmorphic signs in patients of both 155 and LwWDr
(all derived from the Ceech population, and in order toimprove its di-
agnosis within the Ceech Republic).

2 Materials and methods
21, Subjects

The study’s particdpants were screened for deletons or mutations
in the SHOX, and its known megulatory sequences, Owerall, 98 sub-
jects were analyzed in the study. To follow the indication crteria
for extended SHOX gene analysis in our laboratory pradice the [S5+4
and LWD+ study samples were designed The 1554 study sample
consists of 51 unrelated probands and 11 relatives; the LWD4
study sample induded 16 probands and 20 relatives. Study subjects
were recruited from the Department of Medical Genetics of the 1st
Faculty of Medicine and the General Teaching Hospital, Chades Uni-
versity in Prague, in close cooperation with the Department of Med-
ical Genetics of the University Hospital in Brno as well as the
Department of Paediatrics of the University Hospital in Olomouc
All of the patients that were introduced into the study (or their
legal representatives ) signed an nformed consent form for the tak-
ing of blood, DNA analysis, plus an agreement to submit to the
study. If required, an informed consent form for blood taking and
DMA analysis was signed with the proband’s relative, as well.

The probands’ seedion crteria for the 1554 study sample wens
the presence of short stature (=20 5D}, in combination with at
least one of following dysmaorphic signs: disproportionate staturme,
cubitus valgus, short forearm, bowing of foreamm, muscular hypertmo-
phy, or dislocation of ulna (at elbow). The meommended dysmorphic
signs wene obtained from the study by Rappold et al (2007) that
provides guantitative dinical guidelines for testing of the SHOX gene.

Mo GH defidency or mesistance, as wall as no known growth-
influencing medications, were detected in the selected probands.
For the WD+ study sample, the probands’ indusion criteria
were the presence of at keast unilteral Madelung deformity, but
without a posiive cytogenetic finding during standard oytogenstc
karyotyping.

22 DNA analyss

The EDTA blood was stored at 4°C, and then processsd within
48 h after venesection. The genomic DNA was isolated from the pe-
rpheral blood wusing QIAGEN spin columns on a QlAcube [QIAGEN,
CmbH, Germany). Detection of the PAR] rearangements was carried

out by use of the multiplex ligand-dependent probe amplification
[MLPA} molecular genetic method [ MRC-Holland, the Netherlands)
(Schouten o al, 2002),

Each proband was analyzed by use of a MLPA kit PO1E, which
covers the SHOX, its regulatory sequences, and the adjacent X-
spedfic region. The MLPA reaction was run with 50-150 ng of DNA,
according to the manufacturer’s instrudtions. The MLPA analysis was
caried out by fragmentation analysis, condudted on an ABI PRISM
310 Genetic Analyser [ Applied Biosystemns, CA, USA)L At first, using
the raw data, a visual examination of the peak patterns was per-
formed for each sample, as well as between each sample; additionally,
negative controls were also run The peak ameas were nomalized,
according to the instructions of the manufacturer. In order to obtain
the final results, the normalized probe ratios of each sample were di-
vided by the normalized probe ratios of the negative control(s) run. A
personally congructed Microsalt Excel table was used for the entry of
all of these caloulations,

Additionally, DNA sequencing was done of the coding portions of
the SHOX exons 2, 3, 4, 5, 64, and 6b. We used primers by Huber
o al. (2001 ), with minor modifications to amplify exons 2 through
5. The following primers were used to amplify exons Ga and 6b: 5'
taggrpagaagapecacgtt 3 as a forward, and 5tectcagecaditpcag 3 as
a reversed primer for Ga amplification; and 5'fcaccgtgttagccaggaa
3 as aforward, and S'ggatcaccigagetcageagtt 3° as a mversed primer
for 6b amplification. The 25 pl reaction mixture contained: 50-120 ng
of genomic DNA, 1.5 mM MgClz, 0.2pM of each primer, 0.1 mM of
ecach dNTP, and 0.5 unit of Tag DNA Polymerase (recombinant) in
the manufacturer’s provided (NHs)250s buffer (Fermentas, Vilnius,
Lithuania). The amplification conditions wene: 95 “Cfor 2 min as a de-
naturation step, followed by 40 cyces of 1 min at 94 °C 30 s at 68 °C
{exon 3, exons 4-5);or 61 °C (exon 6a and 6b), and 30 5 at 72 °C, end-
ing with 3 min at 70 °C Exon 2 was amplified at adjusted conditions
of 95 “C for 2 min as a denaturation step, followed by 10 opdes of
Tminat 94 °C 45 s at 72 °C, followed by 30 cydes of 1 min at 94 °C,
455 at 69°C, ending with 3 min at 70°C. The sequendng reaction
was performed according to the manufacurer's instructions [we
alded DMS0), using the Big Dye® Terminator v 1.1 Oycle Sequencing
Kits [Applied Biosystems, Foster City, CA, USA), and run on an ABI
PRISM 310 Genetic Analyzer (Applied Biosystems).

3. Results

All probands were screened for copy number variation in the
FART mgion, induding the SHOX, and ils regulatory seguendes,
wsing the MIPA kit POIE The lamgest ddetion is in the mnge of
around -6 Mb (P61); the smallest deletion has less than 05 Mb
(P24, F25). Duplications in the PAR1 region range of -130kb (P7),
=500 kb (P10}, and 200-500 kb (PG7). Both the extent and telomeric
[TEL) or centromenc [CEN) breakpoint localization in the deletons/
duplications found were quite vanable (Fig. 1), The SHOX mutation
analysis invohlved the coding portions of the SHOX exons 2, 3, 4, 5,
Ba, and Gh.

3.1. The IS5 + group

The 1554 probands induded 31 women and 20 men, ranging in
age from 5 to 29, The primary inclusive crteria were gowth metarda-
tion, diagnosed as a heght bedow =20 50 In 64% of the patients,
the short stature was familial One proband was adoptive. The listing
and frequendes of selected dysmorphic signs can be found in
Table 1.

The MLPA analysis detected four PARD deletions assodated with
the SHOX defect (7.8%); thmee SHOX deletons, and one enhancer
ME9 deletion (CNE; conserved non-coding DNA element). The ex-
tent of the deletion is outlined in Ag. 1. In a boy proband (P3), the
familial short stature (=20 5D} was assodated with muscular
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Fg 1. The MLPA prabes delsted/duplicated in partioular probands (P) from the BS54+
amd the LWD + groups are indicatsd. Thres known dowrstream SHOY enhancers ans
shewn [NE4, CNES, CNED) [Sabherwal et d, 2007). The LO5101 deletion i 2 amman
deletion withowt ay evidential effeat on phenotype. Detailed characterization of the
MLPA probe mix i available on MRC Holland websies [ www milpaom)

hypertrophy and a disproportionate stature. The deletion was
inherited from the proband's father (168 on; =20 50 In a girl
proband (P17), the idiopathic short stature [ = 2.0 50) was assodat-
ed with a short forearm, bowing of the forearm, the appearance of
muscular hypertmphy, and disproportionateness. The proband’s
parmis, with normal stature, were not analyzed In another girl
proband (P49}, familial short stature (—2.5 SD) was assodated
with a short forearm, muscular hypertrophy, and disproportionate-
ness, The proband’s relatives, with proportion short statume, were
negative for the deletion. Surprisingly, thers was only one positive
proband of the seven potential, coming from families with an ind-
dence of the Maddung deformity. The boy proband (PG1) has a
short stature [~ 25 50 assodated with a short forearm, musoular
hypertrophy and dispmoportionateness. Besides the causal deletions,
a small deletion covering only a single probe was detected in six
probands (11.8X). The deletion localization is outlined in Fig. 1 as
a L05101 deletion The same deletion was observed amaong relatives
with normal heights, as well One proband (P7) had the ID5101 de-
letion in combination with a small duplication at the PARI region
(Fig. 1). It is not dear whether the SHOX regulatory sequences (en-
hancer (MEDQ) are impaired by this duplication The P7 proband dis-
plays disproportionate stature, short forearm, and cubitus valgus,
The SHOX mutation analysis deteded two disind mutations in
exon Ga (P1; P11), plus a single common polymorphism in exon
Gb (Table 2); the rare G allek fequency in the BS probands
were 045740051, The mutation pSZ75M of exon Ga localizes to
the onserved C-lerminal amino acid portion known as the OARS
aristaless domain. Proband P1 displays a short statume, the appear-
ance of muscular hypertrophy, and dispropotionateness. The
p.R2E0L mutation of exon Ga in proband P11 is assodated with a

Table 1
Frequency of monitored dysmorphic signs in SHOX defect positive nd negative pro-
bands from the B5+ and the LWD+ groups.

Dy=marphic sign 1535+ group 1D + group
Negative Positive MNegative Puositive
n=45(%) n=6(%) n=5(% n=11(%)

Dispropartionates statire 28(622) 6(1000) 4(BQL0O) 9 (81E)

Cubitus valgus 19(422y 1 [1&7) 3(600) 5 (455)

Shart farearm 32(M1)  4[E&RT) 4(800) 11 (100Q0)

Baowing af foream 10022 1[01&T) 4(800) &[T

Muscular hypertraphy 23(511) S5([8A3F) 4(BQLO) 9(81E)

Dislocation ofulna [at ebhow) 0 [} [} L]

Table 2
Summuary af 2] detedted SHOX gene variants in the 15+ and the LWD+ group faumd in
coding pant of exon 2 -faGh

Variant Prot=in  Exon Group Staus SHOX databhase IT*
361 C=T pR2IC 3 WD+ Mutation -

cB2M C=A pRIEN G ES+ Mutation -

cB¥ C=>T pR2EIL G ES+ Mutation -

cB3C>T pG2IC 2 LD+ polymarphism  SHOX_00063

ch57 A=GC pP219P &b ES+, LWD+ polymorphism  SHOX_00135
* SHOX@ http'www hod-lovduni -hd def’ [Flanagan et al. 2002; Fokkemaetal 2005)

short stature, 2 shont forearm, and dispropottionatencss. In both
pmobands’ rdatives, the mutation was assodated with dispropor-
tonate short statures, not with a proportional short stature The
frequency of the co-ocourmence of muscular hypertrophy and dis-
pmportionate stature in the 1554 group is $0.4%; however, il was
present in all but one of the positive probands.

32 The IWD + group

The WD+ probands included 14 women and 2 mem, ranging
from & to 43 years of age The indusive criteria were the presence
af the Madelung deformity accompanied in all but three probands
(=10 S0} with short stature (—2.0 SD). The list and frequendes
of the monitored dysmomphic signs are summarized in Table 1.
There was no obvious difference in the inddence of monitored dys-
morphic signs between the SHOX defect posiive and negative pro-
bands. The MLPA anmalysis deteced nine deldions in the PARI
region, with a deletedous efect on the SHOX. In seven probands,
the deletion covers the SHOX ooding sequences (in one proband
PG6 only the SHOX exon 2 was involved); in two probands, only
the SHOX downstream enhancer (NES was inwbed. In proband
P67 dupbcation outside the SHOX coding region was detected. The
duplication covers (NES enhancer sequenoes and proband PET dis-
plays Madelung deformity assodated with proportional short stature
(=25 5D}, short foreamn, cubitus valgus, and muscular hypertrophy.
The extent of the deletions/duplication is outlined in Fig. 1. The
L5101 deletion was detected in two pmbands (12.5%); in both pro-
bands, it was in combination with the SHOX ddetion. The SHOX mu-
tation analysis disdoses a mulation in exon 3 (PI0), and two
polymorphisms (econ 2 and 6b). All of the detected SHOX variants
am shown in Table 2 The girl proband (P10} had inherited the
exon 3 mutaton, as well as 2 small PAR] duplication (Fig. 1) from
her mother diagnosed for IWD, and the exon 2 polymorphism
from a phenotypically normal father. The rare allele frequinaes of
the polymorphic sites in the WD+ probands were: frequency of
the 63 T allele 0077 4+0052; and the ¢6557 G allkele frequency
04234 0.097.

In 20 of the probands’ melatives the SHOX defed was assodated
with both dispmportionate short stature [ especially in men), or the
Madelung deformity. However, proportional short stature was pre-
sent in the probands” relatives, without any related SHOX defect
being found.

4. Discussion

The study was performed in order to determine the frequency
of SHOX defects in both the BES+ and WD+ groups, derived
from within the Ceech population. The selected dysmorphic signs
wiere monitored at the same tme, in order to improve the diagno-
sis, particularly in the 1554 group. Both the extent and the telo-
menc or centromeric breakpoint localization in the deletons/
duplications found were highly heterogeneous, and no holspot
was observed This is in contrast to studies by both Schnader
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et al. (2005) and Zinn et al. (2006); but in compliance with the
findings of Benilo-Sanz et al. (2006). The PAR] region exhibits
one of the highest recombination rates throughout the entine
human genome due to the high frequency of mepeat elements. Du-
plications and the common L0O5 101 deletion, with no obvious phe-
nolypic assodation, indicate a relatvely frequent occurrence of
PART rearrangements in the general population

The 155 covers a diverse cohort of patients of short statures; there-
fore only those who disdosed at least one of the recommended dys-
morphic signs were inclosed (1554 group). The most frequent
dysmorphic sign was a short forearm; however, all but one positive
patient were chamcterized by the co-ocourrence of muscular hyper-
trophy and a disproportionate stature. The LO5101 deleton corre-
sponds to the -49kb ddetion described by Benito-5anz et al.
[2011b}); and it is considered as a non-pathogenic copy number vari-
ant (Benito-Sanzet al., 201 1a). Overall, there were five PART rearran-
gememts; one with an ambiguous effedt on the phenotype, as well as
two point SHOX mutations. The effect of the duplication in proband
F7 could be pathogenic due to a dired CHES mhancer involvernent
or a posiional dfect. The higher detection rate [ 13.7%), compared
to some previous studies is caused by the study inclusion driteria
(Jorge et al., 2007; Rappald et al., 2002 ).

The most frequent dysmorphic sign in the LWD+ group was a
short forearm, followed by a disproportionate stature. It seems
that true shortening of the total kength of radios is the pimary fea-
ture of Madelung deformity caused by SHOX gene haploinsulfi-
dendy. Origin of Madelng deformity in negative probands may be
a msult of different processes. No obvious difference in the inci-
dence of the monitored dysmorphic signs between the positive
and negative WD+ patients can be explined by the existence of
additional undetected SHOX defects or lomus(es), with minor effects.
The duplication in proband P10 is combined with SHOX exon 3 mu-
tation in both, proband and her mother. The effect of duplication is
thus hard to assess. The duplication does nol encompass CMED en-
hancer sequences but it may indude a novel enhancer or act due
to a positional effect. The only duplication notably related to SHOX
expression was detected in proband PE7. It is the first case de-
seribed o have isolated duplication of SHOX enhancer sequences.
Our data thus contributes to studies trying to determine the poten-
tial phenotypic consequences of SHOX duplications (Thomas et al.,
2009). Our detection rate of the SHOX defects in the DWD+ group
[GB.EBX] s consistent with the multi-ethnic study by Chen et al.
(2009 ). The greater portion of women in the IWD+ group, when
compared with men; as well as the association of a dispropotion-
ate short stature without the Madelung deformity with haploinsuf-
figency of the SHOX in probands’ male relabives, is in compliano:
with the estrogen effect (Ogata et al., 2001). The relatively high fre-
quency of proportional short stature in families with WD+, with-
out associated SHOX haplomsufficiency, could be the mesult of
asorting matings. As with most mammals, humans tend to mate
with like individuals, partoularly with visible or notoeable traits,
We are not able to unambiguously consider the role of a rame poly-
morphic variant 63 C>T. The rare T allele was detected in two pa-
tents in the LWD4+ group; however, in none within the 1S54
group. In the family of proband P10, the variant was not segregating
with the phenotype. We analyzed its frequency in the population
sample of 96 unmelated individuals, derived from the Czech popula-
tion. The populaton frequency was 00164 0,009, and is compara-
ble to previously reported frequendes (Flanagan et al, 2002). lis
high frequency in the DWD+ group could be a result of small sam-
ple size or of stratification

In conchusion, small PART rearrangements, without obvious phe-
nolype assodation, could be guite frequent in the population. Our
study sugpests disproportionateness, o pecially in combination with
muscular hypertrophy, as relevant indicators of 155 to be the offect
of the SHOX defed.
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Introduction

Defects of the SHOX gene (short stature homeobox-
containing pene), localized in the pseudoautosomal region |
(PAR1) have been associated with Léri-Weill dyschondros-
teosis (LWD; MIM 1D: 127300 (heterogy zous microdele-
tion or causal point mutation), Langer syodrome (MIM 1Dx
2497007 (homozygous defect), and idiopathic short stature
(1585; MIM 1D: 300389). The same pathological phenotype
can be cawsed by an aberration in fanking repulatory
sequences of SHOX pene (fe. Flanapan ef al. 2002). Defects
of the SHOX gene or ifs regulatory sequences are the origin
of LWD in about 70% of patients (Kosho ef al. 1999; Opata
etal. 2002; Hirschfeldova et af. 2012) and in about 3% of 155
patients (f.e. Rappold ef af. 2002). What we do not know is
the role of common SHOX pene ssquence variants and a
small common ~49-kb deletion (MLPA kit POIE SHOX,
probe LO5101) ~200 kb downstream of SHOX pene near its
known regulatory sequences (fe. Benito-Sang er al. 2006;
Hirschfeldova er afl 2002). Common variants could be res-
ponsible for common phenotypes such as 155, A common va-
riant can act as a predisposition and should be more freguent
in patients but their presence in controls is not excluded.
Deletion LOF101 is quite common m [55 and LW groups
but was also detected in healthy people (Chen er af. 2009).

Materials and methods

The population group was 84 healthy individuals (51 women
and 33 men). We used guantitative real-time PCR with a Tag-

*For comespondence. E-mail: roman sologineatur.cuni.cz.

Man probe specific for LO5101 deletion (Custom TagMan,
Applied Biosvstems, Prapue, Czech Republic) for population
sample analvsis. We considered difference in threshold cycle
number C; between the locus examined by the LOSIOM
probe and the control locus of the GADPH pene in
one reaction. For LOSI01 locus we used forward primer
FLOGGOAAATCOTAACCACTOTCA-Y, reverse primer
FGOAATTGGAGAATGCGGTTTGTTAA- and FAM-
labelled TagMan probe 5 -CTGAGAGACCCAAATTG-3"
For the GADPH locus we used a probe that targeted exonic
sequences (kindly provided by Ales Horinek). We expected
that if C,{L05101}-C{GADPH) = n go for people without
deletion in LO5S101, than for people with heterozyeous dele-
tion go CLO3101 - C{GADPH) = n + 1. The frequency
of LO5101 deletion in the 155 group was obtained in well-
characterized 1S5 proup from our previous study as a part
of MLPA analysis (Hirschfeldova et al. 2002). Only SHOX-
defact-negative 155 patients were included (N = 45) for this
purpose.

[Hrect sequencing of SHOX pene exon | and a noncoding
part of exon 2 was conducted in the 1SS group (primers on
request). Exon one analvsis was desipned to cover adjacent
5 end sequences. Analvses of coding part of exon 2 and of
exoms 3, 4, 5, 6a and 6b were conductad as a part of our previ-
ous study. In population sample only exons where polymor-
pic variants were detected in the 158 group were analysed
(exons 1, 2, 6b).

Each polymorphic site was  tested for Hardy—
Weinberg equilibrinm (HWE). To analyse an indirect
gffect of polymorphic vaniants we estimated common
haplotypes. The linkage disequilibrium measurement
between each pair of polvmorphic sites (sipnificance
level = 005 and haplotype freguencies estimation
based on & Gibbs sampling srategy were dome using

Kevwords. SHOLY, deletion; PAR]; idiopathic short stature; polymorphism.
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Figure 1. Polymorphic variant detected in exon 6b of SHOY gene (antiscnse strand ).

)
il

Fipure 1. Polymorphic variant detected in exon 2 of SHOY gene (untranslated part).
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Figure 3. Polymorphic variants detected in the 5' end and exon 1 of SHOX genc.

Arlequin  software ver. 3.1. (Excoffier e al 2005) Orverall, 10 polymorphic variants were detected in the
Rare allele and haplotype frequencies were compared by 1SS group and population sample using the direct sequenc-
chi-squared test (STATISTICA ver. 9.1) (StatSoft 2010). ing of the SHOX gene and adjacent 3 reculatory sequences

c. -644T=0G
Results ﬂ

In population sampla LO3101 daletion was found in 11 indi- \
viduals (nine women and two men) (13.1%0). In 135 group | |l f |"| |
we detectad the LOS101 deletion in six probands (13.3%). J .

It reflects the L0O5101 daletion frequency is not sipnificantly VAN
different between patiens with 155 and population sample A\ RRIRT __' \ 'q. \f -_," y
(P — 0.05). No sipnificant difference of the L0O5101 deletion ATAV. Vi | 'r ';,_,1 ,; AT S

frequnency was detected when comparing men and women
in both 155 patients and in the population group. Firure 4. Polvmorphic variants detected in exon 1 of SHOWY pene.
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Commeon SHOX variants and PAR T deletion in 188 patieniz
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Fipure 5. Polymorphic variants detected in exon 1 of 3O genc.

Table 1. Frequency and localization of common SH Y gene polymorphic sites in the 1S5 group and population sample. Sequence variants
are described according to HGWS recommendations based on the coding DMA reference sequence (MM_DD6883.2) (den Dunnen and

Antonarakis 20000

Frequency + 8D SHOX
‘Variant Localization IS5 group Population Diatabase 10 refSHP
c. —681 -15G=C 5 end Promoter 0.244 £+ 0047 0253 £ 0032
c. —691 -13G=A ¥ end Promoter 0.244 £ 0.047 0.253 £ 0.032
c. — 691 A 5 cnd Promoter 0.268 £ 0045 0242 + 0051 _ _
c. — 6l G=C Exon 1 Promoter 0.244 + 0047 0242 + 0031 SHOX_D0163 rE2B4TS6E3
c. —680 G=T Exon 1 Promoter 0.256 + 048 0258 + 0032 SHOX_D0216 rs38 13940
c. —44 T=G Exon 1 Promoter 0.354 £ 0,033 0300 + 0033 _ _
c. =512 C=A Exon 1 Promoter 0.025 £ 0,017 0042 £ 00015 SHOX_D0365 rel 13313554
c. =507 G=C Exon 1 Promoter 0.325 £+ 0052 0363 £ 0035 SHOX_ D366 rs1 11549748
c. =112 G=A Exon 2 Promoter 0.110 £ 01035 0,135 £ 00025 _ _
c. 657 A=G Exon &b p.FroZl9Pro 0.452 £ 0.054 0.422 £ 0.036 SHOX_00135 Flanagan et al. {2002}

ISHOX @ http:www: hd-love umi-hi. da’.

(fipures 1-3) itable 1). Five polymorphisms were already
described in the SHOY database. The position of polymor-
phic variants and comesponding rare allele frequencies in
both study groups are summarised in table 1. Allele fraquen-
cies were in HWE in both 135 proup and population sam-
ple. There was no statistically sipnificant difference in the
rare allele frequencies between the 155 proup and population
sample. Linkage disequilibrium between each pair of poly-
morphic sites was analvsed. Strong linkage disequilibriom
was only preserved among polymorphic sites from 3 end
sequences and exon 1. The ¢. — 512C = A polymorphism was
excluded from further analvsis because of low frequency.
Mine-pol haplotvpes were estimated in both study proups
and frequencies were compared. Only haplotvpes estimated
to have frequency of at least 2% in the population sam-
ple were included for association analyses. Overall 14 9-pol
haplotypes were analysed. There was no statistically signifi-
cant difference in haplotype frequencies between the 135
eroup @nd the population sample (P = 0.05).

Mo linkage disequilibrium was detected between the
SHOX pene polymorphic sites and the LO5101 daletion.

Conclusion

The frequency of common LO5101 deletion {~4.9 kb) is not
significantly different between the 155 group and the pop-
wlation sample. Absence of linkage disequilibrium between

the SHOX pene polyvmorphic sites and the LOS101 dele-
tion is in compliance with hich recombination rate in the
area (Mav e al. 2002). Our results comespond with con-
clusions publishad by Benito-Sanz et af. (2011), who found
L0O5101 deletion in 11.5% of patients with 153 and in 12.1%
of healthy people. Further, comparing our data and data
from Benito-Sanz, we found no significant difference in the
LO5101 deletion frequency between men and women in 155
patients as well as in the population group. We are convinced
that we can confirm the thesis of Bemito-Sanz ef af. (2011}
that this small PAR1 deletion represents a nonpathogenic
polymorphism.

Common sequence variants were detected in the SHOX
mene coding sequences including 3 end region. Especially
the 3 end and exon 1 seem to be quite polymorphic. A
stromg linkage disequilibrium betwesn comesponding poly-
morphic sites is comprehensible. Nonsignificant linkage dis-
gquilibrium batween these sites and more distant SHOX
gene polymorphic varianis seems to be due to a high local
recombination rate and the different age. No association was
detected for common sequence variants nor single nor 9-pol
haplotypes with the IS5 phenotype.
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ARTICLE INFO ABSTRACT

Keywomds: The effect of heteroey gous duplications of SHOX and asociated lements on Léri-Weill dyschondrosteosis (LW
Traplicarion and idiopathic short stature (155) development is less distinet when compared to reciprocal deletions.
Enhancer

The aim of our study was to compare frequency and distribution of duplications within SHOX and asociated
PAR1 elements between population smples and LWD {(155) patients.
::':}::t-;am A preliminary analysis conducted on Crech popultion symple of 250 individuals compared toour previosly
reparied smmple of 352 IS5/ LWD Ceech patients indicated that rather than the difference in frequency of du

plications it is the difference in their distribution. Particulardy, there was an inoressed frequency of duplications
residing to the {NE-9 enhancer in our LWD/15S ssmple. To see whether the obtained data are oonsistent acmess
published studies we mode a lismture survey to get published cases with SHOX or associated slements dupli
cation and formed the merged LWL, the merged 155, and the merged population samples. Relative frequency of
particular regionduplication in each of those merged = mples wers caloulated. There was a significant diflerence
in the relative frequency of (NE-9 enhancer duplications {11 v 3)and complete SHOX {exon]-Gh) duplications
{4 = 24) (pvaluwe 00139 and p-vahoe 000001 4, respectively ) betwesn the merged LWD smiple and the merged
pomulation sample.

We thus propose that partial SHOX duplications and small duplica tions encompassing CNE-9 enhancer coukd
be highly penetrant allels smociated with 155 and LWD development.

1. Introduction

The major pseudoautosomal region (PARL) located at the term inus
of the p arm of both sex chmomosomes is the site of at leas one ob-
ligatory recomb ination in male meicds. Such eoombination is esential
for a proper disjunction of gonosomes in heterogametic sex PARI is
rich in GC-content and repetitive sequences. It makes PARL to have an
exceptionally high male crossover rate, which s 17-fold higher than the
genome-wide average (Schmitt et al., 19947 All of this results in region
highly prome to chromosomal rearrangements At the population level,
ther is a rapid breakdown of linkage disequilibrium even between

close polymorphic loci (May et al, 2002]. From the 24 annotated genes
within the PAR] only SHOX (Shont stature HOmeoboX; MIM [D 6473 is
explicitly asociated with pathological phenotype Hetevozygous dele-
tion or aberration of SHOX or one of its numerows enhancers have been
reported to be responsible for LériWeill dyschondrostenss (LWD; MIM
127300) and for a small portion of Idiopathic Short Satre (155 MIM
300582) (Himchfeldova et al., 2012; Garta e al, 2014; Chen et al,
20019, Haploinsufficiency of SHOX in LWD patients is asociated with
variable degmees of growth impairment with or withowt a spectrum of
skeletal abnormalities. Homozygous or compound hetemeygous SHOX
defects are responable for the mre Langer Mesomelic Dysplasia (LML,
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MIM 249700) chamcterized with more severe phenotype (Zinn et al,
2002). Despite the phenotype variabllity within afflicted family mem-
bers the role of PAR] deletions encompassing the SHOX or assoclated
regulatory elements is unambiguows. However, effect of reciprocal
duplications is less distinct. There are severml phenotypes put into
context with three copies of the SHOX: tall stature, as well as 155 and
LWD, neumdevelopmental disorders, or Mayer-Rokitansky-Kuster-
Hauser syndrome type | (MRKH type 1) (Gervasini et al, 2010; van
Duyvenvoorde et al, 2014; Tropeano et al., 2016; Benito-Sanz et al,
2011; del Rey et al, 2010; Ottesen et al., 2010). Analyss of LWD and
155 patents revealed that duplications encompassing SHOX and asso-
ciated elements are with them less frequent compared to the reciprocal
deletions (Benito-Sane e al, 2011). The rdevant SHOX associated
elements are conserved non-coding elements (CNE) adjacent to the 37
end (CME-3,4,57,89) and 5'end (CNE-2,3,5) of the gene The aim of
owr sudy was to determine the populaton frequency of duplicatons
covering both SHOX and associated regulatory elements. Moreover, the
digrbution of duplicated regions was compared between a group of
patients (I155; LWD) and Czech population sample To determine whe-
ther the data are consistent across published smdies a literature-based
seamch for published cases diagnosed with LWD or [55 and with a du-
plication within SHOX or its associated elements were executed.

2, Materials and methods
2.1. Subjects

The study was apprmoved by the local ethical commities and all
participants provided informed consent. Population sample of 250 un-
related Czech individuak for preliminary study was obtained from the
Department of Anthropology and Human Genetics (Faculty of Sclence,
Chardes University in Prague) and consists of 197 females (average
height 16849cm = 4935 S0) and 53 males (average helght
18276 cm = 5.63 SD). The average male height and female height is
180.30 em = 7.42 5D and 167.20 cm £ 7.11 5D, mespectively, in the
Czech Republic. Frequency of duplications and their extent detected in
the LWD/ISS sample of 352 unrelated Crech individuals from moutine
diagnostic practice & described in detail ebewhere (eirospective group
of patients from the Institute of Biology and Medical Genetics, General
Univerdty Hospital and The Fimst Faculty of Medicine of Charles
Universty in Prague) (Hirschfeldova e al, 2017).

We wed the search terms “SHOX duplicatons” and “SHOX pe-
arrangement” in PubMed database at the MNational Center for
Bistechnology Information (NCBI) (www nchinlm nih gow) to collect
published cases diagnosed with LWD or 185 and with detected dupli-
cation encompasang SHOX or asociaied eements. There are several
studies in which populaton sample was analyzed for SHOX or asso-
ciated elements duplication as well. We have combined obtained data
with our data to form the merged LWD, the merged 155, and the merged
population samples The merged LWD cohaort includes 31 cases (Benito-
Sanz et al, 2011; Himchfeldova et al., 2017; Bunyan et al., 2016; Auger
etal., 2016) themerged [55 cohort includes 20 cases( Benito-Sanz et al.,
2011; Hirschfeldova et al,, 2017; Bunyan et al., 2016; Fukami et al,
2015; Bunyan et al., 2013 Mitka et al, 2016; Caliebe et al., 2012
Valetio ef al., 2016), and the merged population sample consists of 36
Iindividuals (Tropeano et al., 2016; Fukami et al., 2015, Thomas et al.,
2009

2.2, Methods

The gemomic DMA was isolated from the peripheral blood using
QIAGEN spin columns on QL Acube (QLAGEN, GmbH, Germany). Czech
population sample of 250 unrelated individuals was screened for PAR L
duplication using the multplex ligaton-dependent probe amplification
(MLPA), MLPA kit PO18-G1 SHOX probemix (MACHoland, the
Netherlands) accomding to standard protocol deseribed in detail
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elsewheme (Hirschfeldova et al., 2017) Second independent MLFPA
analysis was performed for verification.

As for the merged samples, there were variows methods wsed for
duplication detection in different studies So, we converted the referred
duplication extent to appropriate MLPA probes duplication (MLPA kit
PO18-G1]) for each sample included.

Relative frequency of each probe duplication was caleulated for our
preliminary Czech population sample and our LWD/155 sample as well
as for the litemture-based merged LWD, merged 155, and merged po-
pulaton samples. In the preliminary sudy the mlative frequency of
probe duplication was compared between our Czech population sample
and our LWDYISS sample. As for the literature-based merged samples,
relative frequency of probe duplication was plotted and compared he-
tween the patents (the merged LWD or the merged [55 samples) and
the merged populaton sample The Fisher exact test (p = 0.05) was
used for statistical significance testing.

The following publicly accessble datahases of human genomic
variants were inspected for SHOX or associated elements duplication:
DECIPHER (Database of Chromosomal Imbalance and Phenotype in
Humans using Ensembl Resources) (hit psy /deci pher.sanger.ac uk) and
DGV (Database of Genomic Variams) (hipy/ /dgv.icag.ea/). Only du-
plications with at least one boundary within the critical PAR] chro-
mosomal region (hgld; cheX: 398 000-980,000) were analyzed. For
reasons of brevity we use the term “SHOX area” in the folowing text.
The term “SHOX area” is characterized as a chromosomal region where
the SHOX gene and associated regulatory elements ame situated (hgl®;
chrX: 398 000-980,000).

3. Results

During the preliminary study, overall ten duplications in hetero-
zygous state were detected within the PAR1 region in our Crech po-
pulaton sample of 250 individuak using the MLPA probe mix (Fig.1)
Five of them (2.0%) carry a known copy number vadant (CHV) within
ASMT that is not part of the “SHOX area” and thus was excluded from
further evaluation. Four duplications {1.6%) cover SHOX or assoclated
regulatory elements: simgle complete SHOX duplication, single partial
SHOX duplication {not interfering with transeript SHOXa), single du-
plication of all upstream regulatory elements (CME-2,3,5], and a com-
plete duplication of downstream regulatory elements (CME-3.4.5.7 91
In ome individual {0.4%) a duplication of che: 970,000 area (hgl9) was
detected. There was not a sgnificant difference in duplication fre-
quency between our LWD,/158 sample and owr Czech population sample
(1.6 w. 2.3; pvalue 0.7691). However, there is a tendency to higher
incidence of CNE-9Q area duplication in our LWD/ISS sample compared
to our Czech populaton sample (6 va 1].

‘We have created a literature-based merged LWD, merged [55, and
merged populaton samples to analyze whether tendency to increased
frequency of CNE-Q area duplication among LWD/158 patients is con-
sistent across published studies Relative frequency of each probe du-
plicaton was calculated for the merged LWD, the merged 155, and the
merged populatiom sample and plotted in the graph (Fig. 2.1 The
amount of duplications afecting only downstream regulatory elements
and involving CME-9 enhancer were 11 (35.5%) in the merged LWD
sample, & (27.6%]) in the merged 155 sample, and 3 (B.3%) in the
merged populaton sample (significant difference in the frequency he-
tween the merged LWD sample and the merged population sample p-
value 0.0139). Moreover, it seems that in the merged LWD sample
duplications have a smaller extent compared to the merged population
sample. Therefore, we have compared the frequency of complete SHOX
duplications (exon 1-6b) between the merged LWD (4 individuals) and
the merged population sample (24 individuals) and detected a statis-
tically significant difference in complete SHOX duplication frequency (4
ve 24; pvalue 000001 4).

The marked peak (L2017 probe) at the 3 end of the “SHOX area”
in the merged 155 sample duplication distribution is a result of recurrent
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325 kb duplication (probes L20176-L24245) from study by Bunyan
et al. (2016). and corresponds to the CNV2 polymaorphism described
below.

Orverall 75 duplications with at least one boundary within the
“SHOX area” were obtained from DECIPHER database. The most fre-
quent associated phenotype was surprisingly intelectual disability and
global developmental delay. We have converted the meferred duplica-
tion extent to appropriate MLPA probes (MLPA kit PO18-G1) and cal-
culated the relative frequency of each probe duplication. Distribution of
duplicated probes in DEQAPHER sample was rather uniform and re-
sembles that in the merged population sample (Fig.3).

The overview of “SHOX amra” duplications found in DGV (Database
of Genomic Variants) is summarized in Fig.l. Two recurrent PAR1
duplications representing structural variation in healthy contmol sam-
ples are recognized as the CNV1 (esv2T5EE54; 2187 kb), and the CNV2
(esv26183% 1442 kb). Both of them were detected in our population
sample (0.40%), the CNV2 was present in one case from our LWD/ISS
sample as well (0. 28%]).

4. Discussion

The nature of PARL is predisposing to frequent rearrangement oc-
currence. There must be a strong evolutonary pressure o maintain
genes tolerating gains or losses. It could be the reason why SHOX is the
only gene from PAR1 ewplicitly associated with known pathological
phenotype. Recurrent partial duplication of ASMT was in some studies
assoclated with autism spectrum disorders (Cai ef al, 2008). Such du-
plication had frequency of 2.0% in owr population sample which is
comparable to its frequency of 2.3% in our cohont of 352 LWD/ISS
patients and to its frequency in population sample from another smdy
(Cai et al., 2008). To our knowledge none of the individuals that camry
the ASMT duplication and was detected in our labomtory suffer fram
autism spectrum disorders.

In spite of a substantial phenotype vardability, there is an un-
ambiguows pathological dgnificance of SHOX deledons. Pathological
significance of reciprocal duplications is much les clear. Previousdy, it
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was postulated that three copies of SHOX are predisposing to tall sta-
ture. However, it is not 50 straight forwand as number of regulatory
sequences are essential for proper SHOX expression (Chen et al, 2009,
Fukami ef al, 2006, Rosin et al., 2013). It seems that only duplication
aof  the whaole critical chromasomal region (hgld,
chrX: 398 000-950,000) could have a positive effect on height. How-
ever, such duplications are often part of more complex gonosomes re-
arrangements and are thus associated with gonadal dysgenesis and low
estrogen levels, another factor increasing the final height. It may
overlap the true effect of extra SHOX copy.

It was shown that duplications within PAR] are principally orga-
nized tandemly (Bunyan et al., 2016). Hence, partial duplications of the
crtical chromosomal region (hgld chrX: 308 ,000-950,000) are a
mixture of duplications with highly variable pathogenic potential. It
seems, that pathogenic potential of a specific duplication is determined
by a probability of disrupting the right level of SHOX production. It is
consistent with our data, that revealed partial SHOX duplications and
small duplications encom passing CNE-9 regulatory elements are more
abundant in LWD (I55) sample compared to population sample The
CMNE-9 enhancer seems to be the key regulaiory element of SHOX ex-
presgon in growth plate envimnment (Chen ef al., 2009, Fukami et al.,
2006). Small tandem duplication of CNE-9 may execute its negative
effect on SHOX expresion in several ways. It could decrease an effec-
tive communication between the CNE-9 enhancer and SHOX promoter.,
Such interaction requires DMA bending or ather fmnd rearrangement
which are generally more responsive to shortening then to extension
‘We propose that small duplicatons invelving (ME-9 enhancer result in
two tandemly organized CNE-9 enhancers what can directly disrupt
CME-9 full functon or can compete for manseripton factors binding and
SHOX promoter interacton. It can subsequently decrease effective
tramscription of SHOX in ds. [t is congstent with the finding that less
conserved sequences flanking CNE-Q are necessary to fully execute the
limb enhancer activity (Rosin et al., 201 3) There are number of in-
dicators, such as long uniranslated regions and number of upstream and
downstream regulatory elements, that SHOX expression is under tight
control (Durand e al., 2011; Blaschke et al., 2003). It seems that its
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decreased expression from one allele could be sufficient for the devel-
opment of disease phenotype. Phenotype penetrance and expressivity
are then maodulated by genetic background and non-genetic factos.

Two commaon duplications labeled a8 CNV1 and CNVZ were de-
tected within the crideal chmomosomal region (hgl®;, ched:
398,000-980,000) in DGV (Conrad et al., 20014; Redon et al., 2006)
These two duplications together with two tiny deletions of 47.5 kb
(emv2661336; hgl9: chell: 7RO 540-828 092) and of 4.1 kb (esv2B534;
hglS: cheX: 821 704-825 830) represent a commaon PAR1 population
variability (Conrmad et al, 2010; Genomes Project e al., 2012). How-
ever, the CNV2is encompassing the putative regulatory element (hgld:
chrX:o70,000) and both loss and gain alleles oocur in the population
(Bunyan et al., 20014} It is likely that allele frequencies are population
specific (Bunyan ef al, 2016). It has been suggested, that loss alleles
could be msoclated with 155 and LWD development in the autosomal
recesdve manner while gain alleles seem to be withowut any phenotypic
effect (Bunyan et al., 2016; Bunyan etal., 2014; Tauchiya et al, 2014}
Its real functonal significance has yet to be confirmed by functional
analysis,

5. Conclusions

Effect of both deletions, and duplications encompassing SHOX or its
aszociated regulatory elements on final height is less or more modified
by a genetic backgmund. We pmpose that partial SHOX duplications
and small duplications residing CNE-9 enhancer are highly penetrant
alleles asmociated with 155 and LWD development.
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Thee TRPS] proteini s a poent regulator of prolifer ation, & Ferentlan on, and apoptosis The TRPST gene abs mations
are strongly xsociated with rare trichoring phal angeal ayndome [TRPS) developme nk.

Wee have conduced MLPA analysis to capture deletion within the eruclal 8q24.1 chromesomal region in combd-
mation with mutation anabysis of TRPST gene including core promater, 5UTR, and 3'UTR sequences in nine TRFS
patients. Lew oom plesdty or extent of wntransl ated regulatony sequences a vol de d them from analysss in previous
0 - studies. Amplicon based next gener ation se quencing wsed in owr sudy bridge over these technical limitations. Fi-

Alternane splicng nally, we have made extended in silico anahsis of TRPST gens regulatony seque noes of ganizanon.
Chromesamal rearrangement: Singlecontguous deletion and an intrage n o delsnon | nterveni ng several exons wearne detected. Mutation analysis
Mutation revealed five TRIST gene aberrabions [(wo STRuchral rearrangements, TwWo IEiESEnse m ULt and o0 mis-

NS sensesuhstitution) reachingthe overallde eaion rateof THE Sever al pobymorphl c variants wene detected within
the analysed regu atory sequences butwithou propesed pathogenic effect In s lico analysis suggested alter native
promoter wsage and diverse expression effectivity for different TRPST transaripts.

Haplol nsufficie noy of TRPST gene was res pons e for most of the TRPS phenotype. Strucure of TRPST gene reg-

ulatory sequences is indicative of generally low single allele expression and its tght control

02016 Haevier BV ALl nghts reserved.

1. Introduction

Trichorhinophalangeal syndrome [TRPS) iz an extremely mre mal-
formation syndrmome with typical craniofacial and skeletal abnormali-
ties, which can be well chamcterized dinically and radiclogically. A
discriminative phenotype is caused by a mutation or deletion of TRPST
gene [(GenelD 7227), which islocalized on the longarm of chromosome
& (Bg241) [1).

The inheritance of TRPS syndrome is autceomal dominant, although
maore than halfof the reported cases are sporadic 2] TRPS exhibits al-
mast complete penetrance, but variahle expressivity |3 ] Fhenotype
can be highly variable depending on age and gender, even among

* (Cormespand ing authar at: Instituee of Bialogy and Medical Canaticos, 1. 1LF LK, Alherov
4, 128 00 Pragus 2, Crech Republic
E-mzi mdedrevees: Toman solo@naturouni o | R Solc ), Mideey (07 @ semmamurr
[M. Kugerowva), jeeelab@endo o ()| Vieelak ), bawovalvino (A Baowa),
hiomzac ke klik@valmy.c | M Kuklik), jan vsetcda SS@mmailoom (| Vestida,
rheharka@nbrnacz (K. Beharkal), khirs® .o o (K. Hirschisldova).

hapy/d xdoiong 1006 o0 611007
00038281 42 2016 Elsevier BV, All rights reserved.

patients camying identical mutation, affected members of the same
family | 2], or in monozygotic twins [4).

Characteristic clinical features are sparse hair, pear-shaped nose,
long and flat philtrum, thin upper lip, protruding ears, small stature
caused by progressive growth retardation, brachydactyly and cone-
shaped epiphysis on middle phalanges. Three types of TRPS syndrome
are recognized. Trichorhinophalangeal syndrome type 1 [ MIM 190350)
and I [MIM 190351) are result of TRPST gene mutation Studies show
that TRFS 11 is with phenotypic severity at the edge of the TRPS] spec-
trum and probably represents only the extreme of dlinical manifesta-
tions of TRPSI [2.3] There is a specific type of TRPST gene mutation
associated with TRPS1 phenotype namely missen se mutations afecting
exon B, that encodes the GATA DNA-binding motifs [2].

TRP5 1 [ Langer-Giedion syndrome, LGS MIM 150230) is caused by
deletion of both TRPS 1 gene and distally localized EXTT gene [ GenelD
2131) |5]. The critical subregion 8g24.11-g24.13 also called “Langer-
Giedion syndrome chromosomal region™ (LGCR) is responsible for the
charmctenistc phenotype |6], but in some cases it may be more extensive
| 7). Patents with TRPS 11 in addition to general characteristics of TRPS
phenotype suffer from multiple exostosis and much higher variahility
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in phenotype compared to TRPS] and TRPSIL There is a correlation be-
tween the extent o fdeletion [ beyond the critical LGCR ) and the variabil-
ity of sym ptoms |7.8].

The TRFS 1 gene encodes a large nuclear ranscription factor, which
consists of 1281 amino acds and displays a repression actvity on
GATA mgulated genes [9] Protein TRPS1 combines in its structure
nine potential zinc-finger motifs of four different types, induding
DMA-binding GATA motif and [IKARDS-like zinc-Anger matif. The beo
IKARD S like sequences at the carboogy terminus mediate the transcip-
tional repressive functon |10]. Currently some 59 mutations mosty
mizsense and nonsense or small deletions and insertions within the
coding part of TRPST gene are listed in the public HGMD database
[Human Gene Mutation Database; wwwhemdorg).

Besides the ooding sequences there are extensive 5'UTR and 3'UTR
regions which play a considerable regulatory role. The scattered low
compledty areas or their extent avoided them from previous mutation
analyses. We decided to implement these regions as well as core pro-
maoter sequences in the mutation anahysis of TRIST gene. We further
summarized information regarding these TRPST gene regulatory se-
quences and reveal some interesting data.

2. Materials and methods
2.1. Subjeds

Sudy subjectswere recuited from the Department of Medical Genet-
ics of the 14 Faculty of Medicine and the General University Hospital,
Charles University in Prague, and from the Genetic Department Olzanska,
1st and 3rd Faculty of Medicine, Chades University in Prague with the
contribution of Genetika Ostrava s.ro, and the Departmentof Med ical Ge-
netics, University Hospital Bmo. Contributing physicians have abundant
experences with genetic consultation and syndromology and the intm-
duction of a patient to the study was theit sole decision and was done
based on proper previous investigation. All patents introduced to the
study [or their legal represntatives) sgned an informed consent form
for blood withdrawal and DNA analyss. Contmo] sample was obtained
from the Department of Anthropology and Human Genetics [ Faculty of
Sdence, Charles University in Prague] and consists of 100 individuals
with height within the normmal and expected range based on the popula-
tion data and the particular parents’ height The research was pmospec-
tively eviewed and approved by a duly constituted ethics commit tee.

22 DNA malysis

The EOTA blood was stored at4 °C, and then processed within 48 h
after venesection The genomic DMNA was isolated from the peripheral
blood using QIAGEN spin cdumns on QlAoube [(QIAGEM, GmbH, Germa-
ny). Detection of the 8g24 rearmngement covering the TRPST gene was
carried out using the MLPA [multiplex ligand-dependent probe am plifi-
cation) method [MRC-Holland, the Metherlands) [ 11]. Each proband
was anahysed by use of a MLPA kit PZ28-B1, which covers the relevant
Eq24 mgion, mainly TRPST and EXTT genes. The MLPA reaction was
run with 50-150 ng of DNA, accomding to the manufacturer's instruc-
tions and fAgmentation analysis was conducted on a 31 30x] Genetic
Analyzer (Applied Biosysterns, CA, USA). Both visual and computational
evaluation was performed foreach sample agains the run negative con-
tmol. The peakareaswere normalized according tothe instructions of the
manufacturer. A personally constructed Microsoft Excel table was used
for the entry of all of these calulations.

Additionally, all exons (1a 1b-7) including exon/intron boundaries,
5UTR and 3'UTR sequences and core promoter sequences were ampli-
fied. Primerswerne designed using the NCBI primer-blast [Primer3 algo-
rithm). Primers and amplification conditions are available upon request
Exon 7 is more than G000 bp long and required long range PCR polymer-
asemibcure Long PCR Enzyme Mix [ Fermentas, Vilmius, Lithuania). DNA
libraries were prepared with Mextera XT DMA kit according to the

standard protoonl [ Dluming, Inc., San Diego, LUSA). Libraries were quan-
tified by qPCR using KAPA Library Quantification kit [Kapa Biosystems,
Inc. Wilmington, USA) and the LightCycler 480 Real-Time PCR System
[ Roche, Basel, Switzerand). Paired-end sequencing was performed on
MiSeq desktop sequencer using MiSeq v2 reagents [500 cycles) and
2 x 250 pbreads [llumina, Inc, San Diego, LISA).

Mutationsor e variants were confimed and sped fied using direct
Sanger sequencng of relevant fragments with adjusted set of primers.
The sequencing reaction was performed according to the
manufacturer’ s instructions, using the BigDywe® Terminator v3.1 Cycle
Sequencing Kits [ Applied Biosys terns, Foster City, CA, USA), and run
on a 3130 Genetic Analyzer [ Ap plied Biosystems). Frequency estima-
tion of the novel variant from the 3UTR region in the control sample
was done by restriction analysis of amplified specific fragment
[SauIAl enzyme; Fermentas).

2 3. Bivinformatic analyas

The next-generation sequencing datawere processed using the Miseg
Reparter analyss software v 2.5, (standard PCR Amplicon workflow, var-
iantfilter quality cutoffwas set to 30) followed by variant annotation with
the Dhumina Variant Studic Version 223 [wwnecillumina.oom | in combi-
nation with the Integrative Genomics Viewer [1GV) [12]

Toestimate functional effect of variants found within the regul atony
sequences we checked them for conservation applying ECR Browser
| 13] and LICSC Blat [htps: [ snomeucsedw), samely as for tanscrip-
tion factor or mikRNA binding site prediction using a combination of
TRAMSFAC professional 81  [www. hiohase-international.oom ),
TargetScan Release 7.0 14], and miRanda |15], as well as for secondany
structure stability (mfiold 3.1 ) |16 ] and presence of relevant regulatory
elements within the 5'and 3'UTR sequences [RegRMA 20) [17].

Maoreover, nuceotide sequence comparison was carried out for all
three known tanscript variants of TRPS1 gene. We checked the 5'UTR
sequences for conservation, upstream open reading frames, Kozak se-
quence compliance, and translation inibation context usng the public
NCBl websites [ http: ffwwwonchinlm.nih.gov), ECR and UCSC
Browsers and assocated datahases. Secondary structure of 5UTR for
all transcripts was estimated by mfold 3.1 algorithm. Alternative pro-
maoter search upstream of the exon 1b was done using the GF miner
[gpminermbcnctwedwtw) and estimation of egulatory elements
was done by RegRNA software and by using ‘DNA pattern” tool of the
Remlatory Sequence Analysis Tools [http:/ratulb.ache) meat)].

3. Results

TRPS syndrome is an extremely rare disorder. We recruited nine
probands from the Czech population hased on their charadteristic phe-
notypic symptoms. Both common and less frequent feahires are sum-
marized in Tahle 1.

3.1. TRPST coding sequences abermation

Prior to mutation analyss all probands were screened for deletion
within the relevant Bg24 chromosomal region. In proband P5 ther
was a large deletion encompassing chromosomal region incduding
probes 121674 and LOT025 (9.7-12 Mb). There is thus hemizyposity
not only for TRPS! and EXT! genes but also for number of others. [tis
the only proband with multiple expstosis which led to diagnosis of
TRPEI syndrome. In proband PE alarge intragenicdeletion wasrevealed
including probes L7408 and LOT02S [ size between 36and 250 kb) cow-
ering TRFS 1 exons 2-5 and diagnosed with TRPSI syndrome.

In probands with nodeletion detected (P1, P2, P3, P4, PG, P7, P9) mu-
tation analyss was cond ucted employing amplicon based next genera-
tion sequendng which enabled us to analyse even the low complexity
regions. The TRFS T gene abemmation were detected in five of these prmo-
bands reaching the overall detection rate of 78%. For summary of

63



R Sodc et ol ¢ Climdon (hekmiden Act 464 (2017) 30-36

|7 adioumyd Surddnman s paroosT uoormw F1eE aapnuasyT
UT 3[R PR 3| TR pEne mp puT any 2o s ) purgesd A pur s eyl App s e sl gy o 2T 2@ 14 pugesd un e rony Suepuis S e st el swes s (4 U L) speged gof .
ST LMD 30U 5 ATRTe AR posoussr,musssd |n) sy ap poeousegr | —| Smesy o o sowssd monusy [+ | famaesy sy po sousssad |+ 4] tammpeig o aowssad peoprews s |44+

1 deod)
o L LU L LU L L L L=ILE 7 IdNL ] 4 A e
sl e
AyEoE (5~ P [
e SR 2 P DS -FE £
[==c2n mBis ) LU LR L L L ] LR LU R ] ¥ g i wom ] 4 =E 2
5, )
GEAREIELFG | ORS1 T
o o o o o ' i b ISHL 1 4 s Bd
5 masrad)
GEREDLG | RS 3 &
ISHL I 4 ¥ id
sl TTE T
AT
wragod
winy
posdung [F= ) i
gy ] + 4 + ¥ ¥ U U ] LR ] LU RRETd el L T ] 4 ¥ ad
gy wgan
LIS 1R
Jo U
figieetirat
“aepd gap
Aoy | LLXT PO 5L ey
BmEpnN SRR W TILE i
T T [ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ [ e | Frie womaEN B W ¥E Sd
i B a e TR
GIFPSEFT 1L &
ISHL I 4 EE o
i
[} b ot . T T ok - 4 W Tl £d
(Drsad) &
WNTSUT D IS 1 4\ ]
i
o d 4 o1 1d
(wmpeny  sduergd =
T | Mpoay e Epds P REE o dg
TERTOES  PRUESE uemprRs adipoemapd spwouor o seilpdda e o E ey pramuaed sy saidn wmapgd PR
R Eoi - B AN AR sy padogr-au pimpes mpiopdpogenn  Eoose @k dimy pedegma ug fum | sorpea s} adis
AR sanE) el Saal sanaes  [eoap g UL SO SOREOESO USENN o e By poegug

TFTLLFLD TN uonmed yhgpw L sdiosers 2y Buacgoy 5 uogEnee) wer s, S upuy S pur sangesy edopord segs Sweipuls s o peeedsns suserg
L 3L

64



R Sl et ol (linioe Chimioe Acis £64 (2017) 20-36

detected mutations and associated phenotypes see Table 1. Two small
structural aberrations (P4 and P7) and two nonsense mutatons [ PG
and P9}, seem to be the novel mutations. The missense substitution
(P2 ) residing at the exon 6is the CMOT0486 (=12 190843 5) mutation
from the HGMD database |2] and impacts the seventh zinc-finger
motif with confirmed GATA binding capacity | 9] Impaired GATA bind-
ing domain was in previous studies assocated with the more severe
TRPS11 phenotype due to dominant negative effect. However, it is not
the case inour proband whoeven lack the postnatal growth retardation.

Small heterozygous deletion of 19 nudeotides [c2421_2439d19)
within the exon 5 was detected in proband P4 |t is a frameshift mutation
resulting in a premature stop codon formation 13 amino acds down-
stream. Evenincase itescapes the nonsense mediated decay [MMD] ma-
chinery degradation the nascent protein is not able to entry the nuclens as
it lacks the nuclear localization signal [10]. It is consisent with the TRPS
phenotype in P4. The second structural rearmngement of TRPST gene
found in the proband F7 resides the exon 4 and is somewhat more com-
plex (Fig 1) The micminde] mutation (c1940_1947del8in=39) could be
reatlt of an ermor-prone processing of DNA repair mechanisms. It is evi-
dent that the duplicated part evohoed in two steps with initial duplication
of B-C-Dmotif fllowed by duplication of A-B motf and its successive in-
sertion between C and D motifs within the sequence arised before. We
found the mme rearrangement in proband's daughter (F7a). Despite in-
complete clinical data available for proband’s daughter, there was an
oral comment from the dinical geneticist who was in personal contact
with both of the Family members confirming very close phenotype pat-
tem of mother and daughter. The shift in reading frame reashs in the pre-
mature termination of translation within the next five amino acids and
the nascent protein will be most likely directed to nonsense mediated
degradation. The mme predestination is expected for trun@ted protein
prod ucts of bwo nonsnse mutations from econ 4 and ewon 5 detected
in proband PG and P9, respectively. All thes tuncated proteins do not
possess functionally essential GATA and IKAROS-ike binding domains
as well as nuclear localization signal

3.2 TRPST regulatory sequences onolysis

Seqguence analysis of 3IUTR region revealed several polymaorphic
variants [Table 2 ). In proband P1 with no proved mutation within the
coding part of TRPST gene we detected a nowvel single hase substitution
absent inothers. The wild typeallele ofthe 3UTRareais bund ina con-
served area partculady in primates. [t doesnot produce or alternate amy
mikMA binding site. The stern-oop secondary structure is predicted to
arise from the nearby pay A seguence, but we do not assume that the
su bstilution will have a considerable impact. ChiP-seq experiments per-
formed by the ENCODE pmoject [data available at UCSC wehsites) iden-
tified CTCF binding site within this region. But the CTCF core binding
sequence is laying more than hundred nucleotides upstream. The re-
striction analysis of 100 individuals from the control sample detected
four heterozygous camriers reaching the requency of (W02 The long 3'
UTR (5528 bp) harbours fve nucear polyadenylaton elements

EL]

[AALAAA), eight cytoplasmic polyadenylation elements [CFE)
[UULJAL) and a single K box [cTGTGATa) that mediates negative
posttmanscriptional regulation Moreover, sixteen All-rich elements
[AREs) of dass | [AULUUA) were found in the 3'UTR area Mone of
these elements as well as predicted miRNA binding sites are effected
by polymorphic varants detected in our sample

Wewemn interested in how the 5'UTR sequences of three known al-
ternative TRPST tansripts are organized. On the Fig. 2 we can see that
altemative transcripts 1 and 3 sharing exon 1 [ refer as 1a) and arising
due to the 3' alternative splicing of exon 2. The open reading frame
from the trandation initiation AUG of transcript 1 is terminated after
22 aminoacids due to the alternative splicing in transcript 3. So the
first appropriate downstream AUG for restoring the open reading
frame is used in transcript 3. On the other hand, the transcript 2 is
made up of an alternative exon 1 [refer as 1b) which is spliced directly
to exon 3 common to all tansoipts. There are several potential up-
stream open reading frames within the exoon 1a and 2 the longest coding
for 43 aminoacids. Long 5'UTR sequences with many upstream open
reading frames are components of genes whose protein products trans-
lation efficacy reqguires temporary and spatially fine tuning The expres
sion regulation of such proteins is thus equally under control of both
transcription and translation. Exon 1b represents much shorter 5'UTR
including only single translation initation AUG. The amount of TRPS1
protein producton from the transcript 2 is more governed by transcrip-
tion rte with rel atively stable translation efficency. [t sems that tan-
scripts 1 [or 3) and 2 play a very distinctive mle and are utilised based
on the cument availability of transciption factors and other regulatony
molecules reflecting the actual cell needs. As the codons immediatehy
following the tanslaton start site inall three transoipt variants differ
there is a unique N-terminus peptide sequence for each nascent pep-
tide. Starting with exon 3 a common peptide sequence evolved. All
short distinct N-terminal amino acd sequences are highly conserved
inevohton. Moreover, we have analysed the vidnity of each AUG with-
in the 5UTR and detected a low compliance with Kozak consensus se-
quence [43-71%) even around the AUGs of open reading frames [Fig.
2] The most striking was the absence of -3A/G [ eccept of ranscipt 2]
and + 4G mucleotide rule in sequences surrounding the AUGs of all
three open reading frames | 18], It seemns that TRPST gene translation
rate is generally lowe. One of the cotrandation modification is the deaw-
age of terminal methionine what enables further amino-terminal mod-
ifications. The probability of deavage i= mostly dependent on the
second [penulimate) amino acd residue |19). The probability of termi-
nal methionine removal is 85%, 40% and 0% fortranscripts 1, 2, and 3, re-
spectively [20]. Different amount of terminal methionine cleavage could
reflect diverse postiranscription protein modification that invohe sub-
cellular protein relocalization, apoptosis or signal transduction [21]. Es
timation of secondary struchure assembly was measured by the lowest
Gibbs free energy of possible folds. In transcripts 1 and 3 even the
maost stable folding achieves free energy of only AG = — 143 kecal 'mal.
However, there was an individ ual stem loop within the exon 1 included
in several predicted foldings with notably low free Gibbs energy of

A B c D
P [ R
i w47
Roference profoin: T TPD V¥V DVLILPFHYR
Ruference sequence: &°. . ACCACCCCTGACGTAGATEEMERCTTCTT IO - - - - - - -~ -~~~ <~ < <~ === === === =ma- -BARCTCTCCAT .3
Mutant allsle £ . . ACCACOCCTRADCTACATETA ST COT CTTTCACT AT RO CT T O OO CT CACE TACA TCTNCTOR - - - - - - - - AT . _ .3
Mutans protein: TTPFPOVDVY¥LLPFETYVILLPFEHESPE™

* premature trarskition termination (5 TOP codon)

B C A B D

Fig. 1. Heterazygous micrainde] mutation in eon 4 of WPS] gene (o 19401947 elfins 39; p BE4TVE"S),_ shift of thereading frame and stop mdon position. Referen o sequence is

fallowing, the tran=smipt 1 mENA nuclantide and amino acd position (MM_0141124)
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Tahle2

The sequence varian i deteried in TRFS1 gene regul atory ssquenees (31U and 5UTR)L Variant local ation i following the transoipt 1 mEMA position (MM_H 21124
Varimt ™ Manar all=l= [BUR® Minar all=l= fr. (LR St Localizasian
3002853 ICTCICT o 54647 2 = = Palymarphism 54UTR
CTRGA ETIIEE G e Palymarphism 5UTR
coadupT B ST dupT g Palymarphism 5UTR
P IT B O T i) Palymarphism 3UTR
A I5TG-A =1 5622918 A 026 Palymarphism 3UTR
980 *188 it =1 1401985 T- w13 Polymarphism IR
14T =8 = = = Mubiion ERT
15T =6 R 00EeT T i Polymarphism IUTR
* EUR indictes minar al &= and itx freq uency in indfviduals of Burapean arigin.

Al = —322 kcal/mol Moreover, the most stable folding has designed a 4. Discussion

Y shape stem-loop feature close to the start AUG which reminds to the
IRES [Internal Ribosome Entry Site] cellular element. The presence of
IRES at transcripts 1 and 3 was estimated by RegRMA software as well.
The most stable folding for tmnscript 2 has a free energy of
AG = —43 kcal/mol what is in compliance with the short 5UTR se-
quence. Dverall three polymomhic variants were detected in the 5
UTR sequences of transcripts 1 and 3 [Table Z). Two of them reside in
the area of putative IRES element and the combination of -9dupT and
-78A alleles in cis phase abolish the moogniton of putative [RES ele-
ment. There was only the proband P1 in which both relevant alleles
[—9dupT and -78A) were in homozygous state. Mo variation was de-
tected within the exon 1b and its upstream neighbouring sequences.

Alternative splicing of exon 1 used to be connected with alternative
promoter. We havwe done a basic search for promaoter elements wit hin
the upstream sequences adjacent to econ 1h Mo TATA-box but Inr ele-
ment consenais squence [ TTAATTC) was detected to start at the nucle-
obide + 4 Surprisingly, there is a TATA box (degenerate TATA-532) [22]
conEnsus sequence [AATTAAAA) some 367 bp upstream from the tran-
srription start site of econ 1h, asocated with marked Cpl island, several
C booeesand three BRE [ B recognition element) elements consensus mo-
tifs It probably represents a proximal promoter regulatory element that
cmuld help to azssemble and stabilize pre-initiadon complex at the core
promoter sequences The primarny core promoter upsream of exon 1ais
4 TATA-les and Inr-less promoter with pronounced Cpl island immedi-
ately adjacent to the transcription starnt site containing several GC boes,
and a singe BRE element. Different promoter organization of transript
1 [3) compared totranscript 2 may reflect their distinct role in biological
processes. There wias no varability detected within both of these sug-
pested promoters in our group of patients The ENCODE project have
identified hinding of number oftransrpton Boos asedated with reg-
ulation of chromatin and promoter activity, cell cycle regulation, differen-
tiation or apoptosis as well as with modulation of bone formation and
caminogenesis. Some of them are predicted tobind to both suggested pro-
moters, others being promoter specific, but their characterization is be-
yond the soope of this communication

The mme TRPS syndrome has a distinctive phenotype and a srong as-
sorciation with TRFST gene aberration Detection rate of 78X in our sample
iz in accordance with the large study by Lildecke et al, |2]. There was a
clear phenotype comelation betwreen the mutation and phenotype except
for proband P2, in whom mutation of the GATA-binding domain inexon &
i= mot associated with more severe TRPSH syndrome. It is a recurrent mus-
tation previously detected in a apanese family as=ociated with TRPSLI
syndrome and in three patients from the Lidecke study with ambiguous
phenotype assodation [one TRPSI Bmily and teo ind ividuals without or
mikd growth retardation and diverse phenotypes] |2.23). 50 it seems that
theimpact of RS0EC [in our zam ple referred as ROZ10) mutation is mod-
ulated by genetic backgmound in TRPE phenotype develop ment.

Large deletion encompasing at lkeast ten genes in proband PS5 repre-
senis 4 typical conbiguous gene synd rome Final phenotype reflects joint
hem izymosity of involved genes. Except TRPST gene, several other genes
controlling cell proliferation are deleted (RADZ1, NOV, MTEP) and may
contribute to developmental defects during embryogenesis of affected
tissues. Absence of one copy of EXTT and TNFRSFT 1B genes is related to
multiple exostosis and osteo porosis, respectively [24.25] Defect of
TRPST gene is generally associated with osteopenia |3] TMFRSFIIB
gene is coding forostesprotegrin [(OPG), that act as an osteo clastogene-
si5 inhibitor regulating mte ofbone resorption and its deletion im proves
the pro-osteo porosis ervironment All TRPST gene abberations altering
the reading frame and producing premature stop codon have deleteri-
ous effect on functional protein production The nascent protein lacks
nuclear localization signal and thus cannot be tansported to the nucle-
usand is directed to NMD. The second wild type copy is left to produce a
functional protein however it is under atight control of regulatory mol-
ecules and the amount of TRPS1 protein is restricted and not suffident
to fully execute its function The micmindel mutation in proband F7is
a rare type of sequence aberration. The origin of microindels stll re-
mains an enigma The Scaringe’s esearch group proposed a model in
which micmindels are the “scars™ of ermor-prone repair of large, poten-
tially lethal DMA add ucts |26].

w1 g u1ﬂ1ﬂ FFTEVHATYOETS MVFERHFFLANVA —
e
ARG L] AUCAUS AUC [aD0-ACKTOS|
exon 1a exon? T exon 3
ransoripe 3 (ME O0IRI0NLE g MECSMLI MVFEIKHFELANVA
Fl KA BUG KL UG AUG |EaCcE EATIR]
exon 1b exon 3
TaEcHpn 2 [N D 22N T e MVRCENFPLEER
BIRC |aCohogTaTEe )

PFig- L The scheme of the 5'UTR and translation stan sie sequence organizatian in different transcrpts of TRPS) gene. The prtative [RES & ementand upstream open reading frames ane
indicied [shadow ALKGs] The transhiSion start =i e of apen reading frames in each transoipt ane designed in black with ad jacen t seq uenoes reminisceent fo Kozak element in parenthegs.
fferent amEnotemminal peptide sequenoss ane noted having the commaon amino acd sequence sk with exon 3
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In two patients there was no deletion or mutation within the coding
part of TRFST gene detected. However, in proband P1 a nowvel variant in
the 3'UTR sequence was captured. We propose no clear pathogenic ef-
fect and population frequency of 5% The zame proband wasthe only ho-
mozygote for two alleles from the 5°UTH that in combination abolish the
putative IRES element. Both alleles are frequent in European population
but haplotype data are not available. Both probands P1 and P3 miss
some typical features of TRPS syndrome. it could reflect both the distur-
bance of regulatory sequences [active only in certain tissues or develop-
mental stages] and altemative gene mutation assodated with
overlapping phenotypes | 27). There are various 3'UTR specific regul ato-
ry elements demonstrating multilevel postranscriptional regulation of
TRPST gene. Another type of post-transcriptional regulation is repre-
sented by length of 5'UTR sequences with upstream open reading
frames, IRES element and various effectiveness of transation initiation.
Finally, stucture of core promoter elements establishes mte and spec-
ficity of tAnscription initiation. The TATA-less promaoters predominate
in human genome (76% ) and in 46% of such promoters the Inr element
iz absent as well Overall genes containing different core promoter ele-
ments tend to control different biological processes |2 8] We can specu-
late that primary TRFS1 promoter coupled with tmnscripes 1 and 3
makes its influence left in basic processes of cell gpde regulation con-
trary to secondary promoter that could predominate in cel-type specif-
ic development of embryonic tissue or growth plate mation

5. Condwsion

The TRFS1 protein is a significant transcription factor of early em-
bryogenesis and regulator of cell division. As such its transcription and
translation efficacy will be controlled at different level s with several up-
stream and downstream regulatory elements. Alternative promater
uszage, long 5'UTR sequence in transcripts 1 and 3 with number of up-
stream open reading frames, very weak compliance with consensus
Kozak element of transation start site, different probability of N-4ermi-
nus micdification for all three transoipts and markedly long 3" UTR these
ame the main indices for a generally low single allele expression of TRFS1
transcription factor and its very tight control It is in accord ance with the
autosomal dominant mode of inhertance of TRPS syndmome. Aberra-
tionsin regulatory squences may affect proper expression on develop-
mental stage, tssue level orasa espons to actual cell needs Mormowver,
variants within the regulatory sequences may convey their impact not
until a homozygotic stage what have not to be leave out of consider-
ation Movel moecular genetic methods expanding in last decade bridge
over technical limitations that exclude the regulatory sequences from
previousroutine mutation analysiz We think that anahysis of regulatory
sequences should be a part of mgular mutation survey espedally in
genes where the precise expression regulation is consid ered.
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