MEDICAL TREATMENT

MEQWLNHCKN TPETMAH

COBPEMEH MPUCTAIN KOH AWJATHO3A
HA TEHETCKWUTE NMPUYUHU 3A
WHTENEKTYANTHA NOMPEYEHOCT

Ana NMETEPINNH
BopyT METEPJINH

KNMHWYKM MHCTUTYT 32 MEAMULMHCKA TEHeTMKa
YHUBEP3UTETCKM KIMHUYKK LieHTap JbybrbaHa,
CnoseHuja

[Ipumeno: 07.07.2016
[pucdareno: 16.07.2016

Pesume

WuTtenekryanHaTa MOMPEYEHOCT € JOKUBOTHO
HapylllyBambe BO Pa3BOjOT CO BaK€H T'€HETCKH
MPHUJIOHEC, KOj OCTaHyBa Jia Ouje MpeJU3BUK Ja
Ce UCMHUTA MOPaaH rojeMaTa KINHIIKA U TCHET-
cka BapujabuiHocT. OTKPUBAaHKHETO HAa €THOJIONI-
KaTa JIMjarHo3a 3a HHTEIEKTyaIHaTa MOIPEeYEeHO-
ct (UIT) e o roemMa Ba)XKHOCT 3a TAIIMEHTHUTE H
HUBHHTE CEMEjCTBA, TaKa INTO CO3IABAmETO HA
TEHETCKH JIMjarHOCTUYKa MaTeKa CO BHCTHHCKA-
Ta KOMOWHAIM]ja U CYKIIeCHja Ha JTHjarHOCTUIKH
aNaTKH € O KIIyYHO 3HAUCHEe 3a CIPEeUyBame U
COOJIBETEH TPETMaH M / WK pexaduiuTanuja Ha
nanueHtu co UII. HoBure nujarHOCTHYKY anat-
K{ BO TeHeTHKaTa kako KommapaTtiuBHaTa reHOM-
cka xubpunusanyja Ha Hu3a (aCGH) u cexBen-
[IMOHUPAKETO Ha cienHata reHepanuja (NGS)
“MaaT MHOTY IIOBHCOKa CTalKka Ha OTKPUBAmbE
Ha reHeTcku abepanun onrosopuu 3a UII u nma-
aT OTPOMEH MOTEHIMjal Ja T'0 CKpaTaT IaToT
KOH JMjarHo3ara, OWJejKu paHaTa JujarHosa ¢
KaMCH-TEMEITHUK 32 MEIUIIMHCKO W HEeMEIUIIH-
CKO TpETHpame Ha JIuIaTa Kou crpagaat ox UIL

Knyunu 360poeu: unmenekmyanna nonpede-
nocm, aCGH, NGS, eenemcko mecmuparve.
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Abstract
Intellectual disability is a lifelong debilitating
developmental disorder with important
genetic  contribution,  which  remains

challenging to investigate due to high clinical
and genetic variability. Finding the etiologic
diagnosis of ID, however comes with great
benefits for patients and their families,
therefore establishing a genetic diagnostic
pathway with right combination and
succession of diagnostic tools is crucial for
both prevention and appropriate treatment
and/or rehabilitation of patients with ID. New
diagnostic tools in genetics such as array
comparative genomic hybridization (aCGH)
and next-generation sequencing (NGS) have
much higher detection rate for genetic
aberrations responsible for ID and have
enormous potential to shorten the path to
diagnosis, as early diagnosis is a cornerstone
for medical and non-medical management of
persons suffering from ID.
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BoBea

Wnrtenexryannata nompedeHoct (MII) mpercra-
ByBa HajueCcTO HapyllyBame BO pa3BojoT. Toa e
JIOXMBOTEH WHBATUIUTET KapaKTEPU3UPaH CO
3HAYUTEITHO HAPYIIYBalke HA MHTEICKTYATHOTO
(GYHKIMOHUpAame M AJalTHBHOTO OTHECYBAaHE
(KOHIIETITYaJTHH, COIMjaHA M MPaKTUYIHHU BEII-
THUHH), CO TIOYETOK BO IETCTBOTO HIH PaHOTO
netctBo (1, 2). Ilpesanennujata vHa UII Bapupa
BO rojieMa Mepa HH3 LEIHOT CBET, HO MOBEKETO
CTyAWU TIPOLICHWJIE JIeKa Taa ce mojaByBa kaj 1%
u 3% ox onmrara nomyianyja (3). JoXXUBOTHH-
TE€ TPOIIONHM (JUPEKTHU M MHIUPESKTHH) 3a U3JP-
*KyBame Ha nuna co UII ce ronemu; ce mporeHy-
Ba JIeKa W3HECYyBaaT OKOIy 1 MIJIMOH JoJIapu IO
qute Bo CA/JL (4).

NII moxe na ce onuile criope TeXKNUHATa Ha Ha-
PYLIYBaWkETO WM CIOpEA MPUCYCTBOTO Ha JO-
TIOJTHUTEITHH KITMHUYKHM 3HAUU (CHHAPOMH / He-
cuHApoMH). 3a KiIacuduKaluja Ha TeKUHATA Ha
UII ce xopuctar tepmunute necHa (IQ ox 55 -
70), ymepena (IQ ox 40 - 50), Temka (xoedu-
IUEHT Ha MHTeIUreHnmja oa 25 - 40) n mraboka
(IQ momanky ox 25). Kora mocron uHBONBHpa-
HOCT Ha JPYTH OpraHMH, IojaBaTa Ha Mandopma-
UM WA THMUYHE KIuHrgkd 3Ham, UIT ce me-
¢uHEpa Kako cuHApPOMCKa. HecmHmpomckara
UII e unTenexTyaaHa MOMPEYEHOCT WITO CE CIY-
YyBa WIH BO OTCYCTBO Ha JAPYTH KIWHUYKH 3HA-
I WIA € MOBp3aHa CO MajH (U3MYKH, HEBPO-
JIOMIKU ¥ / WM MeTaboNUYKH aOHOPMAIHOCTH,
KaKo IITO C€ ayTU3MOT, XUIIEPKUHETHYKOTO OI-
HECyBame, CMWICNCHjaTa U HEBPOMYCKYJTHHUTE
neduryt (2).

UII e pe3ynraT Ha WMHTEpaKlUjaTa MOMEIY MKH-
BOTHATa CPEIUHA U TCHETCKUTE MPUYHHHU, 0CO-
0OeHO 3a BpeMe Ha MPEHATAIHUOT >XUBOT (5-9).
[Mpu4vHM O KUBOTHATA CPEIHMHA CE MpeHATaN-
HUTC WH(EKIUH, 37paBCTBEHATa COCTOj0a Ha
Majkata (Ha mpuMep, meKkepHa 00jecT), H3JI0Ke-
HOCTa Ha INTETHH MAaTepPHH BO TEKOT Ha Opeme-
HOCTa (Ha TpHUMeEp, aJKOXOJI, OpOora, eKOJOIIKA
XEMUKaJINN), KOMIUIMKAIINATE 32 BpeMe Ha II0-
ponyBameTo (Ha TpUMep, NepuHaTaTHa achUK-
cHja), MPEeIBPEMEHOTO parame U CTEKHATATa I0-
Bpena Ha MO30KOT (2).

Co 1en mocTojaHo Mo00pyBamke Ha aHTEHATAN-
HaTa U TOCTHATAJHATA HEra, Pa3JIMYHU TeHETCKU
aOHOPMAJIHOCTH C€ M0jaByBaaT Kako Ba)kKHA MPH-
guHa 3a UI1. Down cuuapoMoT - Tpucomuja 21
IITO € pe3ylNTaT Ha XpoMO30McKaTa aOHOpMa-
HOCT, C€ YIITE € eJTHa O] HajYeCTUTe MPUIUHH 3a

Introduction

Intellectual disability (ID) presents the most
common developmental disorder. It is a
lifelong disability characterized by substantial
impairment of intellectual functioning and
adaptive behavior (conceptual, social and
practical skills), with onset in infancy or early
childhood (1, 2). Prevalence of ID varies
greatly worldwide, however most studies
estimate it affects between 1% and 3% of
general population (3). Lifetime costs (direct
and indirect) to support individuals with ID
are large, estimated to be an average of
approximately $1 million per person in the
USA (4).

ID can be described by severity of
impairment or by the presence of additional
clinical signs (syndromic/non-syndromic).
For classification of severity of ID terms mild
(IQ of 55 — 70), moderate (IQ of 40 — 50),
severe (IQ of 25 — 40) and profound (IQ of
less than 25) are used. When there is
involvement of other organs, presence of
malformation or typical clinical signs ID is
defined as syndromic. Non-syndromic ID is
intellectual disability that occurs either in
absence of other clinical signs or is associated
with minor physical, neurological and/or
metabolic abnormalities, such as autism
spectrum  disorders,  attention  deficit
hyperactivity ~ disorder,  epilepsy  and
neuromuscular deficits (2).

ID is a result of the interplay between
environmental and genetic causes, especially
during prenatal life (5-9). Environmental
causes include prenatal infections, maternal
conditions (e.g., diabetes), exposure to
harmful substances during pregnancy (e.g.,
alcohol, drugs, environmental chemicals),
complications during birth (e.g., perinatal
asphyxia), preterm birth and acquired brain
injury (2).

In light of ever improving antenatal and
postnatal care, different genetic abnormalities
emerge as an important cause of ID. Down
syndrome — trisomy 21 that is result of
chromosomal abnormality is still one of the
most common causes of ID/DD with the
estimated frequency of 1 in 800 live births
(10) despite of significantly improved
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UII co mpouenerata ¢gpeksenuunja o 1 kaj 800
skuBopoieHn jena (10), U Mokpaj 3HAYUTEITHO
MOJOOPCHUTE MOKHOCTH 32 INPEHATAJCH CKPH-
HUHT. BTOopaTa HajuecTa reHeTcKa NpHYMHA 32
nojasa Ha UII ce cmeTa neka e cuHapoM Ha dpa-
ruiieH X-XxpomMo3oMm, co (ppekBeHnmja on 1,4 Ha
10.000 maxu u 0,9 Ha 10.000 >xeHU O] BKYITHO-
T0 HaceneHue (11).

I'omemoTo MOJOOpyBamke HAa TEHETCKATa ETHOJIO-
ruja Ha WII e mocnenuna Ha ABE HOBH METOIH
BOBCJICHU HEOJ]aMHA, Ha HHM3aTa KOMITAPATHBHU
reHoMcku xubpuanzanuu (aCGH) u Ha cexBeH-
IIMOHHUPAKETO Ha clienHara reHepanuja. meno,
aCGH otkpu HOBa KaTteropuja Ha TeHOMCKH MY-
TaIyy, CyOMHKPOCKOIICKH JCNEINH U YIABOjyBa-
wa Ha JIHK, TakaHapeueHa komnuja Ha BapHjalu-
ja Ha O0poj (CNV), KOUIITO HE ce OTKpUBaaT CcoO
KapuoTunmsanujara. [Tokpaj Toa, CeKBEHIIMOHH-
pameTo Ha CleHaTa TeHepalja OTKPH OTPOMHA
TEHETCKAa XETePOTeHOCT Ha MOHOTCHCKH HPUYH-
Hu 3a UII co noseke o 800 reHu Beke MOBp3aHU
co UII (2). llonaramy, m aCGH u NGS npuno-
Hecoa 3a de novo mapamurmata Bo WII, Ounejku
METOJIOJIOTHHTE MOKaXkaa rojieM Jen oa de novo
JIOMUHAHTHHUTE MYTAIlH BO CIIOPAUYHU CITydan
Ha UII (12). KoMIUIeKcoT reHeTcKa apXUTeKTypa
nonpa3bupa ounrienHa norpeda ga ce MpoMeHH
nujarHocTHykata nareka 3a MII. Panata mujar-
Ho3a Ha WII e HeomxojHa 3a M30CTHYyBame Ha
HEeTOTpeOHUTE WM W3JMIIHA JHjarHOCTUYKA
TECTOBH KOMIITO YECTOMATH pe3yITHpaaT co
JINjarHOCTHYKA OJIUCEja; OBO3MOXYBa pa(UHHU-
PaHU OIIMH 33 TPETMAaH U MoJ00pyBame Ha pas-
OMpameTo Ha MPOrHo3aTa, ynpaByBambe CO CUM-
NTOMHTE WM Haa30p 3a MO3HATHTE KOMILIMKA-
IIUH, MPOIICHA HA MOBTOPYBAICTO HA ITOTCHIIH-
JaTHUTE PHU3HIM U NPHMapHATa MPEBCHIUja, Ka-
KO M MOXHOCT 32 KOYIIPaBYBamke Ha COOJIBETHH
MAACHTH BO KOHTEKCT HAa MECTUIIMHCKH OM CO
e aa ce ooe30eau Hajao0pa 3apaBCTBEHA COC-
T0j0a, colMjaHa U 3paBCTBEHA 3aIlTUTA 3a Jie-
TeTO U cemejcTBOTO (13).

LlenTa Ha OBOj TPYH € BO KpaTKH IPTH A TH
pasriieia TCKOBHUTE PEIIEBAaHTHH TE€HETCKHU
JIMjarHOCTUYKH JIATKH U J1a TIPEIIOKH TeHETCKH
JIMjarHOCTHYKa maTteka 3a MII.

[njarHocTnuKM anaTku

Baxxuu KapakKTCpUCTUKHU Ha I[I/IjaFHOCTI/I'-IKI/ITe
AJIaTKU CC KIIMHUYKaTa BAXXHOCT U KOPHUCT. I[O-
JCKa KIIMHUYKAaTa BaXXHOCT € MCPKa 3a TOa KOJI-
Ky TOYHO TECTOT ja JCTEKTHpa MU MpPEeIABHIYBa
KIIMHHU4YKaTa COCTOj6a Ha OJHOCHOTO JIMIIC, KIHU-

screening possibilities prenatally. Second
most frequent genetic cause of ID is
considered to be Fragile X syndrome with the
frequency of 1.4 per 10,000 males and 0.9 per
10,000 females in the total population (11).
Major improvement of genetic etiology of
ID/DD is a consequence of two novel
methodologies introduced recently, array
comparative genomic hybridization (aCGH)
and next-generation sequencing. aCGH
namely revealed a new category of genomic
mutations, submicroscopic deletions and
duplications of DNA, also called copy
number variation (CNV) not detectable by
karyotyping. Moreover, next generation
sequencing revealed immense genetic
heterogeneity of monogenic causes of ID/DD
with more than 800 genes already associated
with ID/DD (2). Furthermore, both aCGH
and NGS contributed to the “de novo”
paradigm in ID, since methodologies
demonstrated a large proportion of de novo
dominant mutations in sporadic cases of ID
(12). The complex genetic architecture
implies the obvious need to modify
diagnostic pathways of ID. Early diagnosis of
ID is namely necessary for the avoidance of
unnecessary or redundant

diagnostic tests often resulting in diagnostic
odyssey, refined treatment options and
improving understanding of prognosis,
symptom management, or surveillance for
known  complications, estimation of
recurrence risks and potential primary
prevention as well as opportunity for co-
management of appropriate patients in the
context of a medical home to ensure the best
health, social, and health care services
satisfaction outcomes for the child and family
(13).

The purpose of this paper is to shortly review
the current relevant genetic diagnostic tools
and to propose the genetic diagnostic
pathway for ID/DD.

Diagnostic Tools

Important characteristics of diagnostic tools
are clinical validity and utility. While
clinical validity is a measure of how
accurately the test detects or predicts the
clinical condition of interest, clinical utility
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HHYKaTa KOPHCT HA TEHETCKHOT TECT CE OJIHECY-
Ba Ha TOA KOJIKY BEPOjaTHO TECTOT K€ BIIHjac BP3
KJIMHUYKHTE OJUTYKA M BpP3 TOM00pYBameTo Ha
pe3yNTaThTe Kaj MalieHToT.

U nonexa noaaTolMTe MOBP3aHH CO KIMHUYKATA
BaXHOCT (KJIMHUYKA UyBCTBUTECIHOCT, KIMHUYKA
CHenu(pUIHOCT, MO3UTUBHU U HETATHBHU MPE-
BUJJIMBH BPEIHOCTH) BO BpPCKa CO HOBHTE TIe-
HOMCKH JIHjarHOCTHYKH ajJaTKu Op30 ce aKyMy-
JMpaaT, Cc& yIITe HeJ0ocTacyBaaT paHAOMHU3Upa-
HUTE KIMHIYKA HCIIUTYBamba.

[Mpe3eHTHpaHu ce TPHU TONEMH T'CHETCKH METO-
JIOJIOTUU TOBp3aHKU co aujarHoctukara Ha WII.
ITopaau penaTHBHATA UPEJICBAHTHOCT HA CYyIITE-
JIOMEPUYKHOT CKpWHHUHT co momom Ha FISH
(pmyopecuennja insitu  xubpuanzaiuyja) WK
MLPA (ananusa co COHAM), OBUE METOAH Ke Ou-
JIaT U30CTABEHU OJI OITUCOT.

Kapvotun

Kaprotunmsanujara e MeTo Ha KJIaCHYIHA ITUTO-
TeHETHKA IITO OMJI KOPUCTCH BO KIWHHYKHU HCT-
paxxyBauku Jabopatopuu moBeke on 50 ToauHU
U C€ YIITE MPETCTAaByBa JIECHO JOCTAIlCH HAYHH
3a JICTEKTUpame Ha XPOMO3OMCKH abHOpMall-
HocTH (14). Cenak, KapHOTHIIOT HE MOXe Ja OT-
KpHE CYNTHIHH XPOMO3OMCKH aOHOPMATHOCTU
KOM C¢ Ha I'paHMIaTa Ha CBETIOCEH MHKPOCKOII
(xommieTHaTa pe3onyluja € 5 merabasu) U He
MOXE J]a OTKpHE CYOMHKPOCKOIICKH Ipeypery-
Bamba WIK OM MOXEJ MOTEHIMjATHO MOTPEITHO
J1a KapaKTepu3upa XPOMO30MCKH TIpeypeayBama
Kako m30alaHCcHpaHy, Kora THE He ce Ha HIBO Ha
JHK (15, 16). Cryauute mokaxaa jaexa, Kora
nmanueHTuTe co Down cuHApOM Oea MCKITydeH!
0]l eBayBalfja, KapUOTHIIN3alljaTa UICHTU(DU-
KyBaJla XpOMO30MCKH a0HOPMAalTHOCTH Kaj TIIo-
Manky on 3% on ymnara (16). bamancupanure
npeypeayBama U HUICKOTO HABO Ha MO3aWIM3aM
He ce oTkpuBaaT npexky aCGH, HO Tue perko
(xaj <1% on city4auTe) ce OATOBOPHU 3a MHTE-
neKkTyaigHara nonpedeHocT (17). AHanm3ara Ha
xpomo3zoMmckuTe ' Tpaku ce ymre € Hajupede-
pHpaH METOIl aKO MOCTOM COMHEX 3a CHHIPOM
Ha aHeymuionauja (Ha mpumep, Down cuUHIpOM)
U c€ YIITE MOXE JIa Ce 3eMe MPElBUJ] BO CIy4aj
Ha CEMEJCTBO CO HCTOpHja HA XPOMO3OMCKO
npeypeayBamke WIN IOBEKEe CIOHTaHU a0OPTYCH.
KaprotunoT e mupoko JocTamneH U HaJOMECTCH
TeHEeTCKH TecT co IieHa okomy 400 eBpa Bo
EBPOIICKUTE JPIKABH.

of a genetic test refers to how likely the test
is to affect clinical decisions and ultimately
improve patient outcomes.

While data related to clinical validity
(clinical sensitivity, clinical specificity,
positive and negative predictive values)
related to novel genomic diagnostic tools
rapidly accumulate, randomized clinical
trials are still lacking.

Three major genetic methodologies related
to diagnostic of ID/DD are presented. Due
to relative irrelevance of subtelomeric and
microdeletion  screening using FISH
(fluorescence in situ hybridization) or
MLPA (multiple ligation probe assay),
these methods will be omitted from
description.

Karyotype

Karyotyping is a method of classical
cytogenetics that has been utilized in clinical
research laboratories for more than 50 years
and is still the most readily accessible method
for detecting chromosomal abnormalities
(14). However, karyotype cannot detect
subtle chromosome abnormalities that are at
the limit of light microscopy (overall
resolution is 5 Mega bases) and does not
detect submicroscopic rearrangements or
might potentially wrongly characterize
chromosomal rearrangements as balanced,
when they are not at the DNA level (15,16).
Studies showed that, when patients with
Down syndrome were excluded form
evaluation, karyotyping identified
chromosomal abnormalities in less than 3%
of individuals (16). Balanced rearrangements
and low-level mosaicisms are not detected by
aCGH, but they are rarely (in <1% of cases)
responsible for intellectual disability (17).
Chromosomal G-banded analysis is still the
method of choice if aneuploidy syndrome is
suspected (e.g. Down syndrome) and might
still be considered in the case of a family
history of chromosomal rearrangement or
multiple miscarriages.

Karyotype is widely available and reimbursed
genetic test with a cost around 400 EUR in
European countries.
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KomnapatuBHa reHomcka xubpuausaumja Ha
Hu3a (aCGH)

KomnapaTtuBHata reHoMcka XuOpuam3anuja Ha
HHU3a MPETCTaByBa HOBA IIUTOICHETCKA TCXHHKA,
KOja UMa CIOCOOHOCT MCTOBPEMEHO N1a OTKpHE
aHEYIUIOWNja, NeNCIH, AYIUTHpama U / Win
3roJieMyBama Ha KOj OWIIO JIOKYC MPETCTABEH BO
naneHa Huza (18). Taa mma MHOTY TTOBHCOKA pe-
3omynyja (<5 merabasmn) 3a OTKpHBamEC Ha BapH-
jaluu Ha KomHja Ha Opoj BO cropeada co KapHo-
TUIOT U UCTO TaKa HE 3aBUCH O]l OOCHETO U Tpa-
HUIUTE Ha BH3yenHata pe3oiyiuja (19). Iopa-
I TIOTOJIeMaTa pe30iyIiHja, MCTO Taka, MOXKe Ja
JIETEKTHUpPa ¥ MHUKPOCKOIICKH XPOMO30MCKH a0-
HopMmastHOCTH (18). CTymuuTe Ha KOMITApaTHB-
HaTa TeHOMCKa XMOpUAM3alrja Ha HU3a UICHTH-
¢uxyBaa rosem 6poj mosTopiarsu CNV mrto 10-
BeJoa N0 omuc Ha HOBU cuHapomu 3a UII u
uAeHTH(UKAIMja Ha NPUYMHUTCIHUTE TCHU Kaj
oBue CNV. Ce mpolieHyBa Jeka BOBEIYBamETO
Ha aCGH noseae 10 15% no 20% 3ronemyBame
Ha €TUOJIOIIKATA JMjarHo3a kaj nanueHtu co UI1
U TOoBp3aHu (auujaHu IUcMOpPU3MHU O He-
no3Hara npuyrHa (20). OcBeH Toa, AMjarHOC-
TUYKHATE pE3YITaTH C€ BHUCOKH, OYPH U BO
noniecan dopmu Ha UIT (21). KommaparnsHaTa
TeHOMCKa XHOpUAN3aIija Ha Hi3a OOMYHO HE ce
MOBP3yBa CO TEPANCBTCKUTE WM JICKOBUTHUTE
WHTEPBEHINM 3a KOTHUTHBHA aucyHknuja. Ce-
MaK, pe3yJiTaTHTE Ol TECTOT MOXE Nla BIIHjaat
Bp3 JPyTrd KOMOPOUIHH COCTOjOM KOU HE MOXKE
Jla ce MpenBUaaT caMo Ha (PU3HYKHM Tperyien, a
KOUINTO OU MO>XKeJie 1a UMaaT BaXKHHU PENPOIyK-
TUBHU UMILTUKaIK. MicTo Taka, HeoJamHa Oerie
00jaBeHO JieKa KBAIUTETOT Ha XHUBOTOT HA Maj-
kara ce noaoopun kora aCGH ycnean na ja pas-
jacHU eTHOJIOIIKATa AWjarHo3a Kaj JieTe CO UHBa-
muguret (22).

Kako mrro aCGH ro ucrpaxysa IEIHOT [E€HOM,
MIOCTOH PHU3UK 32 HAOTaFbe TOMTOTHATEITHH TeHET-
CKH aOHOPMAJHOCTH - CITy4ajHU HAOAH, KOW HE
ce TIOBP3aHM O THjarHOCTHYKaTa XUmoTesa (23).
3aroa, TEHETCKOTO COBETYBamEe Mped W IO Te-
HETCKOTO TeCTHpame ¢ BakHO. KoMmapaTuBHarta
reHOMCKa XHOpHIu3alija Ha HH3a € BOBEJCHA
BO Hajpa3BUCHUTE 3JIPAaBCTBCHU CHUCTEMH, HO cé
yIITe € HEAOCTalleH WM HE Ce HaJOMEcTyBa
TPOIIOKOT 32 Hea BO HEKOJIKY 3eMju of Jyrouc-
touna EBpomna. LleHara 3aBucH o1l pe3onynujara
Ha HU3WATE U 00m4uHO ce asmwxu ox 500 mo 900
eBpa.

Array comparative genomic hybridization
(aCGH)

Array comparative genomic hybridization
presents a new cytogenetic technique, which
has the ability to simultaneously detect
aneuploidies, deletions, duplications and/or
amplifications of any locus represented on an
array (18). It has much higher resolution (<5
Mega bases) to detect copy number variants
compared with karyotype and it does not
depend on staining and visual resolution
limits (19). Because of higher resolution it
can also detect submicroscopic chromosomic
abnormalities (18).

Array comparative genomic hybridization
studies have identified numerous recurrent
CNVs leading to description of novel ID
syndromes and identification of causative
genes in these CNVs. It has been estimated
that the introduction of aCGH led to a 15% to
20% increase in etiologic diagnosis for
patients with ID and associated facial
dysmorphisms of unknown cause (20).
Moreover diagnostic yield is high even in
milder forms of DD/ID (21).

Array comparative genomic hybridization is
usually not associated with therapeutic or
curative interventions for the cognitive
dysfunction. However, the test results may
impact on other comorbid conditions that
could not be predicted on physical
examination alone and may have important
reproductive implications. Moreover, it has
been recently reported that maternal quality
of life improved when aCGH succeeded to
clarify etiologic diagnosis in disabled child
(22).

As aCGH interrogates with the whole
genome, there is a risk of finding additional
genetic abnormalities - incidental findings,
not related to the diagnostic hypothesis (23).
Therefore, genetic counselling before and
after genetic testing is important. Array
comparative genomic hybridization has been
introduced in most developed health systems
but is still unavailable or not reimbursed in
several South European countries. The cost
depends on the resolution of the arrays and
usually ranges from 500 to 900 EUR.
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CeKBEeHUMOHMpPaHe Ha cneaHaTa reHepauyja
OrpoMHOTO KOJIMYECTBO Ha BpeMe H pecypcH
MOTPEeOHU 332 CEKBEHIIMOHUpPAE Ha MPBHOT UYO-
BEUKH T€HOM BO paMKWTe Ha [Ipoexmom 3a 4o-
8€YKUOM 2eHOM TO CTUMYIHpAIIe pa3BOjoT Ha
noOp3u, NOMPOTYKTUBHH M IOCBTHHHU TEXHOIO-
THH, Cera TO3HATH KaKO CEKBEHIIMOHHpPAme Ha
cneqHara renepanyja (NGS). NGS mpercraByBa
roJieM 4YeKOp Hampen, OuIejkh BO HCTO BpeMe
MOXE J]a BPIIH WJIjaJHUIN 1O NOBEKE MITHOHU
CCKBCHIMOHHUPAmka, CO IITO JPACTUYIHO IO 3a0p-
3yBa MPOIIECOT Ha CEeKBEHIMOHUpame. Kako pe-
3yJiTaT Ha TOA, HEKOJIKY T€HHU, CUTE €r30MH BO
TeHOMOT, Ma JypH U LENUOT FeHOM MOXeE Jia Ce
aHaJIM3Mpa BO €eH TeHETCKH TECT MO pasyMHa
ICHA.

[Tocrojar Tpu rnaBHu npuctanu Bo NGS 3a ko-
JMYUHATA Ha WcTpara Ha mojaronud — NGS co
MpUMEHa Ha TaHENM, KOM CE COCTOjaT O TeHU
KOM BeKe OWIe IMOBpP3aHH CO OIPECHU OONECTH,
CeKBEeHIMOHMpamke Ha 1emnoT erzom (WES) u
CEKBEHITMOHMpamke Ha 1nennot reaoM (WGS).
Bucokara cranka Ha de novo IOMHHAHTHH My-
TaIN{ Ce JEMOHCTPUPA CO CEKBEHIIMOHUPAHE HA
€r30MOT CO INpPHMEHa Ha MPHUCTANOT IOTOACHO
nere Twuryc pomutenu (24). Hcrtwor mpmcran
MPEITIOKH BUCOKH, 44 - 45% IujarHOCTHIKH pe-
3yJITaTH BO FepMaHCKaTa Tpyla Ha MalueHTH CO
UIT (25). Hacouenara (manen) NGS-ananuza co
UII mocturna camo nmoman pesynarar ox 11% 3a
pasnuka ox pesyiratute Ha aCGH.

Co npumenata Ha WGS Oea qocturHaTti A0T0JI-
Hutenuu 42% mnoseke ox aCGH u on cexBen-
[UOHUPAKBETO HA €r30MOT, U KyMYyJaTHBEH pe-
synrar on 62% (26). Kako mto Geme ciaydajor
co aCGH, cmy4ajau Haoam Moxe na OMpar oT-
KpreHH 3a BpeMe Ha NGS-TecTupamero, BO 3a-
BHCHOCT 01 Toa Koj mpuctan NGS ke ce npume-
HU.

JIMjarHoCTHYKMOT MOTEHITNjall JJOHEKaJe € orpa-
HUYCH MOpagd HEIOCTaTOK Ha MH(OpPMALUH 3a
(peKBeHIIMja ¥ MAaTOTEHOCT (Ha MPUMEpP, BapH-
jaHTH OJf HEIIO3HATO 3HAYCH:E) Ha HHU3a BapHjaH-
™ (25, 27).

ITocTon mmpoxa BapHjaOMIHOCT BO JOCTAITHOC-
Ta 1 HagoMecToT 32 NGS BO €BpOICKUTE 3eMjU.
TecToT € BoBeJeH KaKko A€l O] KIMHUYKUTE U~
JarHOCTUYKYU YCIYTH, Ha MPUMEp, BO XOJIaH/IH]ja
u Cnosenyja. Llenata na NGS Bapupa Bo 3aBucC-
HOCT Of] pucTanoT u ce ABmwxku of 1000 - 1800
€Bpa 3a MaIieHT.

Next-generation sequencing

The vast amount of time and resources
needed to sequence the first human genome
in scope of The Human Genome Project
stimulated the development of faster, higher
throughput and cheaper technologies, now
known as next-generation sequencing (NGS).
NGS represents a major step forward as it can
carry out thousands-to-many millions of
sequencing reactions at the same time, thus
drastically speeding up the process of
sequencing with Sanger. Consequently,
several genes, all exomes in the genome or
even whole genome can be analyzed in one
genetic test at a reasonable cost.

There are three main approaches in NGS
regarding the quantity of investigated data —
NGS using panels that comprise genes that
have been already linked to certain disease,
whole exome sequencing (WES) and whole
genome sequencing (WGS).

A high rate of de novo dominant mutations
have been demonstrated by exome
sequencing using affected child-parents trio
approach (24). The same approach proposed
a high, 44-45% diagnostic yield in the
German cohort of the ID patients (25).
Targeted (panel) NGS analysis of affected ID
patients only reached lower yield of 11%
beyond the yield of aCGH.

Using WGS further 42% diagnostic yield
beyond aCGH and exome sequencing and
cumulative yield of 62% was reached (26).
As was the case with aCGH, incidental
findings might be revealed during NGS
testing, dependent on the NGS approach
(panels/WES/WGS) used.

Diagnostic potential is somewhat limited due
to the lack of information on frequency and
pathogenicity (e.g., variants of unknown
significance) of sequence variants (25, 27).
There is wide variability of the availability
and reimbursement of NGS in European
countries. The test has been introduced in the
clinical diagnostic service e.g. in Netherlands
and Slovenia. The cost of NGS varies
according to the approach (panel/exome
sequencing) and ranges from 1000 — 1800
EUR for a patient.
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Mateka Ha reHeTCcKaTa AnjarHosa

[Tpucranor 3a reHeTcKa AMjarHo3a U HaTaMy Oc-
TaHyBa Bp3 OCHOBA Ha IIBPCTa KIWHIYKA eBaya-
nyja Ha UII, kojamro HajmpBo Tpeba nma TW uc-
KIyYH HETeHETCKUTE mpuunHu. McTo Taka, Kiu-
HUYKaTa eBajyallja ja HacodyBa TE€HETCKaTa
eBallyalija KOH TeHETCKU TECTOBH BO CIIy4aj Ha
oxpeneHa aujarHosza (Ha mp., Tpucomuja 21 —
XPOMO30MCKH CHHApOM (aHeymiouauja), ¢pa-
ritHHOT X-cuHapoM i Prader-Willi cunmpo-
MOT) WJIM XHUIIOTe3a OecCIuIaTHO mpebapyBame 3a
TeHETCKH aOHOPMAIHOCTH MPEKY KOPHUCTEHE Ha
reHoMckd TecToBH kako aCGH m NGS (cnuka

1.

Genetic diagnostic pathway

The approach to genetic diagnosis still
remains based on the solid clinical evaluation
of ID/DD which should firstly exclude non-
genetic  causes.  Furthermore,  clinical
evaluation directs genetic evaluation to
targeted genetic tests in the case of specific
diagnosis (e.g. trisomy 21 - chromosomal
syndrome (aneuploidy), Fragile X syndrome
or Prader-Willi syndrome) or hypothesis free
search for genetic abnormality using genomic
tests like aCGH and NGS (Fig 1).

DD/ID
Y
KIIMHWYKA EBATIBALIIA/
CLINICAL EVALUATION
LIENHO FEHETCKO/ v
METABO/INYKO OAIYES| mowHA aviarHO3A/ | ME/NO | acaH
TECTMPAFE/ TARGETED |« | SUSPECTED DIAGNOSIS .
GENETIC/METABOLIC
ANVES VATHO3A/
DIAGNOSIS
FEHETCKO COBETYBAFbE / . HE/NO®
CNELEHE HA BOMECTA / -
GENETIC COUNSELING/DISEASE
FOLLOW-UP 4 |
| A/VES | AVIATHO3A/
DIAGNOSIS
HE/NO
PEEBA/IBALLVIA 3A 6-
12 MECEUA /
REEVALUATION IN 6-12
MONTHS

Cnuka 1. lNameka 3a 2eHemcka OujaeHocmuka Ha UI1/ Figure 1. Genetic diagnostic pathway for ID/DD

Jlerenna 3a civka 1: *Tectupame Ha GparmiHHOT X
MOJKE [1a c€ 3eMe NPEIBH Kaj MaKHTE CO yMepeHa 1o
teuika UII - pouHere BO pa3BojoT / MHTENEKTyaHA
nonpeueHoct, aCGH - xommapaTuBHa reHOMCKa
xubpunmzanyja Ha Hu3a, NGS - CEeKBEHLMOHUpAHE
Ha CJIC/THATa FeHepaluja

Legend to Fig 1. * fragile X testing might be
considered in males with moderate to severe ID,
DD/ID - developmental delay / intellectual
disability, aCGH — array comparative genomic
hybridization, NGS — next-generation sequencing
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KnuHudkuTe ncnutyBama Tpeba Ja BKIydyBaatr
KOMIUIETHa MEJMIIMHCKA HCTOpHja (MTpeHaTalHa,
MpH parame W pa3BojHA HCTOPHja), CO CEMEJHO
IPBO O TPH TCHEPAIH U ceondaTeH (PU3NIKH
nperyies; (Ipyrd 3acerHaTH OPTraHCKH CHUCTEMH,
JUCMOP(QOJIONIKK, HEBPOJOMKH ¥ abHopMall-
HOCTH BO OJTHECYBAmbETO).

AKo He ce mojaBatr crniequ(pUUHU TUjarTHOCTUYKU
pe3ynTatu no kiuHuuykata epanBanuja, aCGH e
MeTOJI Ha u300p 3a HeoOjacHuBa mojaBa Ha UII.
AKoO He ce Hajae MyTaluja, TeCTUpame Ha Qpa-
THUIHHOT X-XpOMO30M MOE Ja CE€ 3eMe Ipel-
BHJ, 0COOCHO Kaj MaXH CO YMEpEHa JIO0 TeIllKa
UII. Ananuszara Ha XpoMo3oMcCKHTE [-lleHTH
MOJe JIa ce 3eMe TIPEBH]I BO CIIy4aj Ha ceMejHa
UCTOpHja Ha XPOMO30OMCKO IIpEYpelayBarmbe WIH
MOBEKEe CIIOHTaHU abopTyCH. AKO CE YIITe Hema
nujarHos3a, ce mpernopauyBa NGS. Axko WES
nmn WGS ce xopuctn kako metoga Ha NGS,
HUCTOBPEMCHO MOXE Ja C€ CKCHHpa H MHO-
JKECTBOTO Ha TO3HAaTH TeHu moBp3aHu co WII,
Kako W METaOOJMYKUTE TEHETCKH MPUINHU 32
UII 3a eBeHTyamHU MyTalllH.

3aknyuoum

Jlosieka o3HaBamkeTO Ha TCHETCKATa €THOJIOTHja
ga UII 3Ha4YMTENHO € 3roJIEMEHO BO IIOCIIEIHO
BpeMe, Cerak MOCTOjaT HEKOJIKY MPEAU3BUIMA BO
WMIUIEMEHTAIlMjaTa Ha HOBH T€HOMCKH METOIH
BO KIMHHYKATa Mpakca. TWe TH BKIy4yBaaT
OTPAaHUYCHUTE JIOKA3H 32 KIIMHUYKATa KOPUCT Ha
aCGH u NGS, HemocTaToKOT Ha CTaHAApau U
ynarctBa - ocobeno Bo NGS, orpanmueHnOT
MpUCTAN JIO0 €KCIIEPTU3a M TECTUPAE BO JO-
MAIIHUTE 37]paBCTBEHH CHCTEMH WM MPEeKyrpa-
HUYHATA 37[paBCTBEHA 3alITUTA M HEJOCTATOKOT
Ha HaJOMECT 32 HOBUTE TeCTOBH Ha reHoMu. Ce-
MaK, Mopajgd roJeMHOT CEMECH U OMIITECTBEH —
toBap Ha UII, ox eana crpaHa, u GeHEPUTHTE O]
paHoO JAMjarHOCTHIIMpame, OJ Jpyra CTpaHa,
UMIUIEMEHTAllMjaTa HA HOBU JUjarHOCTUYKH Me-
TOJIM BO 3JIPABCTBEHUTE CUCTEMH € OIPaBaHa.

KoHpnukm Ha uHmepecu

ABTOpUTE U3jaByBaaT JeKa HE MOCTOU KOHMIUKT
Ha UHTEPECH.
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Clinical evaluation should  include
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If no specific diagnosis results after clinical
evaluation, aCGH is the method of choice for
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miscarriages. If still no diagnosis has been
established NGS is indicated. If WES or
WGS is used as NGS methodology, both
comprehensive set of known genes related to
ID/DD as well as metabolic genetic causes
for ID can be screened for mutations.

Conclusions

While the knowledge of genetic etiology in
ID/DD has significantly increased recently,
there are still several challenges in
implementation of new genomic methods in
the clinical practice. These include limited
evidence of clinical utility of aCGH and
NGS, lack of diagnostic standards and
guidelines - especially in NGS, limited
access to expertise and testing in domestic
health systems or cross border health care
and lack of reimbursement for new
genomic tests. Nevertheless, due to high
familial and societal burden of ID one hand
and benefits of early diagnosis on the other,
implementation of new diagnostic methods
in health systems is warranted.
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