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1. Wykaz stosowanych skrotow

ACMG - Amerykanskie Kolegium Genetyki Medycznej i Genomiki (ang. American
College of Medical Genetics and Genomics)

APOB - gen apolipoproteiny B (ang. Apolipoprotein B gene)

ARH - autosomalnie recesywna hipercholesterolemia (ang. Autosomal Recessive
Hypercholesterolemia)

CETP - biatko transportujace estry cholesterolu (ang. Cholesteryl Ester Transfer Protein)
CNV — zmiana liczby kopii (ang. Copy Number Variation)

CVD - choroby sercowo-naczyniowe (ang. Cardiovascular Disease)

FH — hipercholesterolemia rodzinna (ang. Familial Hypercholesterolemia)

FPLD - rodzinna lipodystrofia cz¢$ciowa (ang. Familial Partial Lipodystrophy)

GOF —wzmocnienie funkcji (ang. Gain-of-function)

HDL — cholesterol frakcji lipoprotein o duzej gegstosci (ang. High-density Lipoprotein)
HGMD - baza wariantow gendéw cztowieka (ang. Human Gene Mutation Database)
HMG-CoA - reduktaza 3-hydroksy-3-metyloglutarylokoenzymu A

LDL — cholesterol frakcji lipoprotein o matej gestosci (ang. Low-density Lipoprotein)

LDLr — biatko receptora dla lipoproteiny niskiej gestosci (ang. Low-density Lipoprotein
Receptor)

LDLR — gen receptora dla lipoproteiny niskiej gestosci (ang. Low Density Lipoprotein
Receptor gene)

LDLRAP1 — biatko 1 adaptera receptora LDL (ang. LDLR adaptor protein 1).
LOVD - baza wariantow Uniwersytetu Leiden (ang. Leiden Open Variation Database)

MLPA — multipleksowa zalezna od ligacji amplifikacja sond (ang. Multiplex
Ligation-dependent Probe Amplification)

NCN — Narodowe Centrum Nauki
NGS — sekwencjonowanie nastepnej generacji (ang. Next Generation Sequencing)

OMIM - elektroniczna baza chordb cztowieka uwarunkowanych genetycznie (ang.
Online Mendelian Inheritance in Man)

PCSK9 — gen proproteinowej konwertazy subtylizyny/keksyny typu 9 (ang. Proprotein
Convertase Subtilisin/kexin type 9 gene)

PPARy — receptor gamma aktywowany przez proliferatory peroksysomow (ang.
Peroxisome Proliferator-activated Receptor Gamma)

PTL/KLRWP/PTK/PTDL/PTD/PTNT - Polskie Towarzystwo Lipidologiczne/
Kolegium Lekarzy Rodzinnych w Polsce/ Polskie Towarzystwo Kardiologiczne/ Polskie

Strona | 4



Towarzystwo Diabetologiczne/ Polskie Towarzystwo Diagnostyki Laboratoryjnej/
Polskie Towarzystwo Nadci$nienia Tetniczego

SCORE - skala oceny indywidualnego 10-letniego ryzyka incydentu
Sercowo-naczyniowego zakonczonego zgonem (ang. Systematic Coronary Risk
Evaluation)

sd-LDL — mate geste LDL (ang. small dense Low-density Lipoprotein)
SNV — zmiana pojedynczego nukleotydu (ang. Single Nucleotide Variant)
TG — trojglicerydy (ang. triglycerides)

VUS — wariant o niepewnym znaczeniu klinicznym (ang. Variant of Uncertain
Significance)

WES - sekwencjonowanie catoeksomowe (ang. Whole Exome Sequencing)
WGS - sekwencjonowanie calogenomowe (ang. Whole Genome Sequencing)

5’UTR —region 5’ niepodlegajacy translacji (ang. 5’ Untranslated Region)
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2. Wykaz publikacji

Ponizszy cykl publikacji, bedacy podstawg postepowania o nadanie stopnia naukowego
doktora, sktada si¢ z dwoch oryginalnych artykutéw naukowych oraz jednego opisu
przypadku. Wszystkie prace opublikowano w czasopismach umieszczonych w wykazie

ministerialnym.
Publikacja 1.

Rutkowska L, Satacinska K, Salachna D, Matusik P, Pinkier I, Kepczynski L., Piotrowicz
M, Starostecka E, Lewinski A, Gach A. ldentification of New Genetic Determinants in
Pediatric Patients with Familial Hypercholesterolemia Using a Custom NGS Panel,
Genes 2022, 13, 999. https://doi.org/ 10.3390/genes13060999.

(IF= 3.5, MNiSW=100)

Indywidualny wktad: autor korespondencyjny odpowiedzialny za aspekt molekularny
badan; wiodacy autor koncepcji pracy; pozyskanie dofinansowania na prowadzenie prac
badawczych; zaplanowanie 1 przeprowadzenie eksperymentow; uczestnictwo
w wykonaniu prac zwigzanych z zaprojektowaniem, optymalizacja i wdrozeniem
autorskiego panelu do sekwencjonowania metoda NGS; interpretacja wynikow;
napisanie finalnej wersji manuskryptu.

Moj proporcjonalny udziat w realizacji pracy — 70%.
Publikacja 2.

Rutkowska L, Pinkier I, Satacinska K, Kepczynski L., Salachna D, Lewek J, Banach M,
Matusik P, Starostecka E, Lewinski A, Ploski R, Stawifiski P, Gach A. ldentification of
New Copy Number Variation and the Evaluation of a CNV Detection Tool for NGS Panel
Data in Polish Familial Hypercholesterolemia Patients, Genes (Basel). 2022 Aug
10;13(8):1424. doi: 10.3390/genes13081424. PMID: 36011335; PMCID: PMC9407502.
(IF= 3.5, MNiSW=100)

Indywidualny wktad: autor korespondencyjny odpowiedzialny za aspekt molekularny
badan; wiodacy autor koncepcji pracy; pozyskanie dofinansowania na prowadzenie prac
badawczych; zaplanowanie i przeprowadzenie eksperymentow; interpretacja wynikow;
napisanie finalnej wersji manuskryptu.

Moj proporcjonalny udziat w realizacji pracy — 70%.
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Publikacja 3.

Rutkowska L, Salachna D, Lewandowski K, Lewinski A, Gach, A. Familial Partial
Lipodystrophy—L.iterature Review and Report of a Novel Variant in PPARG Expanding
the Spectrum of Disease-Causing Alterations in FPLD3, Diagnostics 2022, 12, 1122.
doi.org/10.3390/diagnostics12051122.

(IF= 3.6, MNiSW=70)

Indywidualny wktad: autor korespondencyjny odpowiedzialny za aspekt molekularny
badan; wiodacy autor koncepcji pracy; pozyskanie dofinansowania na prowadzenie prac
badawczych; zaplanowanie i1 przeprowadzenie wszystkich eksperymentow; analiza
literaturowa; interpretacja wynikow; napisanie finalnej wersji manuskryptu.

Moj proporcjonalny udziat w realizacji pracy — 75%.

Laczna punktacja MNiSW cyklu publikacji: 270
Laczny Impact Factor cyklu publikacji: 10,600
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3. Wstep
3.1. Dyslipidemie

Dyslipidemie to szeroka grupa zaburzen charakteryzujaca si¢ nieprawidtowg gospodarka
lipidowa. Ze wzgledu na zrédlo wystepowania dzielimy je na pierwotne, a wiec
uwarunkowane genetycznie i wtorne. Szacuje si¢, ze sposrdd wszystkich dyslipidemii
30-40% stanowig te o podtozu wtornym [1]. Sg one wynikiem zaburzen metabolicznych
w przebiegu innych chordb, nastgpstwem przyjmowanych Ilekow lub efektem
oddziatywania czynnikéw S$rodowiskowych. Do chorob indukujacych wystepowanie
zaburzen lipidowych zaliczamy m.in. niedoczynno$¢ tarczycy, zespot nerczycowy,
przewlekta chorobe¢ nerek, pierwotne zapalenie drog zotciowych, zottaczke zastoinowa,
cukrzyce oraz zespot Cushinga. Wsrdd lekow szczegdlne oddzialywanie na parametry
lipidowe wykazujg diuretyki, [B-blokery, steroidy, estrogen, progesteron, leki
immunosupresyjne, neuroleptyki, retinoidy [1]. Ze wzgledu na odmienng etiologi¢
odrgbng grupe stanowig dyslipidemie pierwotne, w ktorych to komponenty genetyczne
warunkuja wystgpienie zaburzen lipidowych. Przedmiotem prowadzonych badan
naukowych, stanowigcych podstawe do przedlozonej rozprawy doktorskiej, byty

dyslipidemie pierwotne.

Niezaleznie od pochodzenia dyslipidemii badaniem podstawowym, identyfikujacym
obecno$¢ oraz rodzaj zaburzenia jest profil lipidowy. Na profil lipidowy sktadaja sie
oznaczenia st¢zenia cholesterolu catkowitego, cholesterolu frakcji LDL (ang. low-density
lipoprotein), cholesterolu frakcji HDL (ang. high-density lipoprotein) oraz
trojglicerydow. Wszystkie wymienione parametry oznaczane s3 metodami
bezposrednimi, za wyjatkiem cholesterolu frakcji LDL zazwyczaj wyliczanego
na podstawie formuty Friedewalda. Wyjatek stanowig pacjenci z bardzo wysokimi
poziomami trojglicerydow (>400 mg/dl), u ktorych to cholesterol LDL réwniez
oznaczany jest metodg bezposrednig [2]. Prawidtowe oznaczenie LDL-c jest niezwykle
istotne ze wzgledu na jego kluczowy udzial w procesach aterogenezy, a osiggnigcie
okreslonego stezenia stanowi nadrzedny cel terapeutyczny. Oznaczenie st¢zenia
cholesterolu catkowitego stuzy gtownie do stratyfikacji ryzyka sercowo-naczyniowego
przy uzyciu skali SCORE [3]. Skala SCORE (ang. Systematic Coronary Risk Evaluation)
okresla 10-letnie ryzyko incydentu sercowo-naczyniowego zakonczonego zgonem
w zaleznos$ci od pici, wieku, ci$nienia tetniczego skurczowego, stezenia cholesterolu

catkowitego 1 palenia papierosow. Pomiar stgzenie trojglicerydow ma szczegdlne
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zastosowanie w ocenie ryzyka rezydualnego (resztkowego), poniewaz wysokie st¢zenie
TG pomimo prawidlowego stezenia LDL-c, istotnie zwigksza ryzyko
sercowo-naczyniowe [3]. Oznaczenie stezenia cholesterolu frakcji HDL jest niezbedne
do wyliczenia st¢zenia LDL-c, natomiast sam HDL nie jest obecnie rekomendowany jako
cel leczenia, czynnik predykcyjny czy indykator w monitorowaniu leczenia zaburzen

lipidowych [3, 4].

Ocena paramentow profilu lipidowego pozwala na okreslenie konkretnego rodzaju
zaburzenia. Nieprawidtowosci cechujace zwickszenie st¢zenia jednej badz kilku frakcji
lipoprotein we krwi okreslamy mianem hiperlipidemii. W grupie tej mozemy
wyszczegolni¢ hipercholesterolemie, hipertriglicerydemie oraz hiperlipidemi¢ mieszang.
Analogicznie, zaburzenia cechujace spadek stezenia jednej badz kilku frakcji lipoprotein,
nazywamy hipolipidemiami. Hipolipidemie sg chorobami rzadkimi, w szczego6lno$ci
za§te o podlozu genetycznym. Do hipolipidemii pierwotnych zaliczamy m.in.
abetalipoproteinemie¢ czy hipobetalipoproteinemi¢. Za ich wtérne wystepowanie moga
odpowiada¢ zakazenia ostre i przewlekte, niedokrwisto$¢, anemia, dlugotrwate stany
zapalne, nowotwory ztosliwe, nadczynno$¢ tarczycy, przewlekta choroba watroby czy

choroba Gauchera [5].

Czestos$¢ wystepowania zaburzen lipidowych w Polsce jest bardzo wysoka [3], a poziom
ich wykrywalno$ci wcigz niewystarczajacy. Badanie epidemiologiczne WOBASZ 11
przeprowadzone w latach 2013-2014 wykazato wystepowanie hipercholesterolemii
u70.3% mezczyzn 1 64.3% kobiet powyzej 20 roku zycia [6]. Jak pokazuja dane
$wiatowe zaburzenia lipidowe i wynikajace z nich choroby sercowo-naczyniowe to
problem globalny. W roku 2019 udokumentowano 523 miliony incydentéw
sercowo-naczyniowych, z czego az 18.6 miliona zakonczylo si¢ zgonem [7].
Bezposrednim 1 najbardziej rozpowszechnionym nastgpstwem klinicznym dyslipidemii,
jest zwigkszone ryzyko wystepowania chorob sercowo-naczyniowych (CVD, ang.
cardiovascular disease) o podtozu miazdzycowym. Sg to przewlekle, post¢pujace
procesy zapalne charakteryzujace si¢ gromadzeniem lipidow, elementow witoknistych
I zwapnien w obrebie $cian $rednich i duzych tetnic. Jak dowodza badania, gtdéwnym
sprawcg rozwoju zmian miazdzycowych sa lipoproteiny o malej gestosci LDL, a ich
rozmiar, liczebno$¢ oraz modyfikacje stanowig glowng determinante. Najbardziej
aterogenng frakcja lipoprotein sg mate geste LDL (sd-LDL, ang. small dense low-density
lipoprotein). Male geste LDL sa bardziej wrazliwe na oksydacje, wykazuja wyzsza
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cytotoksyczno$¢ wzgledem S$rodblonka oraz posiadaja  zwigkszong zdolno$¢
przechodzenia przez barier¢ srédblonkowa, niz pozostale frakcje [8]. Zmodyfikowane
czasteczki LDL, wychwytywane przez receptory zmiatajace na makrofagach, generuja
powstawanie komorek piankowatych. Post¢pujace naciekanie $cian t¢tnic prowadzi do
sukcesywnego rozwoju zaawansowanych zmian miazdzycowych [9]. Dowiedziono, ze
grubo$¢ kompleksu $rdédbtonek-blona srodkowa tetnicy szyjnej, ktdra stanowi uznany
marker choroby miazdzycowej, jest zwigkszona nie tylko u dorostych z FH [10], ale takze
u dzieci juz w wieku 8 lat. Sugeruje to wysoka progresywnos¢ zmian naczyniowych
w przebiegu FH oraz potrzebeg szybkiego wdrozenia leczenia hipolipemizujacego, juz od

najmtodszych lat [11].

Zgodnie z aktualnymi wytycznymi PTL/KLRWP/PTK/PTDL/PTD/PTNT (Polskie
Towarzystwo Lipidologiczne/ Kolegium Lekarzy Rodzinnych w Polsce/ Polskie
Towarzystwo Kardiologiczne/ Polskie Towarzystwo Diabetologiczne/ Polskie
Towarzystwo Diagnostyki Laboratoryjnej/ Polskie Towarzystwo Nadcisnienia
Tetniczego) w zakresie leczenia hipolipemizujagcego, nadrzgdny cel terapeutyczny
stanowi maksymalne, mozliwie jak najszybsze oraz dlugotrwale obnizenie stezenia LDL
we krwi pacjenta [3, 12]. Lekami pierwszego rzutu, wykazujacymi najlepiej
udokumentowang skuteczno$¢ w prewencji pierwotnej i wtornej CVD, sa statyny
(wiodgce: atorwastatyna 1 rosuwastatyna). Mechanizm ich dzialania polega na
hamowaniu reduktazy HMG-CoA, enzymu odpowiedzialnego za synteze cholesterolu
W hepatocytach. W badaniach porownawczych atorwastatyna i rosuwastatyna w dawce
10 mg/d. po 6 tygodniach leczenia zmniejszyly stezenie LDL-C odpowiednio o 36,8%
i 45,8%, w dawce 20 mg/d. o 42% i 52,4%, a w dawce 40 mg/d. o 47,8% i 55% [3].
W sytuacji niewystarczajacego obnizenia stezenia LDL-C przy maksymalnej tolerowanej
dawce statyny, kolejny krok stanowi terapia skojarzona z ezetymibem, a jeszcze nastepny
wilgczenie inhibitorow PCSKD9, takich jak Alirokumab, Ewolokumab czy Inklisiran [12].
Niestety czgsto spotykanym problemem jest pewna zachowawczo$¢ wsrdd klinicystow
| wybor niedopasowanego schematu leczenia, ktory uniemozliwia osiggniecie
wyznaczonego celu terapeutycznego. Badanie przeprowadzone w Centrum Chorob
Rzadkich ICZMP na grupie 103 pacjentéw z hipercholesterolemia rodzinng (87 dorostych
116 dzieci) wykazato, Ze jedynie 50% pacjentéw dorostych osiagneto zamierzony spadek

stezenia LDL-C, przy czym zaden z pacjentow pediatrycznych nie osiggnal zatozonego
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efektu terapeutycznego. Byto to bezposrednio zwigzane z niedostatecznymi dawkami

statyn oraz niedopilnowanym schematem leczenia [13].
3.2. Klasyfikacja dyslipidemii pierwotnych

W podziale dyslipidemii wrodzonych nastgpilo pewne odejécie od pierwotnie
opracowanej klasyfikacji Fredricksona, ktora bazowata jedynie na fenotypach lipidowych
[14]. Dynamiczny rozwdj genetyki i biologii molekularnej pozwolit na wypracowanie
nowych schematow diagnostycznych. Aktualnie rekomendowanym podziatem, ze
wzgledu na wysoka przydatno$¢ kliniczng, jest ten oparty o zaburzenia kliniczne oraz
odpowiadajace im komponenty genetyczne [15, 16]. Tabela 1 przedstawia wybrane
dyslipidemia pierwotne oraz geny odpowiedzialne za ich wystepowanie, a takze model
dziedziczenia oraz numery w bazie OMIM (ang. Online Mendelian Inheritance in Man).
Trzy z nich dziedziczone s3 w sposob autosomalnie dominujacy; jest to
hipercholesterolemia rodzinna, rodzinna hiperalfalipoproteinemia oraz rodzinna
lipodystrofia czeSciowa.

Tabela 1. Podziat wybranych dyslipidemii wrodzonych z uwzglednieniem podtoza genetycznego
Z przypisang numeracja bazy OMIM.

i Geny; model ~ Numer

o Zaburzente dziedziczenia OMIM
Rodzinna LDLR 143890

hipercholesterolemia (FH) APOB AD 144010

i PCSK9 603776

Autosomalna recesywna

. . LDLRAP1 AR 603813
hipercholesterolemia

Hipercholesterolemie

MBS IEAE . . ABCGS5 210250
Sitosterolemia ABCGS AR 605459
Niedobor kwasnej lipazy
lizosomalnej (LAL-D) LIPA AR 278000
Rodzinna
Hiperalfalipoproteinemie hiperalfalipoproteinemia/ CETP AD 143470
monogenowe niedobor CETP
Niedobor watrobowej lipazy LIPC AR 614025
_ Rodzinna APOAL AR 618463
hipoalfalipoproteinemia
Hipoalfalipoproteinemie Choroba tangierska ABCA1 AR 205400
monogenowe Niedobor acylotransferazy
lecytynowo-cholesterolowej LCAT AR 245900
(LCAT)
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LPL 238600

Rodzinny zespot APOC2 207750

_ Mopogenowe _ chylomikronemii APOAS5 AR 145750
hipertriglicerydemie LMF1 246650
GPIHBP1 612757

Dysbetalipoproteinemia APOE AR 617347

. . . LMNA 151660

ROC(ZZ'SZT:V'V';‘()Ethg ' PPARG ~AD 604367

PLIN1 613877

Lipodystrofie wrodzone AGPAT2 608594
. o BSCL2 269700

Lipodystrofia uogoélniona CAVL AR 612526

CAVIN1 613327

3.3. Hipercholesterolemia rodzinna

Hipercholesterolemia rodzinna (FH, familial hypercholesterolemia) jest choroba
monogenowa, dziedziczong w sposob autosomalnie dominujacy 1 jest najczesciej
wystepujaca dyslipidemia pierwotng. Najnowsze dane wskazuja na czesto$¢
wystepowania 1:200-250 dla postaci heterozygotycznej [2] i 1:160,000-300,000 dla
postaci homozygotycznej [17]. Specyficzne cechy fenotypowe, bedace bezposrednim
nastepstwem podwyzszonego st¢zenia LDL-c, to tkankowe zlogi cholesterolu
gromadzace si¢ pod postacig zottakow $ciggien Achillesa, $ciggien prostownikow dloni
| stop, rzadziej zmian na powiekach czy obwodzie rogowki [18]. Postepujaca uogdlniona
miazdzyca tetnic rozpoczyna si¢ juz we wezesnym dziecinstwie mimo, ze na tym etapie
zazwyczaj nie dochodzi do pelnoobjawowej manifestacji choroby. Wyjatkiem sa
przypadki homozygot, u ktorych to juz w wieku kilku lat st¢zenia LDL-c osiagaja
warto$ci powyzej 500 mg/dl, na skorze pojawiaja si¢ zottaki, a dynamicznie postgpujace

zmiany w uktadzie sercowo-naczyniowym mogg dawac pierwsze objawy [19].

Najczgsciej  stosowane  kryteria  diagnostyczne  ulatwiajace  rozpoznanie
hipercholesterolemii rodzinnej to Dutch Lipid Clinic Network Criteria (Tabela 2) oraz
Simon Broome Criteria (Tabela 3). Klasyfikacje te oparte sg o parametry lipidowe, cechy

fenotypowe oraz potwierdzone warianty sprawcze, a wi¢c badania molekularne.

Tabela 2. Kryteria diagnostyczne Dutch Lipid Clinic Network.
Kryteria Punkty

Wywiad rodzinny: 1
e krewny pierwszego stopnia z rozpoznang przedwczesng (megzczyzni:

<55.rz., kobiety: <60. rz.) chorobg wiencowa lub choroba naczyn badz
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krewny pierwszego stopnia, u ktorego stwierdzono stezenie LDL-C >95. 2
centyla
e krewny pierwszego stopnia, u ktorego wystepuja kepki zotte Sciggien
i/lub starczy rabek rogéwkowy, lub dzieci <18. rz. ze stezeniem LDL-C
>05. centyla
Wywiad kliniczny:
e pacjent z przedwczesng (mezczyzni: <55. rz., kobiety: <60. rz.) choroba 2
wiencowa
e pacjent z przedwczesng (mezczyzni: <55. rz., kobiety: <60. rz.) choroba 1
naczyn moézgowych lub obwodowych
Badanie przedmiotowe (maksymalna liczba punktow: 6):
e kepki zotte $ciegien
e starczy rabek rogowkowy u osoby <45. rz.
Stezenie LDL-C (przed leczeniem):
e >8 5 mmol/l (=325 mg/dl) 8
e 6,5-8,4 mmol/l (251-324 mg/dl) 5
e 5,0-6,4 mmol/l (191-250 mg/dl) 3
e 4,0-4,9 mmol/l (155-190 mg/dl) 1
Analiza DNA:
mutacja czynnosciowa w genie LDLR, APOB lub PCSK9 8
Rozpoznanie FH Suma
pewne  >8 pkt.
prawdopodobne  6-8 pkt.
mozliwe  3-5 pkt.

Tabela 3. Kryteria diagnostyczne Simon Broome Register.

Dla o0s6b ponizej 16 r.z. > 6,7 mmol/l (260 mg/dl)

Cholesterol catkowity

Dla osob powyzej 16 r.z. > 7,5 mmol/l (290 mg/dl)

a lub

Dla o0s6b ponizej 16 r.z. > 4,0 mmol/l (155 mg/dl)
Dla os6b powyzej 16 r.z. > 4,9 mmol/l (190 mg/dl)

LDL-cholesterol

b Kepki zotte u probanta lub krewnego 1° i II°
c Obecnos¢ mutacji w genie LDLR, APOB lub PCSK9
d Zawat serca u krewnych I° przed 60 r.z. lub krewnych II° przed 50 r.z.
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Stezenie cholesterolu catkowitej powyzej 7,5 mmol/l (290 mg/dl) u dorostego
e krewnego 1° lub II° lub stezenie cholesterolu catkowitego powyzej 6,7 mmol/l

(260 mg/dl) u rodzenstwa ponizej 16 r.z.

Rozpoznanie FH
pewne Kryteriaaib lubc
prawdopodobne  Kryteriaaidlubaie

Podloze genetyczne FH to gléwnie mutacje genu receptora LDL (86-88% przypadkow
FH), rzadziej apolipoproteiny B (12%) Ilub proproteinowej konwertazy
subtylizyny/keksyny typu 9 (PCSK9, ang. proprotein convertase subtilisin/kexin type 9)
(<2%).

Gen LDLR zlokalizowany jest na krotkim ramieniu chromosomu 19 (19p13.1-p13.3),
obejmuje ok. 45 kb i sktada si¢ z 18 eksonéw. Ekson 1 genu LDLR zawiera krotki
fragment 5’UTR oraz sekwencj¢ sygnatowa; eksony 2-6 koduja siedem powtorzen
w domenie wigzacej ligand; eksony 7-14 koduja domene homologiczng do prekursora
EGF; ekson 15 koduje domen¢ zawierajaca cukry zwigzane z biatkiem wigzaniem
O-glikozydowym; ekson 16 oraz fragment 5’ eksonu 17 kodujg domen¢ transbtonows
receptora; pozostala cze$¢ eksonu 17 1 fragment 5° ekson 18 koduja domeng
cytoplazmatyczng. Te pie¢ wysoce konserwatywnych domen buduje glikoproteing

transblonowa jaka jest receptor dla LDL (Ryc.1).

s

Ekson 1 4 56 789101112 1314 15 1617 18
Sekwencja ' I ! Lancuch _
sygnalowa Domena wigzagca ~ Domena homologiczna do cukrowy Domena

ligand prekursora EGF cytoplazmatyczna
Domena
transblonowa

Rycina 1. Schemat przedstawia orientacyjne potozenie 18 eksondéw genu LDLR i szeiciu
odpowiadajacych im domen funkcjonalnych biatka receptorowego LDLr.

Receptory LDL zlokalizowane sg gléwnie w hepatocytach, w dotkach optaszczonych
klatryng, a ich liczba zalezna jest od zapotrzebowania komorek na cholesterol.
Czasteczka LDL jako kluczowy transporter cholesterolu, w obecnosci apolipoproteiny
B-100 taczy si¢ z domeng wiazaca receptora LDL. Utworzony kompleks wnika do

wnetrza komorki, gdzie enzymy lizosomalne rozktadaja LDL. Uwolniony receptor
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powraca na powierzchni¢ hepatocytu. Wysokie stezenie cholesterolu w komoérce hamuje

aktywno$¢ reduktazy HMG-CoA, enzymu biorgcego udzial w syntezie cholesterolu.

Jeszcze kilka lat temu deklarowano wystepowanie ponad 2000 wariantow LDLR
zaburzajacych prawidtowe funkcjonowanie receptora. Aktualne dane wskazuja na ponad
2600 zaraportowanych zmian, co najlepiej obrazuje ztozone podtoze genetyczne choroby
[20]. Zdecydowang wigkszo$¢ zmian stanowig mutacje punktowe, mate insercje 1 delecje.

Duze strukturalne rearanzacje jak zmiany liczby kopii, stanowig ok.10% wariantow.

W zaleznosci od efektu funkcjonalnego wywieranego na biatko receptora, wyrozniono 6
klas mutacji genu LDLR. Klasa 1 to mutacje typu null, czyli zmiany zaburzajace synteze
biatka, prowadzace do catkowitego jego braku na powierzchni komorki. Klase 1
charakteryzuje najciezszy fenotyp, a osiggane wartosci stg¢zenia LDL-c sa bardzo
wysokie. Do klasy 2 zaliczamy zmiany, w wyniku ktérych nie obserwuje si¢ obecnosci
dojrzatego receptora LDL, badZz obserwowane biatko jest nieprawidtowe np. skrocone
lub niepoprawnie ztozone. W obrebie klasy 2 wyrdézniamy dwa podtypy (2A i1 2B),
réznigce si¢ migdzy soba ekspozycja receptora na powierzchni komorki. Mutacje klasy 3
zlokalizowane s3 w obrebie domeny wigzacej, a tym samym zaburzaja lub
uniemozliwiajg przylaczanie ligandéw. Mutacje nalezace do klasy 4 zlokalizowane sa
w obrebie C-konca bialka receptorowego 1 skutkujg zaburzeniami w gromadzeniu si¢
receptorow wokot dotkow optaszczonych (4A), badz przedwczesnym uwolnieniem
receptora tuz po dotarciu na powierzchni¢ komorki (4B). Klasa 5 to zmiany
uniemozliwiajagce powrdt receptora na powierzchnie¢ komorki lub indukujace jego
przedwczesng degradacj¢ w endosomie [21]. Klasa 6 mutacji zostata niedawno dotagczona
1 zawiera zmiany zlokalizowane w domenie cytoplazmatycznej biatka, w wyniku ktérych
receptory nie docieraja do blony komodrkowej watroby i prawdopodobnie podlegaja
szybkiej degradacji [22].

Gen APOB znajduje si¢ na krétkim ramieniu chromosomu 2 (2p24.1), zajmuje 43 kb
i sktada si¢ z 29 eksonow. APOB koduje apolipoproteing B-100 o dlugosci 4536
aminokwasow oraz 27-aminokwasowa sekwencj¢ sygnalowa, ale takze apolipoproteing
B-48. Ekspresja genu w hepatocytach prowadzi do powstania apoB-100, natomiast
apoB-48 syntezowane jest w jelicie. Zachodzaca deaminacja cytozyny w pozycji 6666
mRNA, skutkuje powstaniem skroconego transkryptu. W procesie translacji, w tym

wlasnie miejscu, dochodzi do wstawienia kodonu terminacyjnego, a wiec zakonczenia
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syntezy biatka, co skutkuje powstaniem skréconej formy apolipoproteiny B [23].
ApoB-100 jest gtownym sktadnikiem biatkowym LDL oraz swoistym ligandem dla
receptora LDL. Zmiany w obrebie apoB-100 skutkujg zmniejszeniem powinowactwa
apolipoproteiny do LDLr, tym samym zaburzajac prawidtowy wychwyt czasteczek LDL
i ich degradacje. Jak wskazuje baza Varsome, dotychczas sumarycznie w bazach takich
jak UniProt, ClinVar, LOVD, MitoMap, VarSome & PubMed zaraportowano 143 zmiany
0 charakterze patogennym oraz 59 zmian o charakterze potencjalnie patogennym.
Przewazajaca wigkszo$¢ to warianty przesuwajace ramke odczytu oraz warianty
nonsensowne. Ponadto w bazie znalazto sig, az 2 222 zmian 0 niepewnym znaczeniu
klinicznym (VUS), co najlepiej obrazuje ciagla potrzebg prowadzenia badan naukowych

w tym zakresie 1 weryfikowania patogennos$ci wykrywanych wariantow.

Gen PCSK9 znajduje si¢ na krétkim ramieniu chromosomu 1 (1p32.3), sklada si¢ z 12
eksonoéw 1 koduje biatko o nazwie proproteinowa konwertaza subtylizyny/keksyny typu
9. Podstawowym zadaniem biatka PCSK9 jest wigzanie receptora LDL oraz jego
degradacja, co prowadzi do redukcji liczby aktywnych receptorow na powierzchni
komorek watrobowych. Konsekwencja tego jest zmniejszenie wychwytu czasteczek
LDL, a wigc wzrost ich st¢zenia we krwi. Warianty zwigzane z wystapieniem
hipercholesterolemii to zmiany wzmocnienia funkcji (GOF, ang. Gain-of-function) genu
PCSK9, a wigc wzmozenia degradacji receptorow LDL [24]. W bazie Varsome
dotychczas zaraportowano 28 zmian o charakterze patogennym, 19 o charakterze

potencjalnie patogennym oraz az 501 wariantow o niepewnym znaczeniu klinicznym.

Innym typem hipercholesterolemii monogenowej jest ta dziedziczona w sposob
autosomalnie recesywny, zwigzana z wystgpowaniem zmian w obrgbie genu ARH,
kodujacego biatko LDLRAPI1 (ang. LDLR adaptor protein 1).

3.4. Rodzinna hiperalfalipoproteinemia/ Niedobér CETP

Rodzinna hiperalfalipoproteinemia to choroba dziedziczona w sposob autosomalnie
dominujacy, zwigzana ze zmianami w obrebie genu CETP zlokalizowanego na dtugim
ramieniu chromosomu 16 (16921). CETP jest genem kluczowym warunkujacym
metabolizm czasteczek HDL, a wszelkie zmiany w jego obrgbie manifestuja si¢ znacznie
podwyzszonymi stgzeniami tej frakcji lipidowej. Kodowane biatkko CETP jest
glikoproteing wystgpujaca w osoczu, ktora posredniczy w transferze zestryfikowanego

cholesterolu z HDL na apolipoproteing B [25]. Niedobor CETP jest choroba bardzo

Strona | 16



rzadka, wystepujaca gtéwnie w populacji Japonii, skad najcze$ciej raportowane sa

warianty zwigzane z wystgpowaniem choroby [26].
3.5. Rodzinna lipodystrofia czesciowa (FPLD)

Lipodystrofie to bardzo rzadka grupa zaburzen charakteryzujaca si¢ rozlegla utratg tkanki
thuszczowej oraz zwigzanych 2z tym nastepstw metabolicznych, takich jak
insulinoopornos$¢, cukrzyca, hipertriglicerydemia czy stluszczenie watroby. Istnieje 6
podtypow rodzinnej lipodystrofii czesciowej, w tym dwa o przewazajacej czestosci
wystepowania. Jest to rodzinna lipodystrofia cz¢sciowa typu 2 (FPLD2), zwana takze
lipodystrofig Dunningana oraz rodzinna lipodystrofia cze¢sciowa typu 3 (FPLD3). FPLD2
zwigzana jest z mutacjami genu LMNA znajdujacego si¢ na dlugim ramieniu chromosomu
1 (1921-q22), kodujacego laming A i C. Gen ten sktada si¢ z 12 eksonow, a najczesciej
raportowang zmiang jest substytucja argininy tryptofanem w pozycji 482 tancucha
biatkowego (p.Arg482Trp). Charakterystyczny rozklad tkanki tluszczowej zazwyczaj
zaczyna by¢ widoczny w okresie dojrzewania 1 obejmuje jej zanik w okolicach ramion,
ndg oraz nadmiar w obrebie szyi, twarzy oraz jamy brzusznej. Wraz z postepujacymi
zmianami fizycznymi, coraz wigksze] manifestacji ulegaja rdéwniez zaburzenia
metaboliczne, a wigc postepujaca insulinooporno$¢, cukrzyca, dyslipidemia,

hepatomegalia czy przedwczesna choroba sercowo-naczyniowa.

Kolejny typ wrodzonej lipodystrofii cze$ciowej, FPLD3 zwigzany jest ze zmianami
w obrgbie genu PPARG zlokalizowanego na krétkim ramieniu chromosomu 3 (3p25.2).
PPARY jest steroidowym receptorem jadrowym regulujagcym adipogeneze 1 roznicowanie
adipocytow [27]. Ze wzgledu na zmienng ekspresje cech fenotypowych obu typow
lipodystrofii cze$ciowej oraz nakladanie si¢ objawdéw z innymi jednostkami
chorobowymi np. zespotem metabolicznym, badania genetyczne czgsto stanowig

rozstrzygajaca determinantg.
3.6. Rola badan genetycznych

Dyslipidemie sa aktualnie niezwykle dynamicznie rozwijajacym si¢ obszarem badan
naukowych. Zrozumienie ich podloza genetycznego oraz mechanizmoéw indukujacych
powstawanie zaburzefn lipidowych, bezposrednio przektada si¢ na opracowywane
nowatorskie narzedzia farmakologiczne. Dobrym przyktadem $cistej korelacji
I zaleznosci obu dziedzin, sg szeroko omawiane przeciwciata monoklonalne skierowane

przeciwko proproteinowej konwertazie subtylizyny/keksyny typu 9 (PCSK9), stosowane
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w leczeniu hipercholesterolemii. Fizjologicznie biatko PCSK9 wigze si¢ z fragmentem
EGF-A LDLr, co prowadzi do zatrzymywania receptora w komorce, gdzie nastgpnie
ulega on degradacji w lizosomach. Skutkuje to bezposrednim zmniejszeniem liczby
dostgpnych receptorOw na powierzchni hepatocytow oraz w uktadzie krazenia, a tym
samym niewystarczajacym wychwytem krazacego cholesterolu frakeji LDL.
U pacjentow cierpigcych na hipercholesterolemi¢ spowodowang zmiang w obrgbie genu
PCSK9 skutkujaca jego nadekspresja, dochodzi do spot¢gowanej degradacji receptorow,
co bezposrednio przektada si¢ na wysokie stezenia cholesterolu we krwi. Ponadto
wykazano, ze rozwijajacy si¢ w organizmie stan zapalny powoduje wzrost ekspresji
PCSK9 w watrobie, a tym samym indukuje cato$¢ procesu prowadzacego do
powstawania zmian miazdzycowych [28]. Zastosowanie inhibitorow PCSK9 pozwolito
znacznie zmniejszy¢ wigzanie LDLr, a dodatkowe skojarzenie ich z klasycznymi
statynami moze zredukowac stgzenie cholesterolu frakcji LDL w osoczu nawet o 60%
[28]. Ze wzgledu na dobrg tolerancj¢ inhibitorow PCSK9 aktualnie trwajg intensywne
badania nad matymi peptydami imitujacymi domen¢ EGF-A na LDLR, ktorej zadaniem
jest wigzanie PCSK9. Tworzenie komplekséw peptyd-PCSK9 miatoby hamowac jego
przytaczanie do czasteczki receptora, tym samym blokujac jego degradacje [28].
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4. Cel badan

Dyslipidemie pierwotne to obszerna grupa zaburzen o wysoce heterogennym podtozu
genetycznym. Precyzyjna identyfikacja przyczyn choroby przektada si¢ nie tylko na
lepsze zrozumienie jej etiologii, ale takze mozliwo$¢ dopasowania schematu leczenia,
czy zaawansowane poradnictwo genetyczne z szybka identyfikacja pozostatych chorych
w rodzinie pacjenta. Dynamiczny rozwo6j biologii molekularnej oraz coraz wigksza
dostepnos¢ nowych technik opartych o sekwencjonowanie nastepnej generacji (NGS),

otworzyta przed nami nowe mozliwo$ci diagnostyczne.
Na tej podstawie postawiono nastepujace cele badawcze:

1. Analiza podloza genetycznego hipercholesterolemii rodzinnej w populacji
polskiej wsrod pacjentéw pediatrycznych.

2. Ocena przydatnosci metody sekwencjonowania nastgpnej  generacji
w diagnostyce dyslipidemii pierwotnych.

3. Ocena skuteczno$ci narzedzia bioinformatycznego DECoN do identyfikacji
zmian liczby kopii (CNV) z danych uzyskanych po NGS.

4. Charakterystyka porownawcza dwoch najezgstszych typow  wrodzonej
lipodystrofii czeSciowej (FPLD2 oraz FPLD3) z uwzglgdnieniem podloza
genetycznego oraz nastepstw metabolicznych. Poszukiwanie nowych wariantow

patogennych w genach LMNA oraz PPARG.
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5. Metodyka

Przedtozony cykl publikacji jest zwienczeniem prowadzonego w latach 2016-2022
statutowego zadania badawczego pt. “Genetyczne uwarunkowania dyslipidemii
pierwotnych” finansowanego ze $rodkow Instytutu Centrum Zdrowia Matki Polki
nr 2016/X/9-SZB (kierownik projektu: Lena Rutkowska) oraz cze$ciowo finansowany
z grantu OPUS 2014/13/B/NZ5/03102 ze srodkéw NCN (kierownik projektu: dr hab. n.
med. Agnieszka Gach, prof. instytutu).

Projekt badan uzyskat pozytywng opini¢ Komisji Bioetycznej przy Instytucie Centrum
Zdrowia Matki Polki w Lodzi- opinia nr 15/2016 wydana dnia 12.01.2016.

5.1. Grupa badana

Grup¢ badang stanowilo 139 pacjentow (57 pediatrycznych 1 82 dorostych)
z podejrzeniem wystepowania dyslipidemii pierwotnej, zrekrutowanych przez pigé

jednostek medycznych w latach 2016-2022:

e Poradnia Genetyczna, Instytut Centrum Zdrowia Matki Polki w Lodzi

e Klinika Endokrynologii i Chorob Metabolicznych, Instytut Centrum Zdrowia
Matki Polki w Lodzi

e Klinika Kardiologii i Wad Wrodzonych Dorostych, Instytut Centrum Zdrowia
Matki Polki w Lodzi

e (Oddziat Kliniczny Pediatrii, Otyto$ci Dziecigcej i Chordb Metabolicznych Kosci,
Katedra Pediatrii i Medycyny Rodzinnej, Slaski Uniwersytet Medyczny
w Katowicach

e Zaklad Genetyki Klinicznej, Centralny Szpital Kliniczny Uniwersytetu
Medycznego w todzi

Pacjentéw pediatrycznych rekrutowano zgodnie z kryteriami Simon Broome, natomiast
pacjentow dorostych w oparciu o wytyczne Dutch Lipid Clinic Network Criteria. W obu
grupach rozpoznanie prawdopodobne 1 pewne stanowilo kryterium wlaczajace do
badania. Wszyscy zakwalifikowani pacjenci zostali poinformowani o zatozeniach

badania i podpisali §wiadome zgody na udzial w nim.
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5.2. Izolacja materialu genetycznego

Materiat do badan stanowito genomowe DNA pozyskane z krwi obwodowej pobranej na
EDTA. Izolacj¢ DNA przeprowadzono na aparacie MagCore (RBC Bioscience, New
Taipei City, Taiwan) z wykorzystaniem gotowego zestawu do izolacji (nr 101),
zapewniajacego wysokiej jakos$ci parametry ilosciowe i jako$ciowe izolowanego DNA.
Oceng stezenia 1 jakos$ci uzyskanego materiatu przeprowadzono na aparacie NanoDrop
(Thermo Scientific, USA). Wymagane wartosci stosunku absorbancji A260/A280
przyjeto na 1,8-2,0, za$ dla A260/230 na 1,8-2,2. Warto§¢ pierwszego parametru
swiadczy o stopniu czystosci wyizolowanego DNA pod katem bialek obecnych w probee
krwi; drugi parametr odnosi si¢ do zanieczyszczenia probki odczynnikami do izolacji
m.in. EDTA czy etanolem. Celem precyzyjnego okreslenia stezenia DNA, ktore stanowi
element kluczowy dla etapu preparatyki bibliotek, dokonano dodatkowego pomiaru
z wykorzystaniem czulszej metody fluorymetrycznej. Pomiar fluorymetryczny
wykonano na aparacie Quantus (Promega, USA) z wykorzystaniem zestawu QuantiFluor
dsDNA ONE (Promega, USA).

5.3. Sekwencjonowanie nastepnej generacji

Metodyke badania oparto o sekwencjonowanie nastepnej generacji z wykorzystaniem
autorskiego panelu genéw zwigzanych z zaburzeniami lipidowymi. Projekt panelu
wykonano przy pomocy narzedzia DesignStudio Illumina i zawarto w nim nastgpujace
geny: ABCAL, ABCG5, ABCGS8, APOAS5, APOB, APOC2, APOE, CYP7A1, GPIHBP1,
LCAT, LDLR, LDLRAPL, LIPA, LMF1, LMNA, LPL, PCSK9, PPARG, SCAP, SREBF2,
STAP1. Proces sekwencjonowania przeprowadzono na aparacie MiniSeq Illumina
(Illumina, San Diego, CA, USA) zgodnie z protokotem rekomendowanym przez
producenta. Dhugo$¢ odczytow, w trybie sparowanych koncoéw, zaprojektowano na
2x150 par nukleotydéw (bp). Zaktadane minimalne pokrycie wynosito 100x, a zakres
sekwencjonowania obejmowat regiony kodujgce wybranych genow oraz przylegajace

sekwencje intronowe.
5.4. Analiza danych

Uzyskane w procesie sekwencjonowania dane przetworzono w programie VariantStudio
Illumina, korzystajac z sekwencji referencyjnej genomu ludzkiego (GenBank GRCh37).
Wyselekcjonowane warianty poddano analizie z wykorzystaniem populacyjnych baz
danych (gnomAD Exomes, gnomAD Genomes), baz danych wariantow (ClinVar,

Strona | 21



HGMD, dbSNP, Varsome, LOVD), programow predykcyjnych (MutationTaster, SIFT,
PolyPhen i inne) oraz danych literaturowych. Klasyfikacja wariantoéw odbyta si¢ zgodnie
z najnowszymi wytycznymi American College of Medical Genetics and Genomics
(ACMG) za pomocg programu Varsome (https://varsome.com/). Metode stuzaca do
potwierdzenia wystepowania poszczegdlnych zmian stanowito sekwencjonowanie
metoda Sangera, przeprowadzane na aparacie 3500 Series Genetic Analyzer (Applied
Biosystems, Waltham, MA, USA). Analiz¢ otrzymanych wynikow wykonano przy
uzyciu oprogramowania Mutation Surveyor V5.1.0 software (SoftGenetics, State
College, PA, USA). Wykryte, a niezaraportowane w dostepnych bazach danych, warianty
potencjalnie patogenne zostaly zgloszone do ogdlnoswiatowej bazy ClinVar pod afiliacja

Instytutu Centrum Zdrowia Matki PolKki.
5.5. Analiza liczby kopii

Analize liczby kopii genu LDLR wykonano metoda MLPA (ang. Multiplex
Ligation-dependent Probe Amplification) z uzyciem zestawu komercyjnego SALSA
MLPA P062 (MRC Holland, The Netherlands). Analiza MLPA objeto wybranych
pacjentdw, u ktorych nie wykryto wariantow patogennych w badaniu NGS, a silnie
zamanifestowany fenotyp wskazywal jednoznacznie na obecnos$¢ hipercholesterolemii

rodzinnej.

Ponadto przeprowadzono analiz¢ bioinformatyczng danych NGS pod katem
wystgpowania zmian typu CNV przy uzyciu programu DECoN, co zostato szczegotowo
omoOwione w publikacji nr 2. Obecno$¢ zmian wykrytych przez program potwierdzono

technikg MLPA.
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6. Omoéwienie wynikow przedstawionych w cyklu publikacji

Publikacja 1.

Rutkowska L, Satacinska K, Salachna D, Matusik P, Pinkier I, Kepczynski L., Piotrowicz
M, Starostecka E, Lewinski A, Gach A. ldentification of New Genetic Determinants in
Pediatric Patients with Familial Hypercholesterolemia Using a Custom NGS Panel,
Genes 2022, 13, 999. https://doi.org/ 10.3390/genes13060999.

Cykl publikacji otwiera manuskrypt opisujacy podtoze genetyczne hipercholesterolemii
rodzinnej wsrdd pacjentdow pediatrycznych, w populacji polskiej. Jako metode
diagnostyczng zastosowano sekwencjonowanie nastepnej generacji z wykorzystaniem

specjalnie do tego celu stworzonego, panelu genowego.

Podczas rekrutacji kierowano si¢ kryteriami Simon Broome uwzgledniajacymi st¢zenie
cholesterolu catkowitego oraz cholesterolu frakcji LDL, badanie fizykalne oraz wywiad
rodzinny. Pozwolito to na zebranie grupy 57 pacjentéw pediatrycznych z podejrzeniem
hipercholesterolemii rodzinnej. Srednia wieku wynosita 10 lat, z czego najmtodszy
pacjent miat 2 lata, a najstarszy 17 lat. Badanie przeprowadzono z wykorzystaniem
autorskiego panelu gendw, metoda sekwencjonowania nastgpnej generacji na aparacie
MiniSeq [llumina. W panelu uwzgledniono 21 gendow zwigzanych z wystgpowaniem
dyslipidemii pierwotnych (ABCAL, ABCG5, ABCG8, APOA5, APOB, APOC2, APOE,
CYP7A1, GPIHBP1, LCAT, LDLR, LDLRAP1, LIPA, LMF1, LMNA, LPL, PCSKO,
PPARG, SCAP, SREBF2, STAP1). Poszerzenie panelu o geny nie tylko zwigzane
z hipercholesterolemiag rodzinng, ale takze innymi pierwotnymi zaburzeniami lipidowymi
bylo zabiegiem celowym, pozwalajacym na wykorzystanie go réwniez w innych grupach

badanych. Materiat do badan stanowito genomowe DNA izolowane z krwi obwodowe;j.

Badanie wykazato obecnos¢ potencjalnie patogennych wariantow u 33 pacjentow. Wsrod
siedemnastu zaraportowanych zmian dwanascie stanowily warianty zmiany sensu, trzy
zmiany skutkujace przesunigciem ramki odczytu oraz dwa warianty splicingowe.
Dodatkowo wykryto trzy warianty o niepewnym znaczeniu klinicznym i jeden czynnik
ryzyka. Geny w obrebie, ktorych wykryto zmiany to LDLR, APOB, ABCGS oraz LPL.
Najwigcej, bo az 15 patogennych wariantow zidentyfikowano w genie LDLR w eksonach
3-6, 8, 10, 12-14, 17. Najczesciej raportowanym wariantem byla zamiana pojedynczego

nukleotydu G na A w pozycji c.1775 w eksonie 12, wykryta u 9 pacjentow. Pokryto si¢

Strona | 23



to z doniesieniami z innych badan w obrebie Polski, jak i krajow sasiadujacych, gdzie
¢.1775G>A rowniez nalezatl do najczgstszych SNV (ang. Single Nucleotide Variant).
Lokalizacja wariantu w obrgbie wysoce konserwatywnej domeny homologicznej do

prekursora EGF, warunkuje jego patogennos¢.

W toku analizy zidentyfikowano roéwniez obecnos¢ nowego, dotychczas
nieraportowanego wariantu c¢.373 379del CAGTTCG, skutkujacego przesuni¢ciem ramki
odczytu w eksonie 4 genu LDLR. Analiza in silico wskazywata jednoznacznie na
patogennos¢  wykrytej zmiany. Rowniez jej kosegregacja z  fenotypem

hipercholesterolemii w rodzinie pacjenta, sugerowata sprawczy charakter wariantu.

Kolejny interesujacy przypadek stanowita 16-letnia Pacjentka z dwiema potencjalnie
patogennymi zmianami, w dwdch genach odpowiedzialnych za rozwo6j FH. Pierwsza
znich byla jedno-nukleotydowa insercja skutkujagca przesunigciem ramki odczytu
€.2416dupG w eksonie 17 genu LDLR. Druga to wariant zmiany sensu ¢.10708C>T
w eksonie 26 genu APOB. Obie zmiany zostaly ocenione przez programy predykcyjne
jako potencjalnie patogenne. Rowniez dane literaturowe wskazywaly na sprawczy
charakter obu zmian. Dopiero wykonanie badan pod katem wystepowania obu wariantow
u pozostatych cztonkéw rodziny, pozwolito zauwazy¢, ze jedynie wariant ¢.2416dupG

koreluje z fenotypem hipercholesterolemii rodzinne;j.

W obrebie genu APOB zidentyfikowano wariant patogenny c¢.10580G>A, wystgpujacy
U 3 pacjentéw. Jest to najczestsza zmiana APOB raportowana w populacji kaukaskiej,
0 potwierdzonym wptywie na wzrost stezenia cholesterolu. Ponadto badanie ujawnito
wystepowanie dwoch potencjalnie patogennych wariantbw w obrgbie genu

LPL:c.106G>A i c.953A>G.

Podsumowujac, przeprowadzone badanie zidentyfikowato potencjalnie patogenne
zmiany u 33 z 57 pacjentéw pediatrycznych. Zaraportowano 17 r6znych wariantdéw, a ich
obecno$¢ potwierdzono metoda tradycyjna- sekwencjonowaniem Sangera. Otrzymane
dane transparentnie obrazuja heterogenno$¢ podtoza genetycznego hipercholesterolemii

rodzinnej oraz zasadno$¢ zastosowania narzedzia wielkoskalowego, jakim jest NGS.
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Publikacja 2.

Rutkowska L, Pinkier I, Satacinska K, Kepczynski L., Salachna D, Lewek J, Banach M,
Matusik P, Starostecka E, Lewinski A, Ptoski R, Stawinski P, Gach A. Identification of
New Copy Number Variation and the Evaluation of a CNV Detection Tool for NGS Panel
Data in Polish Familial Hypercholesterolemia Patients, Genes (Basel). 2022 Aug
10;13(8):1424. doi: 10.3390/genes13081424. PMID: 36011335; PMCID: PMC9407502.

Celem kolejnej publikacji byta ocena czestosci wystgpowania oraz charakterystyka zmian
typu CNV w grupie pacjentéw z hipercholesterolemia rodzinng. Dodatkowo oszacowano
przydatnos¢ danych po NGS do analiz CNV z wykorzystaniem specyficznego narzedzia
bioinformatycznego (DECoN).

Grupe badang stanowilo 136 pacjentow dorostych oraz pediatrycznych zrekrutowanych
przez Regionalne Centrum Choréb Rzadkich ICZMP. Kryteria jakimi si¢ postugiwano to
Simon Broome w odniesieniu do pacjentéw pediatrycznych i Dutch Lipid Clinic Network
Criteria dla pacjentow dorostych. Pierwotnie przeprowadzona analiza NGS pozwolila na
identyfikacj¢ potencjalnie patogennych wariantéw typu SNV u 57 pacjentow.
Z pozostalej grupy pacjentow wyselekcjonowano kilkudziesieciu obcigzonych
najciezszym fenotypem i wykonano u nich badanie technika MLPA. Analiza wykazata
obecno$¢ zmiany patogennej u 10 z nich. Dane genetyczne osob bez zidentyfikowanego
wariantu sprawczego, zostaly nastepnie przeanalizowanie bioinformatycznie pod katem
wystgpowania zmian typu CNV. W tym celu pozyskane wczesniej dane NGS poddano
reanalizie z wykorzystaniem dedykowanego narzedzia bioinformatycznego (DECoN).
Algorytm programu, wykorzystujac dane dotyczace glebokosci pokrycia obszarow
objetych sekwencjonowaniem, wylicza wspotczynnik liczby kopii dla danego regionu
i na tej podstawie szacuje prawdopodobienstwo wystapienia CNV w jego obszarze.
W wyniku tak przeprowadzonej analizy udato si¢ zidentyfikowa¢ dwdch nowych
pacjentow, z duplikacja eksonéw 4-8 genu LDLR. Wystepowanie duplikacji
potwierdzono technika MLPA. Analizy bioinformatycznej dokonano przy wspotpracy
z Zaktadem Genetyki Medycznej Warszawskiego Uniwersytetu Medycznego. Sposrod
wszystkich 12 zdiagnozowanych pacjentow, u dziewigciu zidentyfikowano
heterozygotyczng duplikacje eksonow 4-8 genu LDLR, u dwodch heterozygotyczng
delecj¢ eksonow 6-8 genu LDLR i jednego z heterozygotyczng delecjg eksonow 9-10

genu LDLR. Szczegolnie interesujacy byt przypadek 5-letniej dziewczynki z ekstremalnie
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wysokimi st¢zeniami cholesterolu calkowitego siggajacymi 745 mg/dL (19.27 mmol/L)
oraz cholesterolu frakcji LDL na poziomie 693 mg/dL (17.92 mmol/L). Ponadto
zaobserwowano u niej wystepowanie zottakow powiek, Sciegien Achillesa i zmian
w okolicy kolan. Tak zaawansowany obraz hipercholesterolemii potwierdzity badania
genetyczne, gdzie oprocz delecji eksonéw 9-10 genu LDLR, wykryto rowniez
heterozygotyczny wariant ¢.1747C>T w eksonie 12 tego samego genu. Zgodnie z naszg

wiedza, jest to pierwszy taki zaraportowany przypadek.

Podsumowujac, patogenne zmiany liczby kopii wykryto u 8.8% pacjentéw. Najczestsza
zmiang byta duplikacja eksonéw 4-8 genu LDLR, co jest zgodne z wynikami uzyskanymi
w innych badaniach w populacji polskiej. Nalezy jednak zaznaczy¢, ze dotychczas
opublikowano nieliczne badania naukowe raportujace zmiany liczby kopii, co wskazuje
na duza potrzebe rozwoju diagnostyki w tym obszarze. Zlotym standardem do
identyfikacji tego typu zmian jest technika MLPA, cho¢ jest to metoda czasochtonna
i kosztowna. Ogromna potrzeba opracowania metody alternatywnej oraz dynamiczny
rozw0j sekwencjonowania nastepnej generacji, zaowocowala powstaniem szeregu
skryptéw bioinformatycznych, stuzacych do analizy danych po NGS pod katem zmian
typu CNV. Testowany program DECoN spehit swoje zadanie, jednak nie wszystkie
uzyskane odczyty byty informatywne, a technika MLPA okazata si¢ by¢ niezbgdna do

potwierdzenia wystgpowania wykrytych aberracji.

Publikacja 3.

Rutkowska L, Salachna D, Lewandowski K, Lewinski A, Gach, A. Familial Partial
Lipodystrophy—L.iterature Review and Report of a Novel Variant in PPARG Expanding
the Spectrum of Disease-Causing Alterations in FPLD3, Diagnostics 2022, 12, 1122.
doi.org/10.3390/diagnostics12051122.

Cykl publikacji zamyka praca podsumowujaca dotychczasowg wiedze na temat
lipodystrofii wrodzonych, ze szczegdlnym uwzglgdnieniem rodzinnej lipodystrofii

czesciowej typu 2 i 3 z prezentacja przypadku klinicznego.

Lipodystrofie  to  heterogenna  grupa  ultra-rzadkich  zaburzen  (1.3-4.7
przypadkéw/milion), ktore charakteryzuja si¢ zmianami w obrebie tkanki thuszczowe;j.

Ze wzgledu na pochodzenie dzielimy je na wrodzone oraz nabyte, biorac za$ pod uwage
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dystrybucj¢ zmian, na uogdlnione i cz¢$ciowe. Na tej podstawie wyodregbniono cztery
gléwne typy lipodystrofii: wrodzona lipodystrofia uogdlniona (CGL), rodzinna
lipodystrofia cz¢sciowa (FPLD), nabyta lipodystrofia uogoélniona (AGL) oraz nabyta
lipodystrofia czeSciowa (APL). Do lipodystrofii pierwotnych naleza, wrodzona
lipodystrofia uogdlniona oraz rodzinna lipodystrofia czgsciowa. Ich czestosé
wystepowania zostata okre§lona na 1:10 milionéw dla CGL oraz 1:1 miliona dla FPLD,

cho¢ dane te sg zapewne niedoszacowane.

Rodzinna lipodystrofia czgsciowa zazwyczaj charakteryzuje si¢ utratg tkanki thuszczowe;j
w obrebie konczyn i posladkow, przy zachowaniu prawidlowej dystrybucji w okolicach
brzucha. Manifestacja choroby czgsto przypada na okres dojrzewania. Selektywna utrata
adipocytow bezposrednio przeklada si¢ na prezentowane zaburzenia metaboliczne, takie
jak insulinoopornos$¢, cukrzyca, dyslipidemia z cigzka hipertriglicerydemia, nadci$nienie
czy stluszczenie watroby. Fenotyp u kobiet czesto obarczony jest takze
hiperandrogenizmem, hirsutyzmem, zespotem policystycznych jajnikow czy
nieptodnoscig. Wyrdézniamy siedem podtypow FPLD, a kazdy z nich prezentuje
odmienne podioze genetyczne (geny LMNA, PPARG, PLIN1, CIDEC, LIPE, AKT2 oraz
CAV1). Warianty sprawcze zlokalizowane w genach LMNA oraz PPARG odpowiedzialne
sg za ponad 50% wszystkich przypadkow FPLD. Najczestsza forma FPLD jest rodzinna
lipodystrofia cz¢$ciowa typu 2 (Dunnigan type; OMIM #151660) dziedziczona w sposob
autosomalnie dominujacy. U podioza genetycznego choroby lezg zmiany w obrebie genu
LMNA kodujacego laminy jadrowe, takie jak laminy A/C. Laminy A/C oddziatuja
Z cytoszkieletem 1 zapewniaja stabilnos¢ strukturalng otoczki jadrowej. Podejrzewa sie,
ze u podstaw wystgpowania FPLD2 lezy nieprawidtowy podzial komérkowy, nasilona
apoptoza oraz zaburzona integracja lamin z chromatyng. Okolo 90% zmian
zlokalizowanych jest w obrebie eksonu 8 genu LMNA, a najczeSciej raportowanym
wariantem jest Arg482Gln. Zmiana ta skutkuje zamiang argininy na glutaming,
w regionie wysoce konserwatywnym dla wszystkich gatunkow. FPLD2 charakteryzuje
si¢ utrata podskornej tkanki tluszczowej w obrebie konczyn i tutowia oraz jej
nagromadzeniem wokot szyi, w okolicy podoczodotowej, nadobojczykowej oraz na
twarzy. Zmianom fizycznym towarzysza zaburzenia metaboliczne, takie jak
insulinooporno$¢, hipertriglicerydemia, stluszczenie watroby, choroby ukladu
sercowo-naczyniowego czy kardiomiopatie. Molekularng podstawg FPLD3 sg mutacje

utraty funkcji w genie PPARG, zlokalizowanym na krétkim ramieniu chromosomu 3
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(3p25.2). Gen PPARG koduje biatko z podrodziny receptorow jadrowych aktywowanych
przez proliferatory peroksysomow (PPAR). Receptory jadrowe PPAR wystepuja w trzech
izoformach (PPARa, PPARS i PPARY) o réznej dystrybucji tkankowej 1 funkcjach
biologicznych. Receptor gamma aktywowany przez proliferatory peroksysomow
(PPARY) jest kluczowym regulatorem roéznicowania, dystrybucji i funkcji adipocytow,
posredniczy w gliceroneogenezie, lipolizie, wychwycie, syntezie i magazynowaniu
lipidow. Zmutowany PPARy najprawdopodobniej hamuje roznicowanie adipocytow
zachodzace podczas adipogenezy, co w rezultacie zaburza prawidlowe funkcjonowanie
tkanki tluszczowej. Cechy kliniczne lipodystrofii typu 3 sa podobne do typu 2, cho¢
bywaja mniej transparentne. Pacjenci z FPLD3 czgéciej wykazuja utrate podskornej
tkanki thuszczowej w konczynach dolnych i dystalnych konczynach gérnych. Ponadto
FPLD3 charakteryzuje si¢ nadci$nieniem te¢tniczym o wczesnym poczatku, co moze

odréznia¢ FPLD3 od FPLD2.

Opisywanym przypadkiem klinicznym byta 29-letnia Pacjentka z charakterystycznymi
objawami lipodystrofii czgsciowej. Fenotypowo obecne ztogi thuszczowe na twarzy, szyi
1 tutowiu, zanik tkanki thuszczowej potaczony z przerostem migs$ni konczyn dolnych
I hirsutyzmem. Opisywane cechy ujawnily si¢ w okresie dojrzewania. W wieku 18 lat,
gdy Pacjentka byta hospitalizowana, stgzenie trojglicerydow wynosito 1700 mg/dl,
a cholesterolu catkowitego 400 mg/dl. Wdrozone leczenie preparatami Lipanthyl (nazwa
generyczna - fenofibrat) i Roswera (nazwa generyczna - rosuwastatyna) nie przyniosto
oczekiwanego obnizenia parametrow lipidowych. W zwigzku z tym pacjentka zaprzestata
przyjmowania lekow. PodZniejsze badania laboratoryjne potwierdzilty wystgpowanie
hiperlipidemii mieszanej. W wywiadzie rodzinnym zaobserwowano podobne cechy
fizykalne u matki, babki oraz ciotki Pacjentki. Wysunigto podejrzenie wystgpowania
lipodystrofii czgsciowej, nieznanego typu. Pacjentke skierowano na badania genetyczne,
celem weryfikacji etiologii choroby. Diagnostyke genetyczng rozpoczgto u 26-letniej
Pacjentki. Przeprowadzone sekwencjonowanie panelowe wykazalo obecnosé
heterozygotycznego wariantu c.443G>A w eksonie 4 genu PPARG. Zmiana ta prowadzi
do substytucji glicyny kwasem glutaminowym w pozycji 148 tancucha
aminokwasowego. Obecno$¢ tego samego wariantu zidentyfikowano rowniez u syna oraz
matki Pacjentki. Badania laboratoryjne 3-letniego syna Pacjentki wykazaty obecnos$c¢
hipertriglicerydemii (360 mg/dl). Wykryta zmiana nie byla wczesniej raportowana
w ogolnodostepnych bazach danych, takich jak HGMD (ang. Human Gene Mutation
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Database), ClinVar czy LOVD (ang. Leiden Open Variation Database 3.0), ani w bazach
populacyjnych. Zgodnie z wytycznymi ACMG-AMP (ang. The American College of
Medical Genetics and Genomics-Association for Molecular Pathology) wariant
zaklasyfikowano do grupy czwartej, a wigc zmian potencjalnie patogennych. Zmiana
zlokalizowana jest w wysoce konserwatywnej domenie DBD w obrebie pierwszego
motywu palca cynkowego, struktury zaangazowanej w wigzanie DNA. Modelowanie
homologiczne biatka uwidocznito substytucje aminokwasowg (G — E), skutkujaca
dolaczeniem dodatkowego tancucha bocznego w pozycji 148 tancucha biatkowego. Do
oceny stabilno$ci zmutowanego produktu wykorzystano oprogramowanie [-Mutant 2.0.
Program oszacowat, iz zaistniata substytucja aminokwasowa moze wplywac na obnizenie
stabilnos$ci strukturalnej biatka. W literaturze odnotowano obecno$¢ podobnych zmian
zlokalizowanych w obr¢bie domeny DBD oraz dowiedziono ich patogennosci. Zgodnie
z posiadang przez nas wiedza, zaprezentowany wariant ¢.443G>A nie byl wczedniej
raportowany. Tym samym wariant zostat zgltoszony do bazy ClinVar jako potencjalnie
patogenny i opatrzony numerem VCV001098721.1. Opierajac si¢ o programy
predykcyjne, dane literaturowe oraz kosegregacj¢ wariantu w rodzinie, hipoteza o jego
sprawczosci wydaje si¢ by¢ =zasadna. Przeprowadzenie badan funkcjonalnych

stanowiloby ostateczne potwierdzenie.
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7. Podsumowanie

Zaburzenia lipidowe to najczeSciej wystepujacy czynnik ryzyka choréb
sercowo-naczyniowych w Polsce i na $wiecie. Niska Swiadomos¢ spoteczna oraz brak
systemowych badan przesiewowych, bezposrednio przyczyniaja si¢ do wcigz
niewystarczajacego poziomu wykrywalnosci choroby. Niezwykle istotnym jest doktadne
poznanie podloza genetycznego choroby, a tym samym lepsze zrozumienie korelacji
genotypowo-fenotypowych.

Prowadzone badania obejmowaly grupe 139 pacjentow dorostych i pediatrycznych
Z podejrzeniem wystepowania pierwotnych zaburzen lipidowych. W przewazajacej
wiekszosci byli to pacjenci z hipercholesterolemia rodzinna, jednak trafili do nas réwniez
chorzy z innymi zaburzeniami, jak np. opisana w publikacji nr 3 rodzinna lipodystrofia
czesciowa. Ze wzgledu na heterogenng grupe badang jako metod¢ badawczg wybrano
sekwencjonowanie nastepnej generacji, W technologii TruSeq Custom Amplicon.
Stworzenie autorskiego panelu genowego pozwolito na wybor interesujacych nas
regiondw genomu, a wiec gendOw o znanym i domniemanym wplywie na rozwoj
wybranych zaburzen lipidowych. Ze wzgledu na przewazajaca wigkszos¢ pacjentow
Z wstepnym rozpoznaniem hipercholesterolemii, wigksza cze$¢ panelu obejmowata geny
z nig zwigzane. Wybrana technologia okazata si¢ by¢ skutecznym narzedziem
diagnostycznym do detekcji zmian typu SNV w prezentowanej grupie badanej.
Sekwencjonowanie panelowe jest technika umozliwiajaca analiz¢ niewielkich grup
pacjentéw oraz manualng preparatyke bibliotek przez 1-2 0soby, co znacznie upraszcza
metodyke badania oraz redukuje jej koszty. Wybor regiondw podlegajacych
sekwencjonowaniu, a wiec ograniczenie zakresu danych uzyskanych po NGS,
bezposrednio przyczynia si¢ do skrocenia czasu analizy oraz umozliwia postawienia
szybkiego rozpoznania. Metody oparte o sekwencjonowanie catoeksomowe czy
catogenomowe dostarczajg gigabajty danych wymagajacych specjalistycznej obrobki
bioinformatycznej i zaawansowanych narzedzi analitycznych, co bezposrednio przektada
si¢ na wydluzony czas oczekiwania na wynik.

W wyniku analizy NGS potencjalnie patogenne zmiany zidentyfikowano u 33 pacjentow
pediatrycznych ze wstepnym podejrzeniem FH. Dodatkowo wykryto trzy warianty
0 niepewnym znaczeniu klinicznym i jeden czynnik ryzyka. Geny w obrgbie, ktorych
wykryto zmiany to LDLR, APOB, ABCG5 oraz LPL. Najwigcej wariantow sprawczych

zidentyfikowano w genie LDLR, a najcze$ciej raportowang zmiang byla zamiana
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pojedynczego nukleotydu c.1775G>A. W toku analizy zidentyfikowano obecno$¢
nowego, dotychczas nieraportowanego wariantu ¢.373_379del CAGTTCG w eksonie 4
genu LDLR. Analiza in silico oraz kosegregacja z fenotypem hipercholesterolemii
w rodzinie Pacjenta, wskazywata na sprawczy charakter wariantu. Istniejg liczne hipotezy
badawcze ttumaczace proces powstawania tego typu mikrodelecji, jednak jedna z nich
wydaje si¢ by¢ wysoce korespondujgca z opisywanym przypadkiem. Jest to ang. slipped
mispairing hypothesis zwigzany z wystepowaniem krotkich, 2-8-nukleotydowych
powtorzen, zlokalizowanych blisko siebie na komplementarnych niciach DNA.
Nieprawidlowe parowanie skutkuje powstaniem petli z pojedynczej nici, ktoéra
w kolejnych etapach ulega degradacji przez enzymy naprawcze, a to prowadzi
do powstania mikrodelecji na tym fragmencie nici. Takie trzy-nukleotydowe powtorzenie
wystepuje w miejscu wykrytej w badaniu mikrodelecji, co moze sugerowaé wyzej
opisany mechanizm jej powstania. Aspekt ten szczegétlowo omdéwiono w publikacji nr 1.
W pracy opisano takze interesujacy przypadek 16-letniej Pacjentki z dwiema potencjalnie
patogennymi zmianami, w dwoch genach odpowiedzialnych za rozw6j FH. Pierwsza
znich byla jedno-nukleotydowa insercja skutkujagca przesunigciem ramki odczytu
€.2416dupG w eksonie 17 genu LDLR. Druga to wariant zmiany sensu ¢.10708C>T
w eksonie 26 genu APOB. Dopiero wykonanie badan pod katem wystgpowania obu
wariantdow u pozostalych cztonkéw rodziny pozwolito zauwazy¢, Zze jedynie wariant
€.2416dupG koreluje z fenotypem hipercholesterolemii rodzinnej. Badania rodzinne
w aspekcie chorob genetycznych sg niezwykle cennym Zrodlem informacji zarowno dla
pacjentéw i ich dalszego poradnictwa genetycznego, jak i lekarzy i diagnostow. Mimo
istnienia obszernych baz danych wariantow, niejednokrotnie przesledzenie rodowodu

rodziny w potaczeniu z diagnostyka molekularng daje peten obraz etiologii choroby.

Celem poszerzenia =zakresu diagnostyki, szczegdlnie w przypadku pacjentow
obcigzonych najciezszym fenotypem bez zmian typu SNV, do obszaru badan dotaczono
analize¢ bioinformatyczng danych NGS pod katem wystepowania zmian liczby kopii.
Jednoczasowo wykonano badanie technika MLPA. Pozwolito to zidentyfikowaé zmiany
patogenne w genie LDLR u 10 pacjentéw (siedmiu z duplikacjg eksonow 4-8, dwoch
z delecja eksonow 6-8 oraz jednego z delecja eksonow 9-10). Algorytm programu
DECoN, wykorzystujac dane dotyczace glebokosci pokrycia obszaréw objetych
sekwencjonowaniem, wykryt dwoch nowych pacjentéw z duplikacjg eksonow 4-8 genu

LDLR. Otrzymane wyniki wydaja si¢ potwierdzaé ogromny potencjat analiz
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bioinformatycznych, ktore zapewne stanowig narzedzie przysziosci w diagnostyce
molekularnej. Niestety dane panelowe ze wzgledu na specyficzny format uzyskiwanych
odczytow, sg szczegblnie problematyczne do tego typu analiz. Warunkuje to potrzebe
cigglego testowania i parowania konkretnego oprogramowania z posiadanymi danymi po

NGS.

W trakcie prowadzenia projektu naukowego, do analizy NGS wigczono takze niewielkg
grupe pacjentow z podejrzeniem wystepowania bardzo rzadkiej grupy zaburzen, jakim sa
lipodystrofie czesciowe. Szczegodlnie ciekawy okazal si¢ przypadek 29-letniej Pacjentki
manifestujacej charakterystyczny rozktad tkanki thuszczowej oraz specyficzne zaburzenia
metaboliczne. Pozwolitlo to na wysunigcie przypuszczenia o obecnosci rodzinnej
lipodystrofii czesciowej typu 2 lub 3. Ze wzgledu na odmienne podtoze genetyczne obu
typow lipodystrofii, jako metod¢ diagnostyczng wybrano sekwencjonowanie nastepnej
generacji. Badanie wykazalo obecnos$¢ nowego, heterozygotycznego wariantu ¢.443G>A
w eksonie 4 genu PPARG. Wykryta zmiana nie byla wcze$niej raportowana
W ogolnodostepnych bazach danych. Lokalizacja wariantu w wysoce konserwatywne;j
domenie DBD, jednoznaczne wskazania programéow predykcyjnych, dane literaturowe
oraz kosegregacja wariantu z fenotypem w rodzinie Pacjentki, wskazywaty na patogenny
charakter zmiany. Badania funkcjonalne stanowityby ostateczne potwierdzenie

wysunigtej tezy.

Podsumowujac, zakres prowadzonych badan pozwolit poszerzy¢ wiedzg na temat
podtoza genetycznego hipercholesterolemii rodzinnej oraz rodzinnej lipodystrofii
cze$ciowej, z identyfikacja kilku nieraportowanych dotychczas wariantéw patogennych.
Wybrana do tego celu technologia sekwencjonowania nastgpnej generacji okazata si¢ by¢
skutecznym narzgdziem diagnostycznym. Mozna przypuszczaé, ze poSzerzenie grupy
badanej pozwolitoby =zidentyfikowa¢ zmiany w genach kandydackich zawartych
W panelu, co moze stanowi¢ przedmiot dalszych badan. Testowane narzedzie
bioinformatyczne, do wykrycia zmian liczby kopii z danych uzyskanych w wyniku
sekwencjonowania, spetnilo zatozone zadanie 1 wydaje si¢ by¢ obiecujacym narzedziem
do przysztych analiz. Nawigzana wspotpraca migdzyosrodkowa pozwolita na dotarcie do
wielu ciekawych przypadkow i poszerzyta wiedze¢ na temat etiologii zaburzen lipidowych

w populacji polskiej.
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. Whioski

Podloze genetyczne hipercholesterolemii rodzinnej w grupie pacjentow
pediatrycznych wykazuje znaczng heterogenno$¢, przy czym przewazajgca
wigkszo$¢ wariantow patogennych lokalizuje si¢ w genie LDLR.

. Zastosowana metoda sekwencjonowania nast¢pnej generacji z wykorzystaniem
dedykowanego panelu genowego okazata si¢ dobrze zaprojektowanym
narzedziem diagnostycznym, umozliwiajgcym szybka oraz precyzyjng
identyfikacj¢ podtoza genetycznego choroby.

. Wykorzystanie danych uzyskanych z panelowego NGS do oceny zmian liczby
kopii z zastosowaniem specjalistycznych narz¢dzi bioinformatycznych jest
mozliwe, jednak taka strategia analizy CNV wymaga potwierdzenia inng metoda.
Cechy fenotypowe lipodystrofii cze$ciowe] nie pozwalaja na postawienie
jednoznacznego rozpoznania klinicznego z uwzglednieniem podtypu choroby,
dlatego molekularne badanie genetyczne jest niezbednym elementem
postepowania diagnostycznego.

Identyfikacja nieopisanego wczesniej wariantu W genie PPARG poszerza
dotychczasowg wiedz¢ na temat podloza genetycznego rodzinnej lipodystrofii
cze$ciowej. Uzasadnia to rowniez wybor sekwencjonowania nastgpnej generacji
jako kompleksowego narzedzia diagnostycznego, do identyfikacji zmian typu

SNV u pacjentéw z lipodystrofig wrodzona.
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10. Streszczenie w jezyku polskim

Dyslipidemie pierwotne to szeroka grupa zaburzen o podiozu genetycznym,
charakteryzujaca si¢ nieprawidlowa gospodarkg lipidowg. W grupie tej mozemy
wyr6znic  m.in.  hipercholesterolemie  monogenowe, hiperalfalipoproteinemie
monogenowe, hipoalfalipoproteinemie monogenowe, hipertriglicerydemie monogenowe
oraz lipodystrofie wrodzone. Najczestszg z nich jest hipercholesterolemia rodzinna (FH)
dziedziczona w sposob autosomalnie dominujacy, o czgstosci wystepowania 1:200-250
dla postaci heterozygotycznej i 1:160,000-300,000 dla postaci homozygotyczne;j.
Specyficzne cechy fenotypowe, bedace bezposrednim nastgpstwem podwyzszonego
stezenia LDL-c, to tkankowe ztogi cholesterolu gromadzace si¢ pod postacig zottakow
$ciegien Achillesa, Sciggien prostownikéw dtoni i stop, rzadziej zmian na powiekach czy
obwodzie rogéwki. Postgpujaca uogoélniona miazdzyca tetnic lezy u podtoza
wystepujacych naglych incydentow sercowo-naczyniowych. Wczesne rozpoznanie
choroby, szybka diagnostyka oraz niezwloczne wdrozenie farmakoterapii stanowig
jedyny sposob na efektywne zahamowanie postepujacych zmian miazdzycowych.
Najczesciej stosowane kryteria diagnostyczne utatwiajace rozpoznanie FH to Dutch Lipid
Clinic Network Criteria oraz Simon Broome Criteria. Klasyfikacje te oparte sg
o parametry lipidowe, cechy fenotypowe oraz potwierdzone warianty sprawcze w genach
LDLR, APOB lub PCSK9. Poznane dotad podtoze genetyczne FH to gtdéwnie mutacje
genu receptora LDL (86-88% przypadkow FH), rzadziej apolipoproteiny B (12%) lub
proproteinowej konwertazy subtylizyny/keksyny typu 9 (<2%). Ze wzgledu na
heterogenne podloze FH 1 wciaz znaczny odsetek pacjentdw niezdiagnozowanych,
istnieje duza potrzeba badan genetycznych, zarbwno w zakresie zmian w obre¢bie trzech
gltownych genow, jak 1 poszukiwania wariantow w genach kandydackich. Jednym
z celow prowadzonych badan byla analiza podtoza genetycznego hipercholesterolemii
rodzinnej u pacjentdéw pediatrycznych, z poszukiwaniem nowych wariantow
patogennych w genach znanych i kandydackich. W tym celu zastosowano
sekwencjonowanie nastgpnej generacji z wykorzystaniem autorskiego panelu genowego.
Pozwolito to na zidentyfikowanie wariantow patogennych u 33 sposréd 57
zrekrutowanych pacjentéw pediatrycznych. Wsérod siedemnastu zaraportowanych zmian
dwana$cie stanowily warianty zmiany sensu, trzy zmiany skutkujace przesunigciem
ramki odczytu oraz dwa warianty splicingowe. Wykryto takze trzy warianty o niepewnym

znaczeniu klinicznym 1 jeden czynnik ryzyka. Geny w obrgbie, ktorych wykryto zmiany
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to LDLR, APOB, ABCGS5 oraz LPL. W toku analizy zidentyfikowano rowniez obecno$¢
nowego, dotychczas nieraportowanego wariantu ¢.373 379delCAGTTCG, skutkujacego
przesuni¢ciem ramki odczytu w cksonie 4 genu LDLR (Publikacja nr 1). Kolejnym
zaktadanym celem badan byta ocena czestosci wystepowania oraz charakterystyka zmian
typu CNV z wykorzystaniem specyficznego narzgdzia bioinformatycznego (DECoN)
umozliwiajacego analize danych po NGS. Grupe badang stanowito 136 pacjentow
dorostych oraz pediatrycznych. Z grupy tej wyselekcjonowano kilkudziesieciu pacjentow
obcigzonych najciezszym fenotypem, bez zidentyfikowanych zmian typu SNV w badaniu
NGS i niezwlocznie wykonano u nich badanie technika MLPA. Dane pozostatych
pacjentow uzyskane w wyniku sekwencjonowania poddano reanalizie w programie
DECoN. Pozwolito to zidentyfikowa¢ dwoéch dodatkowych pacjentow obarczonych
duplikacja eksonow 4-8 genu LDLR (Publikacja nr 2).

W trakcie prowadzenia projektu naukowego, do analizy NGS wlaczono takze niewielkg
grupe pacjentdéw z podejrzeniem wystepowania, bardzo rzadkiej grupy zaburzen
lipidowych, jakim sa lipodystrofie cze$ciowe. W toku analizy wykryto nowy,
heterozygotyczny wariant c.443G>A w eksonie 4 genu PPARG u pacjentki
Z hipertriglicerydemia i cechami  fenotypowymi  lipodystrofii  czg¢sciowe;.
Zidentyfikowanie zmiany pozwolito postawi¢ diagnoz¢ rodzinnej lipodystrofii

czg$ciowej typu 3 (Publikacja nr 3).

Uzyskane wyniki stanowig zwienczenie badan prowadzonych w latach 2016-2022
w ramach projektu naukowego, przyczyniajac si¢ do lepszego poznania podioza
genetycznego hipercholesterolemii rodzinnej i rodzinnej lipodystrofii czeSciowe;.
Ponadto, pozwolity one oceni¢ skuteczno$¢ panelowego sekwencjonowania nast¢pnej
generacji w diagnostyce zaburzen lipidowych oraz mozliwosci wykorzystania danych po

NGS, do analizy CNV z uzyciem nowatorskich narzedzi bioinformatycznych.
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11. Streszczenie w jezyku angielskim

Primary dyslipidemias are a group of genetic disorders characterized by abnormal lipid
metabolism. This group includes monogenic hypercholesterolemia, monogenic
hyperalphalipoproteinemia,  monogenic  hypoalphalipoproteinemia, = monogenic
hypertriglyceridemia, and congenital lipodystrophies. Familial hypercholesterolemia
(FH) constitutes the most common form of inherited dyslipidemia, inherited in an
autosomal dominant manner. The prevalence of the heterozygous form (HeFH) is
estimated to be 1:200-250, while the homozygous form (HoFH) is estimated at
1:160,000-300,000. Elevated LDL-c leads to specific phenotypic features, such as tissue
cholesterol deposits that accumulate in the form of xanthelasma in the Achilles tendons,
extensor tendons of the hands and feet, and less commonly, eyelid or corneal peripheral
lesions. Sudden cardiovascular incidents are often caused by progressive generalized
arteriosclerosis. Early diagnosis and prompt implementation of pharmacotherapy are
crucial in inhibiting progressive atherosclerotic lesions. The Dutch Lipid Clinic Network
Criteria and the Simon Broome Criteria are the most commonly used diagnostic criteria
for FH. They are based on lipid parameters, phenotypic features, and confirmed causative
variants in the LDLR, APOB or PCSK9 genes. The genetic basis of familial
hypercholesterolemia (FH) is mainly attributed to mutations in the LDL receptor gene,
accounting for 86-88% of FH cases. Less frequently, mutations in apolipoprotein B (12%)
or proprotein convertase subtilisin/kexin type 9 (<2%) are responsible. To address the
heterogeneous nature of FH and the significant proportion of undiagnosed patients,
genetic studies are crucial. The aim of the study was to identify potentially pathogenic
FH-related variants in known and candidate genes in pediatric patients, using customized
next generation sequencing (NGS). Sequencing data analysis revealed possibly
pathogenic variants in 33 out of 57 pediatric cases. Among the seventeen presumed
pathogenic variants, twelve were missense, three frameshift and two splice site mutations.
In addition, three variants of uncertain significance and one risk factor were also detected.
The affected genes were LDLR, APOB, ABCG5 and LPL. NGS analysis revealed the
presence of a novel 7bp frameshift deletion ¢.373_379delCAGTTCG in the exon 4 of the
LDLR gene (Publication 1). The second aim of the study was to identify novel CNV
changes in FH patients using targeted sequencing and evaluation of CNV calling tool
(DECoN) working on gene panel NGS data. A group of 136 adult and child patients were
recruited for the study. A few patients with the most severe phenotype, who did not have
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any SNV alterations identified by NGS, were immediately tested using the MLPA
technique. The sequencing data of the remaining patients were reanalyzed using DECoN,
which led to the identification of two more patients with duplication of exons 4-8 of the
LDLR gene (Publication 2).

Additionally, a small group of patients with suspected partial lipodystrophies, a rare group
of lipid disorders, were included in the NGS analysis. A novel missense heterozygous
variant ¢.443G>A in exon 4 of the PPARG gene was detected in the affected patient. The
patient presents phenotypic features of partial lipodystrophy, accompanied by severe
hypertriglyceridemia. The identification of the variation enabled the diagnosis of familial

partial lipodystrophy type 3 to be made (Publication 3).

The results of this study, conducted between 2016 and 2022, have contributed to a better
understanding of the genetic background of familial hypercholesterolemia and familial
partial lipodystrophy. Furthermore, this study enabled us to evaluate the efficacy of
panel-based next-generation sequencing in diagnosing lipid disorders and the potential

for utilizing post-NGS data for CNV analysis with innovative bioinformatics tools.
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Abstract: The most common form of inherited lipid disorders is familial hypercholesterolemia (FH).
It is characterized primarily by high concentrations of the clinical triad of low-density lipoprotein
cholesterol, tendon xanthomas and premature CVD. The well-known genetic background are muta-
tions in LDLR, APOB and PCSK9 gene. Causative mutations can be found in 60-80% of definite FH
patients and 20-30% of those with possible FH. Their occurrence could be attributed to the activity
of minor candidate genes, whose causal mechanism has not been fully discovered. The aim of the
conducted study was to identify disease-causing mutations in FH-related and candidate genes in
pediatric patients from Poland using next generation sequencing (NGS). An NGS custom panel was
designed to cover 21 causative and candidate genes linked to primary dyslipidemia. Recruitment
was performed using Simon Broome diagnostic criteria. Targeted next generation sequencing was
performed on a MiniSeq sequencer (Illumina, San Diego, CA, USA) using a 2 x 150 bp paired-end
read module. Sequencing data analysis revealed pathogenic and possibly pathogenic variants in
33 out of 57 studied children. The affected genes were LDLR, APOB, ABCG5 and LPL. A novel
pathogenic 7bp frameshift deletion ¢.373_379delCAGTTCG in the exon 4 of the LDLR gene was
found. Our findings are the first to identify the ¢.373_379delCAGTTCG mutation in the LDLR gene.
Furthermore, the double heterozygous carrier of frameshift insertion ¢.2416dupG in the LDLR gene
and missense variant ¢.10708C>T in the APOB gene was identified. The ¢.2416dupG variant was
defined as pathogenic, as confirmed by its cosegregation with hypercholesterolemia in the proband’s
family. Although the APOB ¢.10708C>T variant was previously detected in hypercholesterolemic
patients, our data seem to demonstrate no clinical impact. Two missense variants in the LPL gene
associated with elevated triglyceride plasma level (c.106G>A and ¢.953A>G) were also identified. The
custom NGS panel proved to be an effective research tool for identifying new causative aberrations in
a genetically heterogeneous disease as familial hypercholesterolemia (FH). Our findings expand the
spectrum of variants associated with the FH loci and will be of value in genetic counseling among
patients with the disease.

Keywords: familial hypercholesterolemia; genetics; next generation sequencing; LDLR gene;
dyslipidemia; novel variant; pediatric patients
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1. Introduction

Cardiovascular diseases (CVDs) remain the leading cause of death worldwide, with
an estimated 17.9 million deaths attributed to cardiovascular incidents each year [1]. The
underlying cause of CVD is the continual deposition of lipoproteins and calcium in the
arterial intima, resulting in the development of inflammation and subsequent fibrosis, called
arteriosclerosis. Although the clinical complications of atherosclerosis usually present in
middle age, it is well known that atherosclerotic plaque may start to build up at a young age;
indeed, reports exist of fatty streaks in the aortas and coronary arteries in patients aged only
10 years [2]. Efficient diagnosis of dyslipidemia and the implementation of early treatment
in children may reduce their risk of accelerated atherosclerosis and premature CVD. A key
role in the development of atherosclerosis in children is played by inherited factors known
to cause high blood lipid levels; it is believed that such familial hypercholesterolemia
(FH) is present in 1 in 31 individuals with atherosclerotic cardiovascular disease (ASCVD),
especially those with premature ASCVD (around 1 in 15 individuals). No other single
disorder is responsible for so many ASCVD patients [3].

Familial hypercholesterolemia (FH) constitutes the most common form of inherited
dyslipidemia. It is mainly characterized by high concentrations of the clinical triad of low-
density lipoprotein (LDL) cholesterol, tendon xanthomas and premature CVD. Atherogenic
cholesterol-rich LDLs are usually removed from circulation in the liver; however, any
hepatic dysfunction results in their accumulation in the artery wall [4]. Their deposition
in the artery stimulates an inflammatory response, which in turn results in damage to the
wall and the formation of atherosclerotic plaques: coronary calcification is present in about
25% of 11- to 23-year-old children and young adults with heterozygous FH [4].

The prevalence of the heterozygous form (HeFH) is estimated to be 1:500, but recent
studies suggest that it could be as high as 1:250 to 1:380 [5]. The most severe form of FH is
homozygous familial hypercholesterolemia (HoFH). Similarly to HeFH, the incidence of
HoFH is greater than previously thought, being currently estimated at 1:160,000-300,000 [6],
this greater prevalence could be due to a combination of increased awareness of the disease
and the rapid development of genetic testing. The genetic background of FH includes
mutations in LDLR (low-density lipoprotein receptor gene), APOB (apolipoprotein B gene)
and PCSK9 (proprotein convertase subtilisin/kexin type 9 gene).

However, in most cases, hypercholesterolemia is caused by a loss-of-function mutation
in LDLR, and over 2000 functional mutations have been documented so far in this gene [5].
The low-density lipoprotein receptor (LDLR) gene family consists of cell surface proteins
involved in the receptor-mediated endocytosis of specific ligands. LDLR plays a critical role
in the homeostatic control of blood cholesterol by mediating its removal from circulation.
Lipoproteins are bound to the LDL receptor and taken into the lysosomes to be degraded,
following which the unoccupied receptor cycles back to the cell surface. Plasma LDL
is then eliminated primarily via hepatic LDLR [7]. The various stages involved in the
posttranslational processing, binding, uptake and subsequent dissociation of the LDL
particle-receptor complex are subject to disruption by mutations in the LDLR gene, resulting
in the development of lipid disorders [8].

The LDL receptor also captures and binds the apolipoprotein B and apolipoprotein E;
lipoproteins are responsible for controlling the cellular uptake of lipoproteins by carrying
lipids, including cholesterol. The presence of APOB or APOE mutations results in structural
rearrangements within apolipoprotein domains, resulting in improper lipid binding and,
thus, high blood lipid levels. The protein that regulates the exposure of the LDL receptor
on the hepatocyte surface and thus regulates LDL particle uptake is PCSK9. Circulating
PCSK9 binds to LDLR and targets it for lysosomal degradation. Both PCSK9 and LDLR gene
expression is coregulated at the transcriptional level by SREBP-2 (sterol regulatory element-
binding protein-2) [9]. Gain-of-function mutations in PCSK9 gene lead to autosomal
dominant hypercholesterolemia, while loss-of-function mutations are associated with
reduced LDL-C plasma levels [7]. In the last decade, PCSK9 inhibitors have become
a major drug target in cardiovascular medicine. In addition, a broad range of minor
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potential FH genes are continually being identified, such as STAP1 (signal-transducing
adaptor family member 1), which has been proposed as a fourth causative gene for familial
hypercholesterolemia, even though the molecular mechanisms by which the adapter protein
could affect cholesterol metabolism remain unclear [10,11].

Most FH patients are known to carry autosomal dominant mutations in the LDLR,
APOB or PCSK9 gene. Despite this, some patients also present a rare autosomal recessive
form of the disease caused by a homozygous or compound heterozygous mutation in the
LDLRAP1 gene. The LDLRAP1 protein binds to LDLR and allows the internalization of
the LDL-LDLR complex on the hepatocyte surface. The resulting molecular defects in
LDLRAP1 may impair the LDL-cholesterol metabolism by causing a severe reduction of
LDL uptake [12].

The next core component that plays a key role in the lipoprotein metabolism is lipopro-
tein lipase (LPL), encoded by the LPL gene. This enzyme hydrolyses the triglycerides carried
in chylomicrons and VLDL to fatty acids, which can be taken up by cells. Alterations in
the LPL gene contribute to severe hypertriglyceridemia. The activity of the LPL enzyme is
regulated by four apolipoproteins: ApoC1, ApoC2, ApoC3 and ApoAS5. Apolipoprotein
C2 serves as a cofactor, while ApoA5 probably works as an LPL activator. Alterations in
the APOC2 or APOA5 genes can potentially affect enzyme activity. In addition, proper
LPL functioning requires the activity of GPIHBP1, expressed on capillary endothelial cells.
Its primary function is to bind LPL in the subendothelial spaces and transport it to the
capillary lumen. Various GPIHBP1 mutations have been found to prevent GPIHBP1 from
binding LPL, resulting in invalid processing of TG and severe hypertriglyceridemia [13].

It is estimated that FH-causing mutations can be found in 60-80% of definite FH
patients and 20-30% of those with possible FH [14]. However, in other pediatric cases, the
diagnosis can be complicated by the presence of a polygenic background or mutations in
one of many candidate genes related to primary dyslipidemia. Next-generation sequencing
(NGS) has presented an opportunity to identify additional ultra-rare causes of FH, including
atypical clinical manifestations resulting from rare mutations in the APOA5, STAP1 or LIPA
genes. Targeted NGS allows massive parallel sequencing to be performed on regions of
interest, providing a wide range of obtained data to better understand the heterogeneity of
familial hypercholesterolemia.

Several different types of clinical diagnostic criteria have been established for FH glob-
ally, such as Dutch Lipid Clinical Network (DLCN), Make Early Diagnosis to Prevent Early
Deaths (MedPed) diagnostic criteria or Simon Broome diagnostic criteria [3]. The Simon
Broome diagnostic criteria and DLCN are generally based on similar assumptions, such
as elevated cholesterol level, clinical characteristics, family history of CVD and molecular
diagnosis. The MedPed classification is based on plasma cholesterol level and is dependent
on patient age and family history [15]. As characteristic phenotype indicators are not re-
vealed until a certain age in most pediatric patients, the clinical diagnosis is often based on
lipid profile and a family history of CVD. Furthermore, as LDL cholesterol concentrations
fluctuate greatly during adolescence, a mild course may go unnoticed. Childhood is the
optimal period for FH diagnosis, due to the minimal dietary or hormonal impact, and all
suspected individuals should be promptly referred to genetic tasting. An accurate con-
firmatory diagnosis can greatly increase the compliance of long-term preventive therapy,
especially in pediatric patients.

The aim of the study was to identify known and new genetic variants in pediatric
patients with familial hypercholesterolemia using a custom NGS panel. Our hypothesis
assumes that the genetic background of familial hypercholesterolemia in children is highly
heterogeneous and NGS is thus a suitable tool for diagnosing it.

2. Materials and Methods

Genomic DNA was isolated from peripheral blood samples using a MagCore auto-
matic nucleic acid extractor (RBC Bioscience, New Taipei City, Taiwan). The quantitative
and qualitative assessment of extracted DNA was performed on a NanoDrop 2000 spec-
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trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). In accordance with the
Iumina protocol, the samples were measured using a Quantus Fluorometer (Promega,
Madison, WI, USA) and diluted to the required concentration (10 ng/uL). The library prepa-
ration procedure was conducted in accordance with Illumina TruSeq Custom Amplicon
Low Input Library Prep Reference Guide. Hybridization, ligation and PCR protocol were
carried out with a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA), as recommended.
The indexed samples were pooled, diluted and combined with 1% PhiX control. Targeted
next generation sequencing (NGS) was performed on a MiniSeq sequencer (Illumina, San
Diego, CA, USA) using a 2 x 150 bp paired-end read module. The minimum reading depth
was 100-fold. A custom NGS panel containing 21 causative and candidate genes linked
to familial hypercholesterolemia and other primary dyslipidemias was designed using
Illumina DesignStudio software. The following genes included: ABCA1, ABCG5, ABCGS,
APOAS5, APOB, APOC2, APOE, CYP7A1, GPIHBP1, LCAT, LDLR, LDLRAP1, LIPA, LMF1,
LMNA, LPL, PCSK9, PPARG, SCAP, SREBF2, STAPI1.

The obtained NGS data were processed and analyzed by VariantStudio Software,
compatible with the Illumina platform. The pathogenicity of the variants was determined
in silico using web-based software, such as PolyPhen2, SIFT and Mutation Taster. Searches
for phenotype-genotype correlations were evaluated using PubMed, LOVD or VARSOME
databases. Variants were classified according to current American College of Medical
Genetics and Genomics (ACMG) guidelines [16].

The presence of selected variants was confirmed by bidirectional Sanger sequencing
on a 3500 Series Genetic Analyzer (Applied Biosystems, Waltham, MA, USA). DNA Variant
Analysis was performed using Mutation Surveyor V5.1.0 software (SoftGenetics, State
College, PA, USA).

The inclusion criteria for the study were the Simon Broome diagnostic criteria. The
most commonly used are the Dutch Lipid Clinical Network Criteria, but those cannot be
applied to pediatric patients. According to the Simon Broome diagnostic criteria, definite
familial hypercholesterolemia occurs when a child below 16 years of age has a total choles-
terol level greater than 260 mg/dL or an LDL-cholesterol above 155 mg/dL. Furthermore,
it is necessary to confirm the presence of tendon xanthomas in the proband child or their
first/second degree relative or DNA-based evidence of an LDLR, APOB or PCSK9 mutation.
In a child under 16 years, familial hypercholesterolemia can be suspected in cases charac-
terized by equivalent LDL-C and total cholesterol levels, without tendon xanthomas or a
DNA-based test but with a positive family history, i.e., presence of myocardial infarction in
relatives or total cholesterol level greater than 290 mg/dL in adult relatives or 260 mg/dL
in relatives under 16 years. For children and adults over 16 years old, the lipid cut-offs are
TC greater than 290 mg/dL or LDL-cholesterol above 190 mg/dL.

The study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Ethics Committee of the Polish Mother’s Memorial Hospital—Research
Institute (opinion number 15/2016, date of approval 12 January 2016). Informed consent
was obtained from all subjects involved in the study. The entire study was performed
in the Department of Genetics, Polish Mother’s Memorial Hospital—Research Institute,
Lodz, Poland.

3. Results

A group of 57 children with a clinical suspicion of familial hypercholesterolemia (FH)
was recruited for the present study. The children ranged in age from 2 to 17 years (mean
age: 10). In the study group, 48 patients fulfilled the Simon Broome criteria for lipids, of
which 33 presented pathogenic aberrations. Among the eight participants not meeting the
criteria, only one obtained a positive genetic result. Patient age, lipid profile and obtained
diagnostic results are shown in Table 1. Sibling cases are labelled with the same number
with an ‘A’ and ‘B’ designation.
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Table 1. Patient data and obtained genetic results.

P & TC LDL-C HDL-C TG NGS Result
afient 8¢ Sex [mg/dL] [mg/dL] [mg/dL] [mg/dL] HGVSc Gene
L 15 M 293 253 0 45 :
2A. 6 F 228 152 NA 47 .
2B. 10 F 226 155 51 98 -
3. 11 M 228 134 55 190 NM_022436.2:¢.593G>A ABCG5
4 3 F 277 222 47 43 2
5, 9 F 312 248 37 137 NM._000527.4:.1846-2A>C LDLR
NM_000527.4:¢.2416dupG LDLR
6. 16 F 280 200 50 102 NM_000384.2:¢.10708C>T APOB
7A. 5 F 278 170 61 110 NM_000527.4:¢.373_379delCAGTTCG LDLR
7B. 10 M 126 348 56 82 NM_000527.4:¢.373_379delCAGTTCG LDLR
8. 12 M 318 237 67 73 NM_000527.4:c.190+1G>A LDLR
9A. 13 M 303 237 49 137 NM_000527.4:¢.1775G>A LDLR
9B. 17 F 289 218 39 162 NM_000527.4:¢.1775G>A LDLR
10. 8 F 265 165 73 138 NM_022436.2:¢.1285G>A ABCG5
11 13 M 218 156 48 121 NM_000527.4:¢.1775G>A LDLR
12A. 13 F 234 171 40 90 :
12B. 14 F 233 191 2 102 ;
13. 10 M 193 135 45 NA ;
14. 10 M 279 150 44 138 NM_000237.2:c.106G>A EPL
15. 14 F 336 267 52 106 -
16. 10 M 239 174 53 125 ;
17. 9 F 252 165 53 47 NM._000527.4:¢.1775G>A LDLR
18. 4 F 266 200 44 111 NM_000384.2:¢c.10580G>A APOB
19. 9 F 283 201 69 65 -
20. 9 F 290 188 64 188 ;
21. 6 F 219 137 76 50 :
22; 2 F 278 216 25 546 -
23, 5 M 307 240 52 73 NM_000527.4:¢.1775G>A LDLR
2. 13 F NA NA NA NA NM_000527.4:¢.284G>T LDLR
25, 6 F 348 263 NA NA NM._ 000527.4:¢.1775G>A LDLR
26. 16 F 440 367 43 144 -
27 74 F 380 303 61 81 NM_000527.4:c.1775G>A LDLR
28, 4 M 265 198 47 100 -
29. 9 F 233 143 56 178 ;
30. 9 F 402 316 68 84 NM_000527.4:¢.530C>T LDLR
31. 5 F 345 273 55 86 NM_000527.4:¢.190+1G>A LDLR
NM_000527.4:¢.1775G>A LDLR
32. 14 M 320 263 54 92 NM_000237.2:c.953A>G LPL
33. 13 M 331 245 74 62 NM_000527.4:¢.1916T>A LDLR
34. 10 F 350 310 42 78 NM_000527.4:¢.324_325delGTinsTC LDLR
35. 11 M 459 398 2 83 NM_000527.4:¢.2063d el A LDLR
36. 3 M 314 252 44 80 NM_000527.4:¢.1061A>G LDLR
37. 15 B 364 294 45 124 NM_000527.4:c.324_325delGTinsTC LDLR
38. 5 F 745 693 37 73 NM_000527.4:c.1747C>T LDLR
39, 10 F 331 247 73 54 -
40. 9 F 288 216 57 74 NM_000527.4:¢.798T>A LDLR
41, 13 F 387 316 53 86 NM_000527.4:c.1433G>A LDLR
42. 14 F 274 196 66 63 NM_000384.2:¢.10580G>A APOB
43, 12 F 290 206 59 80 6
44, 17 M 280 262 49 97 NM_000527.4:¢.1061A>G LDLR
45, 9 M 265 144 73 95 NM_000527.4:c.1775G>A LDLR
46. 2 F 228 170 48 52 NM_000384.2:c.10580G>A APOB
47. % F 248 177 68 103 -
48. 8 F 230 185 42 106 -
49, 3 M 209 101 77 74 NM_022436.2:¢.1336C>T ABCG5
50. 15 F 229 170 46 109 -
51. 10 M 219 177 16 72 -
52, 10 M 242 170 16 135 :
53 6 F 235 154 NA 49 NM_000527.4:c.907C>T LDLR

NA—not applicable.
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Table 2 compares mean total cholesterol (TC), LDL-cholesterol, HDL-cholesterol and
triglyceride (TG) content, as well as the standard deviation, for whole study group with
the values for two separate subgroups of children, with or without genetic findings.

Table 2. Mean concentration of each lipid fraction in the following groups of patients.

TC [mg/dL] LDL [mg/dL] HDL [mg/dL] TG [mg/dL]
Mean + SD Mean + SD Mean + SD Mean + SD
Study group 296.4 + 85.2 2240+ 892 504+ 127 1044 + 704
L ik 3291+ 9238 2574 + 98.1 516 + 9.8 90.6 + 30.4
genetic findings
i, R 1758 + 31.4 535 + 159 126.2 + 1025

genetic findings

Sequencing data analysis revealed possibly pathogenic variants in 33 out of 57 pediatric
cases. Among the seventeen presumed pathogenic variants, listed in Table 3, twelve were
missense, three frameshift and two splice site mutations. In addition, three variants of
uncertain significance and one risk factor were also detected. The affected genes were
LDLR, APOB, ABCG5 and LPL. No potential pathogenic variants were found within the
ABCA1, ABCG8, APOA5, APOC2, APOE, CYP7A1, GPIHBP1, LCAT, LDLRAP1, LIPA, LMF1,
LMNA, PCSK9, PPARG, SCAP, SREBF?2 of the STAP1 genes in the pediatric group.

3.1. LDLR Gene

Fifteen of the detected pathogenic mutations were located within the LDLR gene
(c.190+1G>A, ¢.284G>T, ¢.373_379del CAGTTCG, ¢.324_325delGTinsTC, ¢.530C>T, ¢.798T>A,
¢.907C>T, ¢.1061A>G, ¢.1433G>A, ¢.1775G>A, ¢.1747C>T, ¢.1846-2A>C, c.1916T>A, ¢.2063delA,
¢.2416dupG). The affected exons of LDLR were 3-6, 8, 10, 12-14, 17. The gene structure
with the positions of the variants are presented in Figure 1.

¢.373_379delCAGTTCG
c.324_325delGTinsTC

|
!
1 ' ! |

:
» {—HHHHHI -
2 S
L

1
i
! .530C>T
' c.1775G>A!
' C.1747C>Ti
€.284G>T! | 16798T>A ' 1c.1846-2A>C
b 1c1061A>G 1 |
v ' | 1c1916T>A
L P VL C T 1e2416dunG
C.190+1G>A! : e {11 162063delA !
1 ' !
' i
1

Exon | 3 4 6 7 89101112 1314 15 16 17 18
Signal I T ) L )
seqlglence Ligand binding domain EGF precursor_homology O-linked Cytoplasmic
domain sugar
chains Membrane
spanning

Figure 1. Schematic presentation of eighteen exons and six corresponding functional domains in the
LDLR gene with the positions of the variants indicated.
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Table 3. The variant table for selected aberrations identified by NGS sequencing, including the name of the affected gene with exon (indicated in underline)/intron
localization, HGVSc and HGVSp description, genotype, variant type, in silico predictions, initial classification and number of the identified patients.

Exon

In Silico Prediction

Gene Hgvsc Hgyvs, Genotype Variant e Cl. Nr. of Cases
/Intron & g b T Polyphen SIFT Mutation Taster = *
2 NP_000518.1:p. . —— probably damaging deleterious S .
LDLR 12 NM_000527.4:c.1775G>A Qly592GIu het missense 0.927) ©.01) discasc causing pathogenic 9
NM_000527.4:c.373_ NP_000518.1:p. 5 % o presumed
LDER 4 379delCAGTTCG Gln125SerfsTer79 het dejetion Na NA disease causing i openic 2
LDIR 2 NM_000527.4:.190+1G>A NA het splice donor NA NA NA presunicd 2
pathogenic
NM_000527.4:c.324_ NP_000518.1:p. « presumed
DIk 1 325delGTins IC Cys109Arg het PUEIS N& A N& pathogenic 2
LDLR 8 NM_000527.4:c.1061A>G N]’;-D“(’,Slm P het missense probably damaging:  ais Ssudll  discasccausing prestimied 2
sp354Gly m pathogenic
! . NP_000518.1:p. . w presumed
LDLR 17 NM_000527 4:c.2416dupG Val806GlyfsTerl 1 het duplication NA NA NA pathogenic 1
NM_000527 4:c.1846- 5 - presumed
LDLR 12 2ASC NA het splice acceptor NA NA NA pathogenic i |
AR NP_000518.1:p. _ TR probably damaging g s s presumed
LDLR 3 NM 000527 4:¢.284G>T Cys95Phe het missense 0.999) deleterious (0) discase causing pathogenic 1
’ NP_000518.1:p. . probably damaging deleterious A g presumed
LDLR 4 NM_000527.4:¢.530C>T Ser177Leu het missense M ©.01) disease causing pathogenic 1
e NP_000518.1:p. . n & . . p— presumed
LDLR B NM_000527 4:c.1916T>A Val639Asp het missense benign (0.245) deleterious (0) disease causing pathogenic 1
3 ] NP_000518.1:p. : presumed
LDLR 14 NM_000527.4:c.2063del A Asn688ThrfsTer21 het deletion NA NA NA pathogenic i
LDLR 12 NM_000527.4:c1747C>T  NT-000518.1:p. het missense probably damaging 4 irorious (1)  diseasccausing  Presumed 1
His583Tyr m pathogenic
. - NP_000518.1:p. . s probably damaging T Ty presumed
LDLR 5 NM_000527 4:¢.798T>A Asp266Glu het missense (0.979) deleterious (0) disease causing pathogenic 1
& NP_000518.1:p. 3 probably damaging 2 x s presumed
LDLR 10 NM_000527 4:¢.1433G>A Gly478Glu het missense (0.998) deleterious (0) disease causing pathogenic 1
& NP_000581.1:p. = probably damaging ) ¢ ; presumed
LDLR 6 NM_000527.4:¢.907C>T Arg303Trp het missense (0.998) Tolerated (0.37) disease causing pathogenic 1
Genes 2022, 13,999 8of17
Table 3. Cont.
Exon & i Endl Variant Ty, In Silico Prediction Gassil i
Gi gvsc gvsp enotype farian e ificatio Nr. of C:
e /intron R 4 Polyphen SIFT Mutation Taster SRR e
Sum of LDLR-positive patients 27
] NP_000375.2:p. z probably damaging ‘ ” :
APOB 26 NM_000384.2:c.10580G>A Argd527GIn het missense ©.93) NA disease causing pathogenic 3
. NP_000375.2:p. . s o - uncertain 4
APOB 26 NM_000384.2:c.10708C>T His3570Tyr het missense benign (0.003) NA polymorphism significance 1
Sum of APOB-positive palients 4
= ’ NP_071881.1:p. 3 probably damaging i 3 7 uncertain
ABCG5 5 NM_022436.2:¢.593G>A Argl98GIn het missense [y deleterious (0) disease causing significance 1
- P NP_071881.1:p. —— possibly damaging » . . ! uncertain
ABCG5 9 NM_022436.2:c.1285G>A Alad29Thr het missense ©558) deleterious (0) polymorphism significance 1
Sum of ABCG5-positive patients 2
LPL 2 NM_000237.2:106G5A ¥ l:x_:,:gﬁiﬁ P het missense benign (0.066) tolerated (0.16)  discase causing risk factor 1
. NP_000228.1:p. . . 3 . presumed P
LPL 6 NM_000237.2:.953A>G Asn318Ser het missense benign (0.019) tolerated (0.24) disease causing pathogenic 1
Sum of LPL-positive patients 2
Total sum of NGS-posilive patients 35

NA-—not applicable.
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The most common variant in the LDLR gene was the heterozygous ¢.1775G>A p.
(Gly592Glu), detected in nine children. In addition, two splice site variants c¢.190+1G>A
and c.1846-2A>C were detected: the former in two patients and the latter in one. The first
case was a 12-year-old boy (patient 8) with a total cholesterol level of 318 mg/dL and LDL
cholesterol level of 237 mg/dL. The boy was found to harbor the ¢.190+1G>A mutation.
Sanger sequencing revealed the occurrence of the same mutation in the mother, who was
symptomatic, but not in the father, who was normolipemic.

The second case was a five-year-old girl (patient 31) with severe hypercholesterolemia
(TC 345 mg/dL and LDL-c 273 mg/dL) at the time of referral to genetic counselling.
Her cholesterol level after the first year of life was approximately 500 mg/dL. The girl is
being treated with monacolin K. Sanger sequencing confirmed the occurrence of the same
mutation in the mother, who also suffered from hypercholesterolemia (TC 320 mg/dL and
LDL-c 233 mg/dL). During Ezetimibum treatment, the TC level fell to 251 mg/dL and
LDL-c to 167 mg/dL.

In a third case, the splice site variant c¢.1846-2A>C was identified in a nine-year-old
girl (patient 5) with a TC of 312 mg/dL and an LDL-c of 248 mg/dL. Both mutations
had previously been reported as disease-causing in a Polish study of familial hypercholes-
terolemia [17].

NGS analysis revealed the presence of a novel 7bp frameshift deletion ¢.373_379del
CAGTTCG in the exon 4 of the LDLR gene in two siblings. The lipid parameters of the
elder, 10-year-old, brother (patient 7b) showed severe hypercholesterolemia with signifi-
cantly elevated total cholesterol and LDL cholesterol levels, these being 426 mg/dL and
348 mg/dL, respectively. The younger, five-year-old, sister (patient 7a) also demonstrated
elevated TC (278 mg/dL) and LDL cholesterol levels (170 mg/dL). The performed in
silico analysis classified the ¢.373_379del CAGTTCG variant as possibly pathogenic. The
predicted consequences of 7bp deletion, with GIn125Ser at the first amino acid change, is
the formation of a defective transcript and induction of a nonsense-mediated mRNA decay
mechanism (NMD). Looking more closely at the deleted nucleotides and their flanking
sequences, 3 bp directed repeats can be observed (Figure 2). The cause of the aberration
may be the presence of specific deletion and repeat localizations, as described in the slipped
mispairing hypothesis [18].

CATCTCICGG cagttcg TCTGTGACTC

Figure 2. 10 bp sequences bordering the deleted nucleotides (small letters). Underlining indicates the
direct repeats.

In the siblings, Sanger sequencing confirmed the presence of the ¢.373_379del CAGTTCG
variant (Figure 3), which was found to be of paternal origin. The variant cosegregates with
elevated TC and LDL in the proband’s family (Table 4), which supports the evidence of
variant pathogenicity. This is the first report of a ¢.373_379del CAGTTCG mutation in the
LDLR gene. The variant was submitted to ClinVar and was assigned with the accession

number VCV001300030.1.
210 5 220
¢-T-C €AG T T €6 T C-F
*MM&”MAAA
Quality(0-100): 14
(5 rs»———-——————“——-l 0

aC:CfCGGC "‘C—?C“CG_-'-
ATMTAVATAVAVAVAY A VATAV N AVAYATAVATA)

Figure 3. Sanger sequencing chromatogram confirms a heterozygous ¢.373_379del CAGTTCG variant
in the exon 4 of the LDLR gene.

Strona | 49



Genes 2022, 13, 999 10 of 17

Table 4. Lipid concentration values of described siblings and their parents.

bk g e LDE HOL TG ¢373_379delCAGTTCG
mg/dL Presence

Child1 10 426 348 56 82 +

Child2 5 278 170 61 110 +

Mother 41 266 132 97 186 -

Father 43 384 317 51 83 +

The next interesting case was that of a 16-year-old girl (patient 6) who was found
to be a carrier of a frameshift insertion ¢.2416dupG in the exon 17 of the LDLR gene and
missense variant ¢.10708C>T in the exon 26 of the APOB gene. Firstly, the ¢.2416dupG
mutation causes a shift in the reading frame at codon 806, changing valine into glycine,
thus creating a premature stop codon at a new 11 position. This mutation has previously
been described as likely pathogenic. The examination of the proband’s family confirmed
the cosegregation of ¢.2416dupG with hypercholesterolemia, which may confirm variant
pathogenicity (Figure 4).

% pop wwm
o B0 B Hoog 5

€.10708C>T €.2416dupG
€10708C>T ST

©.2416dupG
©.2416dupG

Figure 4. The diagram presents the inheritance of variants ¢.2416dupG and ¢.10708C>T in the
proband’s family. Phenotypically affected members are marked by black. Patients with slightly
elevated total cholesterol level are flagged by a diagonal slash. Examined patients with no clinical
symptoms are marked with a cross.

The second detected SNV ¢.10708C>T in the APOB gene results in histidine to tyrosine
amino acid substitution, as previously detected in hypercholesterolemic patients [19].
Prediction tools classified the detected aberration as likely pathogenic. Three members of
the described family are c.10708C>T heterozygous carriers, yet their lipid levels are within
normal ranges or only slightly elevated. The presence of both DNA variants was confirmed
by direct Sanger sequencing (Figure 5).

T TR b A“f/;\/;\ S Sy R
‘[\(\(\ /\(m Wymf\ Va [\/\, ){\ ,VA\V(‘/\‘ /X\(\,

F_201802-14-02-2702.8b1-> Quakty(0-100):27
I3 750 E=3

‘XY\\/\ ; )‘mf T X\/—f Y\’V v’\/\/><\<

O e gl

18-02-14-02-2702.3b1-> Qum (0-100):4

/\ \/\/\/‘/\/\/\J\/\/ V\/\ALVV A/G\/WA/\N\A f,fxl\/\/\/ Wy "V ‘M

Figure 5. Sanger sequencing chromatograms showing heterozygous c.2416dupG variant in the exon
17 of the LDLR gene (upper chromatogram) and heterozygous ¢.10708C>T variant in the exon 26 of
the APOB gene (lower chromatogram). The top lane picks refer to wild type sequence. The middle
lane picks present described aberrations.
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3.2. Other Affected Genes

Searching for possibly pathogenic variants within APOB revealed the presence of a
¢.10580G>A p.(Arg3527GIn) mutation occurring in three pediatric patients. Arg3527GlIn is
the most frequent alteration within APOB in the Caucasian population and is known to
have a negative impact on LDL-cholesterol metabolism [20]. The highly conserved receptor
binding site is known to be stabilized by the interaction of Arg3527 with Trp4396; as such,
the replacement of arginine by a glutamine at position 3527 impairs receptor recognition.
The belt conformation of ApoB100 that surrounds the LDL particle is maintained by the
interaction of Arg3527 with Trp439615, which stabilizes two clusters of basic amino acids,
ensuring the binding of ApoB100 to LDLR [21].

Within the LPL gene, two variants were identified: ¢.106G>A p.(Asp36Asn) and
¢.953A>G p.(Asn318Ser) (Figure 6). The gene structure with the variant positions are

presented in Figure 6.
1 C106G>A 1 €953A>G
i i

5 _| ] |—|—H—|—|—|—.— | 3
U

Exon | 2 3 4 5 6 7 8 9 10

( I |

N-terminal C-terminal

Figure 6. Schematic presentation of ten exons and corresponding two functional domains in the LPL
gene with indicated variant positions.

Despite the discrepancies in the results of predictive programs, it has been proven that
the replacement of Asp36Asn results in decreased lipoprotein lipase activity in about 20% of
cases [22]. Asp36Asn carriers typically demonstrate hypertriglyceridemia, low HDL level
and increased risk of cardiovascular disease [23]. However, contrary to predictions, one
10-year-old boy in the study (patient 14) carrying the c.106G>A mutation, did not present
a high triglyceride level (138 mg/dL) but did demonstrate hypercholesterolemia with a
TC concentration of 279 mg/dL and an LDL-cholesterol of 158 mg/dL. Sanger sequencing
of the mutated sequence in the proband’s parents revealed the presence of c.106G>A in
the father (Figure 7). Testing the lipid profile in the father revealed high triglyceride level
(314 mg/dL) and total cholesterol level (251 mg/dL), which seems to confirm the expected
deleterious effect of Asp36Asn.

188 190 195- 200 205
""" CR AAAGT AAATT

J\ """" ‘/\i}ww

Figure 7. Sanger sequencing chromatogram shows heterozygous c¢.106G>A variant in the exon 2 of
the LPL gene.

The second common variant in the LPL gene, c.953A>G p.(Asn318Ser), was detected
in a double heterozygous form, together with the missense ¢.1775G>A p.(Gly592Glu)
variant in the LDLR gene. This was observed in a 14-year-old boy in the study (patient 32),
whose lipid parameters were 320 mg/dL TC and 263 mg/dL LDL-C. The patient received
treatment with 5 mg Rosuvastatin, which was found to reduce total cholesterol level to
195 mg/dL and LDL-c level to 135 mg/dL. Variant c.953A>G in the LPL gene is frequently
reported in patients with familial combined hyperlipidemia and is therefore identified as
pathogenic [24].
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The data analysis also revealed two possibly pathogenic mutations, c.593G>A and
¢.1285G>A, within the ABCG5 gene in two unrelated individuals (patients 3 and 10). How-
ever, as no other ABCG5 or ABCG8 mutations were identified, the presence of sitosterolemia
(autosomal recessive inheritance) was rejected.

4. Discussion

The aim of the study was to identify potentially pathogenic FH-related variants in
known and candidate genes in pediatric patients, using next generation sequencing (NGS).
A group of 57 patients fulfilling the research inclusion criteria was recruited, with a mean
age of 10 years. The National Lipid Association Expert Panel on Familial Hypercholes-
terolemia recommends that the lipid profile should be tested in all children from 9 to
11 years old [25]. However, the only country to fully implement universal screening for
early hypercholesterolemia is Slovenia, where testing is carried out in children at the age
of five to six years [4]. Their screening algorithm requires direct referral to genetic testing
when total cholesterol level is 5-6 mmol /L (193-232 mg/dL) with positive family his-
tory, or TC more than 6 mmol/L (232 mg/dL). The Slovenian screening strategy results
disease-causing mutations being identified in approximately 45% of tested children [26].

Similar findings were obtained in the present study, with more than half of the ex-
amined patients obtaining a positive molecular result. In accordance with Simon Broome
threshold lipid values (TC > 260 mg/dL or LDL-cholesterol > 155 mg/dL), 48 recruited
patients fulfilled lipid inclusion criteria; of these, 33 obtained a positive genetic result.
In the other cases, hypercholesterolemia could be due to the presence of a deep intronic
mutation, copy number variation, an aberration in other genes not included in the panel
or perhaps the cause may be polygenic. Nevertheless, it seems that the presence of a
specific FH phenotype is a more discriminating factor in pediatric patients than in adult
patients; another study conducted on a group of adult patients with suspected FH failed to
yield such positive genetic findings. In children, the improved recognition of FH could be
associated with the lower impact of environmental factors, diet, hormones or comorbidities.

Our approach was based on next generation sequencing (NGS) with the use of a
custom designed, 21-gene panel containing well-known FH-related genes (LDLR, APOB
and PCSK9) and candidates correlated with lipid disorders, such as STAP1, SCAP, LIPA or
APOC2. The NGS approach enabled the wide-range analysis of all exons and exon—intron
boundaries of the selected genes. The bioinformatic estimation of the obtained results
revealed fifteen presumed pathogenic variants in the LDLR gene, one in the APOB gene
and one in the LPL gene. The low number of affected genes was probably a consequence of
the small study group, particularly since FH is known to demonstrate significant genetic
heterogeneity. The predominance of changes within the LDLR gene is in line with other
FH studies in the Polish population, where pathogenic LDLR mutations were reported in
81.4% or 87.1% of all found mutations [14,17].

The most frequent aberration was the missense ¢.1775G>A (p.Gly592Glu) variant
located in the exon 12 of the LDLR gene, which was detected in nine pediatric patients.
Chmara et al. report that 15% of diagnosed FH cases had the ¢.1775G>A mutation [20]. Itis
also one of the most common variants identified in Slovakia and the Czech Republic, with
the respective prevalence values of 10.5% and 19.3% [27].

The described aberration is located within a 400-amino acid sequence, formed from
three cysteine-rich repeats, in the EGF precursor homology domain [28]. The localization
of a highly-conserved glycine residue, within the fifth repeat of “YWTD”, determines its
pathogenicity [29]. A Polish FH study found that ¢.1775G>A, as a LOF mutation, reduces
LDL receptor activity to 55-15% of wild type values [20]. A corresponding study from
southern Italy identified 89% of LDLR activity in an Italian patient carrying a heterozygous
mutation [30]. Other data indicates that the presence of the ¢.1775G>A mutation results in
only 5-15% of LDLR activity [31].

Some discrepancies exist in variant classification. Each LDLR mutation can be assigned
to one of five functional groups based on the characteristics of the mutant protein [18].
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Most studies classified ¢.1775G>A as Group 5, i.e., a defective recycling of the LDLR
protein [29,32,33]. On the other hand, some authors propose Group 2b, i.e., partially
disturbed LDLR protein transport from endoplasmic reticulum to the Golgi apparatus or the
plasma membrane [20,34,35]. Aside from differences in determining residual LDLR activity
level or the dysregulation mechanism of the LDLR pathway, ¢.1775G>A p.(Gly592Glu) was
declared to be pathogenic.

Our findings also include the novel identification of a ¢.373_379delCAGTTCG
(p-GIn125SerfsTer79) frameshift deletion in the exon 4 of the LDLR gene. In silico analysis
performed by prediction bioinformatics tools indicated the ¢.373_379del CAGTTCG variant
to be pathogenic, potentially shifting the reading frame and therefore generating a pre-
mature termination codon at a new 79 position. However, this aberration is not included
in any human genome variant databases (HGMD, ClinVar or LOVD) nor any population
databases (ExAC, gnomAD or 1000 Genomes Project). Family data appear to confirm
variant cosegregation, with significantly elevated LDL cholesterol levels.

There are many hypothesis addressing the mutagenesis of mechanisms leading to
microdeletions (<20 bp), one of them being the model of slipped mispairing during the DNA
replication process [36]. This mechanism is based on the assumption that 2-8 bp repeats are
found in close proximity on complementary DNA strands [37]. Illegitimate pairing between
different located repeats during replication leads to single-strand loop formation, which
are then removed by DNA repair enzymes. Consequently, the final replication products
comprise one deleted and one wild-type DNA duplex [36]. A closer look at the detected
¢.373_379delCAGTTCG and its contiguous sequence confirmed the presence of those 3 bp
repeats. Furthermore, one of the repeated sequence has been removed, suggesting that
the slipped mispairing hypothesis is more likely than homologous recombination between
palindromic or symmetric repeated sequences [18].

Krawczak et al. report that in 93% of 60 examples of causal human gene deletion of
20 bp or less, the deleted sequence includes or overlaps a direct repeat and that 3 bp repeats
were the most frequent [36]. Other studies suggest that 48% of deletional events occur as a
consequence of the presence of a repeated flanking motif, caused by a slipped mispairing
mechanism. The same authors note that mean LDL receptor activity is reduced to 19.8%
among heterozygous carriers of a protein-changing mutation (nonsense, frameshift and
splice site mutation) [18].

Similar intragenic LDLR deletion has been identified in a Japanese investigation. The
study reports that one 7 bp deletion of nucleotides 578-584 in exon 4 was detected among
13 families demonstrating FH. In this case, a 63-year-old patient, the carrier of the aberration,
presented corneal arcus, tuberous and Achilles tendon xanthomas on both legs and ischemic
heart disease. His total cholesterol concentration was 336 mg/dL, with an LDL cholesterol
level of 285 mg/dL. HDL cholesterol and triglyceride levels were within normal ranges.
Even though the functional array analysis did not confirm reduced LDL receptor binding
activity, the authors propose the existence of other dysfunctional mechanisms, and indicate
the aberration as disease-causing. They also assigned the variant to Group 1 mutation (null
alleles) [38]. As Group 1 mutations disrupt LDLR synthesis, they generate the most severe
phenotypes of the five classes. This group includes mainly nonsense (66.3%) and frameshift
mutations (30.4%) [18].

To summarize, the exact pathogenicity mechanisms responsible for the deletion of
few bp within the coding region of LDLR gene remain generally unclear in most cases.
Nevertheless, all authors agree that this type of aberration results in serious disturbances
in cholesterol metabolism. Based on family examination, the available literature data and
estimation by predictive programs, the detected novel ¢.373_379del CAGTTCG variant was
considered to be pathogenic.

Our findings also reveal the presence of a double-heterozygous carrier, with the
frameshift mutation ¢.2416dupG in the exon 17 of the LDLR gene and the missense variant
¢.10708C>T in the exon 26 of the APOB gene. Exon 17 of the LDLR gene encodes membrane-
anchoring and cytoplasmic tail domains, which are essential for ensuring the cell membrane
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attachment of the receptor and correct protein endocytosis [18,39]. The c¢.2416dupG variant
may result in nonsense-mediated mRNA decay (NMD), which is a translation-coupled
mechanism that eliminates mRNAs containing premature translation-termination codons
or protein truncation. In each case, the function is severely disturbed. Previous studies have
reported this aberration in FH patients in the US, southern Sweden, the Czech Republic,
the Netherlands and Japan [39]. Our identified family histories (Figure 4) indicate that
the ¢.2416dupG variant cosegregates with a prominent FH-phenotype, which supports its
pathogenicity. The second ¢.10708C>T, p.(His3570Tyr) variant in the APOB gene has previ-
ously been described as a potentially FH-related mutation, even though its pathogenicity is
still unproven [19,40,41]. Recent studies suggest that the p.His3570Tyr variant has a minor
effect on LDL-C levels and would be better classified as a polymorphism in the APOB
gene. Other authors propose that the rare ¢.10708C>T variant alone is not pathogenic but
that its co-occurrence with LDLR mutation can lead to a more severe phenotype in terms
of atherosclerotic vascular disease [42]. Our data demonstrate that there is no evidence
that APOB ¢.10708C>T has a causative effect; the variant also occurs in unaffected adult
family members.

The second double-heterozygous patient was a 14-year-old boy carrying the common
¢.953A>G variant in LPL gene and the ¢.1775G>A variant in the LDLR gene. His lipid
profile showed isolated hypercholesterolemia, which clearly demonstrates the pathogenic
effect of the LDLR variant. However, the negative influence of the second variant within
the LPL gene is not so apparent. Population-based studies indicate that the frequency of
the heterozygous ¢.953A>G (p.Asn318Ser) variant ranges from 1% to 7% among control
individuals, and that heterozygous carriers demonstrated a 31% mean increase in plasma
triglyceride level [43]. The impact of ¢.953A>G in our case is questionable due to a lack of
any visible effect in the patient lipidogram. Perhaps functional testing would be conclusive
in this case.

The next-generation sequencing proved to be an appropriate tool for identifying
changes in FH pediatric patients. Of course, while the choice of NGS over WES may be
considered as a main study limitation, the substantially lower cost of NGS, with WES
being three times as expensive, makes the NGS technology more achievable for Polish
research institutions. Reducing the scope of sequencing to exons of selected genes narrows
the diagnostic possibilities, but the resulting reduction in costs allows more patients to
be tested. Moreover, panel sequencing platforms are a more preferred choice in Poland,
due to reduced equipment and service costs and the greater availability of service facilities
and specialists.

5. Conclusions

Our findings provide a greater insight into the genetic complexity of primary dyslipi-
demias. Despite the relatively limited size of the study group, a wide variety of changes
were noted within the LDLR gene. This best illustrates the pressing need for the develop-
ment of new diagnostic approaches in the field of genetic testing. More powerful tools,
such as next generation sequencing, increase the chance of accurate diagnosis and thus the
implementation of early preventive treatment.
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ABCA1: ATP-binding cassette transporter, subfamily ABCA, member 1 gene; ABCG5: ATP-
binding cassette transporter, subfamily G, member 5 gene; ABCG8: ATP-binding cassette transporter,
subfamily G, member 8 gene; APOA5: Apoliprotein A-V gene; APOB: Apolipoprotein B gene; APOC2:
Apolipoprotein C2 gene; APOE: Apolipoprotein gene; ASCVD: Atherosclerotic cardiovascular dis-
ease; cIMT: carotid intima-media thickness; CVD: Cardiovascular disease; CYP7A1: Cholesterol 7
a-hydroxylase gene; FH: familial hypercholesterolemia; GPIHBP1: Glycosylphosphatidylinositol
anchored high density lipoprotein binding protein 1 gene; HDL: High-density lipoprotein; LCAT:
Lecithin—cholesterol acyltransferase gene; LDL: Low-density lipoprotein; LDLR: Low-density lipopro-
tein (LDL) Receptor gene; LDLR: Low-density lipoprotein receptor; LDLRAPI: Low-density lipopro-
tein receptor adapter protein 1 gene; LIPA: Lysosomal acid lipase gene; LMFI: Lipase maturation
factor 1 gene; LMNA: Lamin A/C gene; LOVD: Leiden open variation database; LPL: Lipoprotein
Lipase gene; NGS: Next generation sequencing; PCR: Polymerase chain reaction; PCSK9: Proprotein
convertase subtilisin/kexin type 9 gene; PolyPhen2: Polymorphism phenotyping version 2; PPARG:
Peroxisome proliferator activated receptor y gene; SCAP: Sterol regulatory element-binding protein
cleavage-activating protein gene; SIFT: Sorting intolerant from tolerant; SNV: Single-nucleotide vari-
ant; SREBF2: Sterol regulatory element binding transcription ractor 2 gene; STAP1: Signal transducing
adaptor family member 1 gene; TC: Total cholesterol; TG: Triglycerides.
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Abstract: Familial hypercholesterolemia (FH) is an inherited, autosomal dominant metabolic disorder
mostly associated with disease-causing variant in LDLR, APOB or PCSK9. Although the dominant
changes are small-scale missense, frameshift and splicing variants, approximately 10% of molecularly
defined FH cases are due to copy number variations (CNVs). The first-line strategy is to identify
possible pathogenic SNVs (single nucleotide variants) using multiple PCR, Sanger sequencing, or
with more comprehensive approaches, such as NGS (next-generation sequencing), WES (whole-
exome sequencing) or WGS (whole-genome sequencing). The gold standard for CNV detection in
genetic diagnostics are MLPA (multiplex ligation-dependent amplification) or aCGH (array-based
comparative genome hybridization). However, faster and simpler analyses are needed. Therefore, it
has been proposed that NGS data can be searched to analyze CNV variants. The aim of the study
was to identify novel CNV changes in FH patients without detected pathogenic SNVs using targeted
sequencing and evaluation of CNV calling tool (DECoN) working on gene panel NGS data; the study
also assesses its suitability as a screening step in genetic diagnostics. A group of 136 adult and child
patients were recruited for the present study. The inclusion criteria comprised at least “possible FH”
according to the Simon Broome diagnostic criteria in children and the DLCN (Dutch Lipid Clinical
Network) criteria in adults. NGS analysis revealed potentially pathogenic SNVs in 57 patients. Thirty
selected patients without a positive finding from NGS were subjected to MLPA analysis; ten of these
revealed possibly pathogenic CNVs. Nine patients were found to harbor exons 4-8 duplication, two
harbored exons 6-8 deletion and one demonstrated exon 9-10 deletion in LDLR. To test the DECoN
program, the whole study group was referred for bioinformatic analysis. The DECoN program
detected duplication of exons 4-8 in the LDLR gene in two patients, whose genetic analysis was
stopped after the NGS step. The integration of the two methods proved to be particularly valuable in
a five-year-old girl presenting with extreme hypercholesterolemia, with both a pathogenic missense
variant (c.1747C>T) and exons 9-10 deletion in LDLR. This is the first report of a heterozygous
deletion of exons 9 and 10 co-occurring with SNV. Our results suggest that the NGS-based approach
has the potential to identify large-scale variation in the LDLR gene and could be further applied to
extend CNV screening in other FH-related genes. Nevertheless, the outcomes from the bioinformatic
approach still need to be confirmed by MLPA; hence, the latter remains the reference method for
assessing CNV in FH patients.

Genes 2022, 13, 1424. https:/ /doi.org/10.3390/ genes13081424
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Keywords: inherited disorder; familial hypercholesterolemia; copy number variation (CNV); LDLR
gene; genetic basis; bioinformatic tool; DECoN; phenotype-genotype correlation; panel next generation
sequencing (NGS); multiplex ligation-dependent amplification (MLPA)

1. Introduction

Familial hypercholesterolemia (FH) is an inherited, autosomal dominant metabolic
disorder mostly caused by disease-causing variant in LDLR (low-density lipoprotein recep-
tor gene), APOB (apolipoprotein B gene) or PCSK9 (proprotein convertase subtilisin/kexin
type 9 gene). The respective prevalence of heterozygous FH (HeFH) and homozygous
FH (HoFH) was initially thought to be 1:500 and 1:1,000,000, but these figures have been
revised following the rapid development of genetics and increased awareness of the dis-
ease. Nowadays, it has been estimated that HeFH affects 1:313 individuals worldwide, and
HoFH is still being ultrarare condition with prevalence of 1:160—-400,000 [1,2]. The clinical
hallmarks of FH are high total and LDL cholesterol levels; these are directly associated
with increased cardiovascular risk, with the main clinical manifestation being ischemic
heart disease (IHD). Early detection and initiation of lipid-lowering treatment is crucial
for ASCVD (Atherosclerotic Cardiovascular Disease) prevention, with an objective of LDL
cholesterol <55 (1.42 mmol/L) or 70 mg/dL (1.81 mmol/L) depending on the risk and a
decrease of at least 50% [3,4].

The most widely adopted diagnostic algorithms are Dutch Lipid Clinical Network
Criteria (DLCN), Simon Broome (SB) and Making Early Diagnosis Prevents Early Death
(MEDPED). However, regardless of the criteria, genetic testing is unequivocal, and forms a
central part of any diagnosis [5].

The FH phenotype is caused by loss of function variants in the LDLR gene in 60-80%
patients, followed by those in APOB (5-10%) or by gain-of-function variants in PCSK9
(<1%) [6]. Rarely, the patient harbors an ultra-rare variant in the APOE gene or one of a
wide group of candidate genes (LDLRAP1, LIPA, SCAP, GPIHBP1 or STAP1). The dominant
changes are small-in-scale missense, frameshift and splicing variants but approximately
10% of molecular defined FH are due to copy number variations (CNVs). CNVs are genomic
structural variants that include deletions and duplications larger than 50 bp in size [7].
CNV regions are found ubiquitously throughout the human genome, and encompass
about 4.8-9.7% of its total sequence [8]. Depending on the size and genomic localization,
CNVs can have a range of functional consequences ranging from neutral to adaptive to
maladaptive traits [9]. In the last decade, maladaptive CNVs have been found to play a role
in many human diseases such as autism, schizophrenia or Crohn’s disease. Their possible
role in dyslipidemias is still being investigated; research to date has focused primarily on
causal changes for FH, but this may broaden as techniques evolve. A 2018 review found
about 56 unique deletions and 27 unique duplications had been detected in the LDLR
gene [9]. Such a high number is probably related to the fact that there are 98 Alu repeats
within the gene [10]; it was also found that Alu repeats represent 65% of LDLR intronic
sequences, and 85% of genomic sequence outside exon-intron junctions [11]. LDLR is hence
especially susceptible to CNV rearrangements with breakpoints mostly located within the
introns, leading to whole-exon events [10].

The development of new, cost-effective, rapid and efficient molecular techniques is
now extremely important. The first-line strategy is to identify possibly pathogenic SNVs
(single nucleotide variants) using multiple PCR, Sanger sequencing or more comprehensive
approaches, such as panel next-generation sequencing (NGS), whole-exome sequencing
(WES) or whole-genome sequencing (WGS). Conventional Sanger sequencing significantly
limits the scope of the study, while techniques such as WES or WGS provide enormous
amounts of data which are often challenging to interpret. Hence, the optimal technique
within the reach of most research laboratories is targeted NGS. NGS technology allows the
detection of single-nucleotide variants and small deletion/insertion variants for Mendelian
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conditions. However, when diagnosing FH, it should be noted that large CNV variants
make up about 10% of the genetic background, and their detection is a necessary step in a
comprehensive genetic diagnostics strategy.

The gold standard for CNV detection in genetic diagnostics are multiplex ligation-
dependent amplification (MLPA) or array-based comparative genome hybridization
(aCGH) [12]. However, to provide simpler and quicker analysis, new approaches based
on using NGS data to analyze CNV variants have been proposed. A number of bioin-
formatic tools have been developed to analyze post-NGS data, but not all of them show
adequate sensitivity or specificity, or acceptable false discovery rates. The detection of
large rearrangements from targeted NGS data is still complicated by issues intrinsic to the
technology, such as short read lengths [12].

The aim of the study was to search novel CNV changes in FH patients without
detected pathogenic SNVs in targeted sequencing and evaluation of CNV calling tool
(DECoN) working on NGS data; it also assesses the suitability of the method as a screening
step in genetic diagnostics.

2. Materials and Methods
2.1. Patients

A total of 136 adult and children patients from the EAS-FHSC Regional Center for
Rare Diseases at the Polish Mother’s Memorial Hospital—Research Institute (PMMHRI) in
Poland were recruited for the present study [13]. The inclusion criteria were the status of at
least “possible FH” according to the Simon Broome diagnostic criteria in children and the
Dutch Lipid Clinical Network Criteria in adults. The study was conducted in accordance
with the Declaration of Helsinki and approved by the PMMHRI Ethics Committee (opinion
number 15/2016, date of approval 12 January 2016). Informed consent was obtained from
all subjects involved in the study.

2.2. NGS Analysis

Genomic DNA was isolated from peripheral blood samples using a MagCore au-
tomatic nucleic acid extractor (RBC Bioscience, New Taipei City, Taiwan). The entire
procedure of preparing the libraries for NGS sequencing was conducted in accordance
with the manufacturer’s protocol and was described in detail in the cited resource [14].
A custom NGS panel containing 21 causative and candidate genes linked to familial hy-
percholesterolemia and other primary dyslipidemias (ABCA1, ABCG5, ABCG8, APOAS5,
APOB, APOC2, APOE, CYP7A1, GPIHBP1, LCAT, LDLR, LDLRAP1, LIPA, LMF1, LMNA,
LPL, PCSK9, PPARG, SCAP, SREBF2, STAPI). The obtained NGS data were processed and
analyzed by VariantStudio Software. The pathogenicity of the variants was determined in
silico using web-based software, such as PolyPhen2, SIFT and Mutation Taster. Searches
for phenotype-genotype correlations were evaluated using PubMed, LOVD or VARSOME
databases. Variants were classified according to current American College of Medical
Genetics and Genomics (ACMG) guidelines [15]. The presence of selected variants was
confirmed by bidirectional Sanger sequencing on a 3500 Series Genetic Analyzer (Applied
Biosystems, Waltham, MA, USA). DNA Variant Analysis was performed using Mutation
Surveyor V5.1.0 software (SoftGenetics, State College, PA, USA).

2.3. MLPA Analysis

The MLPA analysis was conducted in accordance with the manufacturer’s protocol
(MRC-Holland, Amsterdam, The Netherlands) using the SALSA MLPA Probemix P062
LDLR. The PCR products were combined with labelled size standard (GeneScan 500 LIZ
Size Standard; Applied Biosystems, Waltham, MA, USA) and separated by capillary elec-
trophoresis on a 3500 Series Genetic Analyzer (Applied Biosystems, Waltham, MA, USA).
The P062 kit contains 20 probes for LDLR, one flanking probe for upstream of LDLR and
12 reference probes for gene loci on alternative autosomal chromosomes. The GeneMarker
v1.95 (SoftGenetics, State College, PA, USA) was used to perform pattern comparison of
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peak height between patient samples and control samples. Each amplification yields a
pattern composed of fluorescent FAM-labeled peaks, with each peak corresponding to a
specific genomic DNA locus.

2.4. CNV Calling

CNV screening of NGS data was performed using the DECoN bioinformatic tool. To
generate a coverage metrics of exons the bam files and bed files obtained from targeted
NGS were uploaded. Then, quality checks were performed to flag any samples or exons
where exon CNV calling may be suboptimal. Both exons and samples were evaluated
based on their median coverage level and their mutual correlation. Samples without a high
correlation with others in the set are likely to have suboptimal detection across the entire
target. The default value was 0.98. After rejecting non-compliant samples, the exon CNV
calling was performed. All generated calls were collected in a summary table containing
CNV ID, sample ID, correlation score (the maximum correlation between the test sample
and any other sample in the full set of bam files), N.comp (the number of samples used as
the reference set), Start.b (the number of the first exon in the call from the analyzed bed
file), End.b (the number of the last exon in the call from the analyzed bed file), CNV type,
N.exons (number of exons encompassed by the call), Start (the start position of the call
from the analyzed bed file), End (the end position of the call from the analyzed bed file),
Chromosome, Genomic ID, the Bayes Factor, Reads.expected, Reads.observed, Reads.ratio
and name of the affected gene. The bioinformatics content was carried out in cooperation
with research team from Medical University of Warsaw, Poland.

3. Results

A group of 136 pediatric and adult patients with a clinical suspicion of familial hy-
percholesterolemia (FH) was recruited for the present study. Potentially pathogenic SNVs
were identified in 57 patients, who were referred to Sanger sequencing confirmation. Thirty
selected patients without a positive NGS finding were referred for MLPA analysis; the
selective referral to MLPA analysis was dictated by economic considerations and only
patients with highest LDL cholesterol were selected. The MLPA analysis revealed possibly
pathogenic CNVs in 10 patients. To test the DECoN program, the whole study group was
referred for bioinformatic analysis. DECoN detected duplication of exons 4-8 in LDLR
gene in two patients whose genetic analysis was stopped after the NGS step. Both cases
were validated with MLPA. The research process is presented in Figure 1.

136 FH
patients
L5
NGS analysis
79 patients 57 patients |
without with | e »> Sanger
pathogenic pathogenic sequencing
SNV SNV |
Selected MLPA LDLR DECoN analysis
7’ .
of \‘l
10 patients
. Wlt-h 2novel |F-————- »> MLPA
identified findings validation
CNV

Figure 1. The schematic presentation of the conducted research.
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Among twelve CNV-positive patients, six were children and six adults. Patient age,
sex, lipid profile and obtained genetic results are shown in Table 1.

Table 1. Patients with identified FH-related CNV (copy number variation) and obtained genetic

results.
L i [m;/(c::lL] [n];g?c]l_L] [:g?;L] [m;/(?:lL] Rr:scuslt MLEA. Resul
1 Male 15 293 253 42 45 negative Duplication of exons 4-8 of LDLR
2 Female 50 287 203 41 NA negative Duplication of exons 4-8 of LDLR
3 Female 3 277 222 47 43 negative Duplication of exons 4-8 of LDLR
4 Female 28 380 265 NA NA negative Duplication of exons 4-8 of LDLR
5. Female 64 424 344 32 344 negative Duplication of exons 4-8 of LDLR
6 Female 14 336 263 52 106 negative Deletion of exons 6-8 of LDLR
7 Female 35 368 282 59 134 negative Deletion of exons 6-8 of LDLR
8 Female 16 440 367 43 144 negative Duplication of exons 4-8 of LDLR
9 Female 5 745 693 NA NA positive Deletion of exons 9-10 of LDLR
10. Female 68 *196 *140 *37 *104 negative Duplication of exons 4-8 of LDLR
11. Male 28 333 290 39 93 negative Duplication of exons 4-8 of LDLR
12. Female 10 371 274 83 70 negative Duplication of exons 4-8 of LDLR

* Lipid parameters obtained during the hypolipidemic treatment. The patient was excluded from a statistical
summaries.

Nine patients demonstrated exons 4-8 heterozygous duplication, two showed exons
6-8 heterozygous deletion and one patient exons 9-10 heterozygous deletion. Examples of
the MLPA images are presented in Figure 2.

3.1. Duplication of Exons 4-8 of LDLR

Patients 1 and 2 represent a family case (son and mother); the 15-year-old boy (weight:
44.5 kg; high: 156 cm) was admitted to hospital with a TC level of 293 mg/dL (3.31 mmol /L)
and LDL-c of 253 mg/dL (6.54 mmol/L). Implemented statin therapy resulted in a reduction
in the TC level to 224 mg/dL (5.79 mmol/L) and LDL-c to 165 mg/dL (4.27 mmol/L). Lipid
testing of close family members reveals a history of hypercholesterolemia in the mother [TC
287 mg/dL (3.24 mmol/L) and LDL-c 203 mg/dL (5.25 mmol/L)] and siblings (18-year-old
brother and 23-year-old sister). A physical examination revealed no abnormalities.

Patients 3 and 4 are mother and daughter; a 3-year-old girl demonstrated hyperc-
holesterolemia with a TC level of 277 mg/dL (7.16 mmol/L) and LDL-c of 222 mg/dL
(5.74 mmol/L). NGS analysis revealed the presence of a heterozygous missense variant
¢.56C > G (rs3135506) in APOAS5 gene. This variant has previously been associated with an
increased risk of hypertriglyceridemia [16,17], but current reports are more likely to indicate
this as functional polymorphism [18,19]. As our patient did not demonstrate high TG con-
centration and the ¢.56C > G variant still did not explain the cause of hypercholesterolemia,
further genetic diagnostics was required.

Case number 5 is a 64-year-old woman suffering from hypertension, generalized
atherosclerosis and dizziness. Her lipid profile presented combined hyperlipidemia with a
TC level of 424 mg/dL (10.96 mmol/L), LDL-c of 344 mg/dL (8.90 mmol/L) and TG of
344 mg/dL (3.88 mmol/L). At that time, the patient began pharmacological lipid-lowering
treatment with rosuvastatin and ezetimibe (each 10 mg daily doses). After more than a
year of treatment, the cholesterol parameters dropped to 271 mg/dL (7.01 mmol /L) for TC
and 145 mg/dL (3.75 mmol/L) for LDL-c. The patient’s daughter, with LDL-c level over
190 mg/dL, was referred for genetic testing.
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Figure 2. (A). Cut-off values for dosage quotient distribution, the equivalent number of copies and
homo/heterozygosity state. (B). MLPA (multiplex ligation-dependent amplification) fragment length,
SALSA MLPA probe numbers and their chromosomal position. (C). MLPA plots presenting exons 4-8

duplication of LDLR. The peak ratios of five probes oscillate in the range of 1.5-1.6 which corresponds
to heterozygous duplication. (D). MLPA plots presenting exons 6-8 deletion of LDLR. The peak
ratios of three probes oscillate in the range of 0.5-0.6 which corresponds to heterozygous deletion.
(E). MLPA plots presenting exons 9-10 deletion of LDLR. The peak ratios of two probes oscillate in
the range of 0.5-0.6 which corresponds to heterozygous deletion.
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Patient 8, a 16-year-old girl, presented severe hypercholesterolemia with a TC level
of 440 mg/dL (11.38 mmol/L) and LDL-c of 267 mg/dL (6.90 mmol/L). The girl was
started on atorvastatin. The patient’s mother was also symptomatic with TC 290 mg/dL
(7.50 mmol/L) and LDL-c 288 mg/dL (7.45 mmol/L), during statin therapy.

Patient 10 is 68-year-old women with chronic coronary syndrome after coronary artery
bypass graft surgery. Her family history indicates the presence of severe lipid abnormalities-
two brothers experienced sudden heart attacks at the ages of 25 and 39. The patient was
treated with fenofibrate; lipid parameters during the drug treatment: TC 196 mg/dL
(5.07 mmol/L), LDL-c 140 mg/dL (3.62 mmol/L), HDL 37 mg/dL (0.96 mmol/L), TG
104 mg/dL (1.17 mmol/L).

Case number 11 is a 28-year-old boy with severe hypercholesterolemia identified at
age 8, with a TC level of 329 mg/dL (8.51 mmol/L), LDL-c of 270 mg/dL (6.98 mmol/L),
HDL of 50 mg/dL (1.29 mmol/L) and TG of 43 mg/dL (0.49 mmol/L), at that time. Since
the age of 18, treatment with atorvastatin, rosuvastatin, simvastatin and ezetimibe has
been implemented. Due to muscle pains in the lower limbs and increased creatinine
kinase level (452 TU/1), the hypolipidemic treatment was discontinued. A year later, the
patient was referred for genetic testing, and his lipid parameters again showed severe lipid
abnormalities [TC 333 mg/dL (8.61 mmol/L), LDL-c 290 mg/dL (7.50 mmol /L), HDL
39 mg/dL (1.01 mmol/L), TG 93 mg/dL (1.05 mmol/L)]. Currently, the patient reports a
healthy lifestyle, diet, physical activity, and refuses drug treatment. The patient’s mother is
also affected with a LDL-c level of 307 mg/dl (7.94 mmol/L).

Patient 12 is an untreated 10-year-old girl with a TC level of 371 mg/dL (9.59 mmol/L),
LDL-c 274 mg/dL (7.09 mmol/L), HDL 83 mg/dL (2.15 mmol/L) and TG 70 mg/dL
(0.79 mmol/L). The lipid parameters of the parents do not indicate inheritance of du-
plication [Father: TC 194 mg/dL (5.02 mmol/L), LDL-c 110 mg/dL (2.84 mmol/L),
HDL 67 mg/dL (1.73 mmol/L), TG 87 mg/dL (0.98 mmol/L); Mother: TC 147 mg/dL
(3.80 mmol/L), LDL-c 87 mg/dL (2.25 mmol/L), HDL 37 mg/dL (0.96 mmol/L), TG
173 mg/dL (1.95 mmol/L)]. No abnormalities were noted on physical examination.

3.2. Deletion of Exons 9-10 of LDLR

Case number 9 is a 5-year-old girl of normal weight (19 kg, 116 cm) showing ex-
treme hypercholesterolemia with TC level of 745 mg/dL (19.27 mmol/L) and LDL-c of
693 mg/dL (17.92 mmol/L). The patient manifested characteristic phenotypic feature
of hypercholesterolemia as xanthomas found on eyelid, Achilles tendon and knee area
(Figure 3). The patient received treatment with 10 mg rosuvastatin, which resulted in a
significant reduction in lipid parameters [TC 243 mg/dl (6.28 mmol/L), LDL-c 210 mg/dl
(5.43 mmol/L]. In addition to extensive exon 9-10 deletion, NGS analysis revealed the
presence of heterozygous missense variant ¢.1747C>T, p.(His583Tyr) in exon 12 of LDLR
gene. The detected variant is reported in ClinVar (RCV000771547.7) and LOVD database
(#0000093188) as likely pathogenic, corresponding to familial hypercholesterolemia. The
performed MLPA analysis excluded the presence of exon 9-10 deletion in the girl’s parents,
suggesting de novo origin.

Figure 3. Xanthoma found on right knee. A similar-size xanthoma on the right Achilles tendon
was removed.
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3.3. Deletion of Exons 6-8 of LDLR

Patients 6 and 7 are mother and daughter; the 14-year-old girl was admitted to hospital
with a TC level of 336 mg/dL (8.69 mmol/L), LDL-c 263 mg/dL (6.80 mmol/L), HDL
52 mg/dL (1.34 mmol/L) and TG 106 mg/dL (1.20 mmol/L). Her 35-year-old mother
also has an abnormal lipid profile, with TC level of 368 mg/dL (9.52 mmol/L) and LDL-c
282 mg/dL (7.29 mmol/L); simvastatin treatment was implemented. Neither presented
xanthomas or corneal arcus.

3.4. Bioinformatic Analysis

To confirm the changes detected in the MLPA and to search for new CNVs we pro-
cessed post-NGS data by DECoN. The computational pipeline utilizes coverage depth
of the captured regions and calculates a copy number ratio for each region. Based on
variations in mean coverages between samples, the program identified two additional
patients with suspected exon 4-8 duplication in the LDLR gene (Table 2). The presence of
changes was confirmed by MLPA.

Table 2. Results obtained with the DECoN program. The following columns indicate: Correlation—
the maximum correlation between the test sample and any other sample in the full set of BAM
files, N.comp—the number of samples used as the reference set, Start.b—the number of the first
exon in the call from the analyzed BED file, End.b—the number of the last exon in the call from
the analyzed BED file, CNV type—type of copy number variation change, Genomic ID—genomic
coordinates of detected variant according to GRCh38, BF—the Bayes factor associated with the call,
Reads.expected—the number of expected reads under the probabilistic model, Reads.observed—the
number of observed reads, Reads.ratio—the ratio of observed to expected reads and Gene name.

y . Reads. Reads. Reads.
No. Correlation N.Comp Startb Endb CNV Type Genomic ID BF Expected Observed  Ratio Gene

chr19:11105220-

11. 0.997068559377578 2 250193 250214  duplication 11111639 58.5 8354 10869 13 LDLR
12 0.998912665575895 12 250193 250214  duplication chr}‘i:llllllé%SQZZO- 115 5100 7114 1.39 LDLR

4. Discussion

Changes in copy number variation constitute the genetic background of many human
diseases. It is known that familial hypercholesterolemia (FH) is mainly caused by point
changes in LDLR, APOB, PCKS9 or of a wide range of candidate genes. However, it should
not be forgotten that about 10% of causal variation constitutes LDLR CNVs, so there is a
high need to detect large-scale CNVs in addition to single nucleotide variants [9].

The first stage of the analysis examined all patients using an NGS custom panel,
which identified disease-causing variants in 57 patients. A second-stage MLPA analysis,
performed in 30 selected symptomatic patients, confirmed LDLR changes in 10 patients.
Finally, the DECoN analysis detected CNV changes in two additional patients who had
not been previously checked by the MLPA technique. Hence, 42% of the study group were
found to have pathogenic SNV and 8.8% with causal CNV. The lowered percentage of CNV
occurrence relative to the commonly reported 10%, can be considered as a study limitation.
The most frequent alteration was heterozygous duplication of exons 4-8, found in nine
individuals with an average concentration of TC and LDL-c of 348 mg/dL (9.00 mmol/L)
and 275 mg/dL (7.11 mmol/L), respectively. These frequencies are in line with data from
other study on Polish population, where this CNV change was found to be the most
common. Chmara et al. also report that major LDLR rearrangements, as well as two-point
variants in LDLR and APOB genes, are frequent causes of FH in Poland [20]; as such,
CNVs are an important component of the genetic background of FH and should not be
overlooked in the diagnostic process. Few studies have addressed CNV analyses in Polish
populations, which may indicate a weak diagnostics rate in this area. The entire study
group was characterized by very high levels of TC and LDL-c with mean concentrations of
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388 mg/dL (10.03 mmol /L) and 318 mg/dL (8.22 mmol/L), respectively. These findings
correlate with previous reports that heterozygous LDLR CNVs are associated with a more
severe biochemical phenotype than other types of alteration [21].

The integration of the two methods proved to be particularly valuable in patient
number 9, a five-year-old girl who presented a pathogenic missense variant and a two-exon
deletion in LDLR gene, corresponding to a compound heterozygote state. Homozygous
FH is a rare and life-threatening disease originally characterized by plasma cholesterol
levels >500 mg/dL (>12.93 mmol/L), extensive xanthomas, and marked premature and
progressive atherosclerotic cardiovascular disease (ACVD) [22]. The co-occurrence of high
levels of TC and LDL-c with xanthomas in the patient corresponded to a homozygote state;
this was suspected before the genetic testing and highly indicated a diagnosis of FH.

The missense ¢.1747C>T variant leads to histidine to tyrosine substitution at amino acid
position 583, (p.His583Tyr). The variant has “conflicting interpretations of pathogenicity”
with a significant preponderance of “pathogenic” ratings in ClinVar database. Combined
computational analysis based on 10 predictor tools (BayesDel_add AF, DANN, DEOGEN2,
EIGEN, FATHMM-MKL, LIST-S2, M-CAP, MVP, MutationTaster and SIFT) on Varsome
(https:/ /varsome.com, accessed on 6 June 2022) classified the above variant as pathogenic.
This variant was previously reported to be one of the most common in FH patients in
Singapore, Hong Kong, Taiwan and China [23]. In vitro research data, based on radioac-
tive method, indicated that LDL receptor activity decreased by 60% due to ¢.1747C>T
variant [23]. Based on the available reports, the detected variant should be considered as
potentially pathogenic, disrupting the normal function of the LDL receptor.

Various single or multi-exon deletions in the LDLR gene have been reported so far
(exons 2-3, exon 5, exon 7, exon 9-14) [21]; however, this is the first report of a heterozygous
deletion of exons 9 and 10 co-occurring with SNV. Exons 7-14 of the LDLR gene encode the
EGF-precursor homology domain, that plays a pivotal role in lipoprotein release during
receptor recycling. The amino acid sequence in this domain is highly conserved, with
70-85% sequence homology shared across different species: human, cow, rabbit, hamster,
rat, and the toad Xenopus laevis [21]. Any change within the domain may result in impaired
release of LDL from the LDLR and potentially prevent the return of the receptor to the
hepatocyte surface. The heterozygous deletion of two exons (9 and 10) likely resulted in no
LDLR production (null allele) thus contributing to a massive reduction in LDLR-mediated
endocytosis of LDL protein. The presented case is an interesting example of phenotypic-
genotypic correlation in severe FH, illustrating the heterogeneity of the disease, and hence
the need for comprehensive genetic diagnostics and early detection.

The MLPA technique is considered as the gold standard for CNV detection but for
FH diagnostics, it is only well suited for LDLR gene analysis. The emerging reports of the
presence of CNVs in inter alia the PCSK9 gene [7], prompts the analysis of other FH-related
genes not covered by commercially available MLPA kits. It is also a rather time-consuming
and expensive method, and as such could not be applied for all patients in the present
study. In addition, being a semiquantitative method, it also requires well-set standards and
controls for correct peak analysis.

It has always been a goal to find a unique method to detect both SNVs and CNVs from
a single source of data. Many tools for CNV detection from NGS data have been developed
but most show poor performance when dealing with small CNVs and were designed to
work with whole-genome or whole-exome data [12]. Four different types of approach are
currently used for detecting CNVs from NGS data: paired-end mapping-based detection
(PE), split read based detection (SR), de novo assembly based detection (DA) and read depth
based detection (RD) [24]. A large number of synthesized overlapping fragments is required
to maximize DOC in panel NGS; this offers an opportunity to determine qualitative but also
quantitative aspects of the selected genomic regions. This additional information from NGS
data can be quantified using RD approaches, thus allowing for CNV detection [9]. Using
the DECoN program, which is based exactly on RD, we were able to detect CNV changes in
two new patients who had not been previously checked by the MLPA technique. Filtering
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all other patients, no changes were found in genes other than LDLR; nevertheless, our
subsequent analysis of the data after panel NGS proved to be a useful tool. The increasing
availability of clinical NGS panels and growing affordability of bioinformatic applications
present a cost-effective opportunity to simultaneously identify the in-depth backgrounds
of dyslipidemias.

5. Conclusions

To better understand the genetic background of inherited disorders, it is necessary to
obtain increasingly advanced diagnostic tools to analyze the human genome. Our findings
indicate that the compound genetic background of FH requires the implementation of
several diagnostic tools, or preferably a single one that covers all possible types of genetic
changes. Our results suggest that the NGS-based approach has the potential to identify
large-scale variants in LDLR and could be further applied to extend CNV screening to
other FH-related genes. Nevertheless, the outcomes from the bioinformatic approach still
need to be confirmed by the MLPA method, and this remains the reference method for
assessing CNV.
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Abstract: Familial partial lipodystrophy (FPLD) is a rare genetic disorder characterized by the
selective loss of adipose tissue. Its estimated prevalence is as low as 1 in 1 million. The deficiency of
metabolically active adipose tissue is closely linked with a wide range of metabolic complications,
such as insulin resistance, lipoatrophic diabetes, dyslipidemia with severe hypertriglyceridemia,
hypertension or hepatic steatosis. Moreover, female patients often develop hyperandrogenism,
hirsutism, polycystic ovaries and infertility. The two most common types are FPLD type 2 and
3. Variants within LMNA and PPARG genes account for more than 50% of all reported FPLD
cases. Because of its high heterogeneity and rarity, lipodystrophy can be easily unrecognized or
misdiagnosed. To determine the genetic background of FPLD in a symptomatic woman and her
close family, an NGS custom panel was used to sequence LMNA and PPARG genes. The affected
patient presented fat deposits in the face, neck and trunk, with fat loss combined with muscular
hypertrophy in the lower extremities and hirsutism, all features first manifesting at puberty. Her
clinical presentation included metabolic disturbances, including hypercholesterolemia with severe
hypertriglyceridemia, diabetes mellitus and hepatic steatosis. This together with her typical fat
distribution and physical features raised a suspicion of FPLD. NGS analysis revealed the presence
of missense heterozygous variant ¢.443G>A in exon 4 of PPARG gene, causing glycine to glutamic
acid substitution at amino acid position 148, p.(Gly148Glu). The variant was also found in the
patient’s mother and son. The variant was not previously reported in any public database. Based on
computational analysis, crucial variant localization within DNA-binding domain of PPARYy, available
literature data and the variant cosegregation in the patient’s family, novel c.443G>A variant was
suspected to be causative. Functional testing is needed to confirm the pathogenicity of the novel
variant. Inherited lipodystrophy syndromes represent a heterogenous group of metabolic disorders,
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are four major categories of lipodystrophy syndromes: Congenital Generalized Lipodystro-
phy (CGL), Familial Partial Lipodystrophy (FPLD), Acquired Generalized Lipodystrophy
(AGL) and Acquired Partial Lipodystrophy (APL). The two most prevalent subtypes of
genetic lipodystrophies are Congenital Generalized Lipodystrophies and Familial Partial
Lipodystrophies. The main differentiating criteria are molecular etiology and pattern of
adipose tissue distribution [3]. Generally, there are four types of CGL, seven types of FPLD
and a few other unclassified forms [1]. The described prevalence of CGL is approximately
1 in 10 million and for FPLD about 1 in 1 million but it may be underestimated [3].

This paper reports a novel ¢.443G>A variant probably affecting the DNA-binding
domain of the PPARy receptor in a symptomatic 29-year-old index patient and family. The
presented literature review is focused mainly on FPLD type 2 and 3, as this was the scope
of clinical consideration in our case.

2. Familial Partial Lipodystrophy (FPLD)

Familial Partial Lipodystrophy is a rare genetic disorder usually characterized by
selective loss of adipose tissue in the extremities and gluteal region, without any change in
abdominal and visceral fat. In most cases, abnormal fat distribution becomes apparent at
puberty [4]. This selective deficiency of metabolically active adipose tissue is tightly linked
with a wide range of metabolic complications, such as insulin resistance, lipoatrophic
diabetes, dyslipidemia with severe hypertriglyceridemia, hypertension or hepatic steato-
sis. Moreover, female patients often develop hyperandrogenism, hirsutism, polycystic
ovaries and infertility [5]. The extent of fat loss often determines the severity of metabolic
consequences. For example, patients with generalized lipodystrophies have more severe
diabetes, hypertriglyceridemia, or hepatic steatosis than those with partial lipodystrophies.

There are seven subtypes of FPLD (characterised in Table 1)-six caused by mutations
in various genes (LMINA, PPARG, PLIN1, CIDEC, LIPE, AKT2 or CAV1); the condition can
be inherited in either a dominant (mostly) or recessive manner.

Table 1. Subdivisions of Familial Partial Lipodystrophy.

Major Genetic Manner of OMIM

Background Inheritance Number Obseived Ehendgpe

Type

Loss of subcutaneous fat from the limbs with truncal
FPLD typel, unknown/polygenetic ) 9%608600 obesity
Kobberling origin Reduction of gluteal AT
Normal or increased facial and neck AT

Loss of subcutaneous fat from the limbs and trunk
FPLD type 2, : Reduction of gluteal AT
Dunnigan B dantinan: nialons Excess fat accumulation in the face and neck
Increased muscularity

Loss of subcutaneous fat from the lower limbs
FPLD type 3 PPARG dominant #604367  Normal or increased abdominal, facial and neck AT
Increased muscularity

Loss of subcutaneous fat primarily in gluteal and
FPLD type 4 PLIN1 dominant #613877 lower limb regions
Muscular appearance

Lack of AT on limbs and gluteal region
FPLD type 5 CIDEC recessive #615238 Presence of visceral, neck and axillary fat pads
Increased muscularity

Reduced lower limbs subcutaneous fat
FPLD type 6 LIPE recessive #615980 In some patients abnormal fat accumulation in the
back and axillae

Absence of AT over entire body except buttocks, hips

FPLD type 7 CAV1 dominant #606721 and thighs

AT—adipose tissue.
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Variants within the LMNA and PPARG genes account for more than 50% of all reported
FPLD cases [3]. Both genes play a crucial role in the differentiation and proper functioning
of adipose tissue [6]. The most common form of FPLD is type 2 (Dunnigan type; OMIM
#151660), which is inherited in an autosomal dominant manner [1].

2.1. Familial Partial Lipodystrophy Type 2 (Dunnigan Type)

The Dunnigan-type familial partial lipodystrophy is caused by mutations in the
LMNA gene, located on the long arm of chromosome 1 (1q21-q22). As the LMNA gene
is ubiquitously expressed, different mutations throughout the gene can lead to at least
14 diseases from various forms of muscular dystrophy to dilated cardiomyopathy [6,7].
Disorders associated with LMINA aberrations are collectively described as laminopathies.

The LMINA gene encodes A-type nuclear lamins produced via alternative splicing.
The two major isoforms, sharing the first 566 amino acids, are lamin A and C (Lamin
A/C) [8]. They are primarily localized below the inner nuclear membrane and form part of
the nuclear lamina [8]. Lamin A /C interacts with the cytoskeleton and provides structural
stability for the nuclear envelope [6].

At present, it is unclear how unique LMNA mutations can cause an adipose tissue-
specific disease like FPLD2 [8], as well as its late manifestation [7]. It is suspected that the
underlying cause of disease is altered cell division, increased apoptosis and cell death, due
to disrupted lamin-chromatin interactions [6]. LMNA mutations are thought to induce
structural modifications of nuclear lamina, resulting in cytotoxic accumulation of immature
proteins and therefore probably weakness of nuclear lamina bonds [9]. Approximately 90%
of LMNA mutations seen in FPLD2 are localized to exon 8 [8], which encodes the C-terminal
domain of lamin A/C. The most frequent mutation is Arg482GlIn [4], resulting in arginine
to glutamine replacement within a highly-conserved region across the species [10]. A recent
study from 2020 reported that variants Arg482Trp/Gln are responsible for 80% of FPLD2
cases [11].

FPLD2 is characterized by the loss of subcutaneous fat in the extremities and trunk and
its accumulation on the neck, submental regions, supraclavicular area and face (“Cushin-
goid appearance”) [12,13]. The distribution of adipose tissue appears normal at birth and
during childhood and becomes apparent at the onset of puberty [12]. The loss of almost all
subcutaneous adipose tissue results in a characteristic phenotype of “increased muscular-
ity” in the arms and legs. The specific pattern of phenotypic features is more recognizable
in women than in men [12]. Patients with FPLD2 develop a multitude of metabolic compli-
cations such as insulin resistance, hypertriglyceridemia, hepatic steatosis and others, as
described in Section 3. A less aggressive metabolic profile is reported in affected males [13].
FPLD2 patients commonly develop cardiovascular diseases and myopathies to varying
degrees [13]. Cardiomyopathies induced by LMNA gene mutations are characterized by a
sudden and aggressive clinical course. They can lead to unexpected cardiac death at earlier
ages than in other familial cardiomyopathies [14].

2.2. Familial Partial Lipodystrophy Type 3

The molecular basis of FPLD3 is loss-of-function mutations in the PPARG gene, which
is located on the short arm of chromosome 3 (3p25.2). The PPARG gene encodes a member of
the peroxisome proliferator-activated receptor (PPAR) subfamily of nuclear receptors. PPAR
nuclear receptors have three isoforms (PPAR«x, PPARS, and PPARy) with different tissue
distribution and biological functions. Peroxisome proliferator-activated receptor gamma
(PPARYy) is a key regulator of adipocyte differentiation, distribution and function [13],
mediating in glyceroneogenesis, lipolysis, lipid uptake, synthesis and storage [15]. It is
highly expressed in white (WAT) and brown adipose tissue (BAT) [16]. It is suspected that
mutated PPARy inhibits the adipocyte differentiation taking place during adipogenesis. As
a result, the fatty tissue loses its ability to correctly synthesise and store triglycerides to free
fatty acids and glycerol from stored triglycerides in postresorptive and starvation states,
and biosynthesise and secret adipokines.
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PPARs form heterodimers with retinoid X receptors (RXRs), which regulate transcrip-
tion of various PPAR-responsive genes. There are no other promoters that can activate
autonomously adipogenesis in the absence of PPARG [9].

The PPARG gene contains nine exons (A1, A2, B, 1, 2, 3, 4, 5 and 6), that may create
four PPARy mRNA isoforms, as a result of various promoter sites and alternative splicing.
Transcripts PPARY1, y3 and v4 lead to PPARy1 protein synthesis, while transcript PPARy2
encodes the PPARY2 protein. PPARy1 protein is found in most human tissues, while
PPARY?2 predominantly occurs in adipose tissue [17].

The PPARY protein is composed of four functional domains, of which the most essen-
tial are DBD (DNA-binding domain) and LBD (ligand-binding domain). The description
of each PPARy domain is presented in Table 2. The centrally-located DBD domain is
highly conserved among species and between nuclear receptors [15], hence DBD mutants
demonstrate less efficient DNA binding and can significantly reduce PPARG transcriptional
activity. Next, LBD is the largest and second most conserved domain among nuclear
receptors, after the DNA-binding domain [18]. It enables the binding of large hydrophobic
particles, such as polyunsaturated fatty acids (arachidonic acid, linoleic acid, linolenic acid)
and their metabolic products [17]. Aberrations within LBD binding pocket can lead to
incorrect ligand attachment and therefore inhibit the activation of PPARy receptor.

Table 2. The characterisation of PPARG domains and their functions.

Structural Domains Functional Domains Role Degree of Conservation
AF-1 Regulates the ligand-independent
N-terminus A/B Ligand-independent transcriptional Poorly conserved
transactivation function 1 PPARG activity
DBD Binding PPARY to the .
& DNA-binding domain promoter region of the targeted genes Highly danserved.
HINGE Involved in interaction with
D ; : ; s Poorly conserved
flexible hinge region coactivators and corepressors
LBD

Regulates the ligand-dependent
transcriptional
PPARG activity;
Responsible for dimerization with RXR

Ligand binding domain
AF-2
Ligand-dependent
transactivation function 2

C-terminus

E/F Highly conserved

The clinical features of type 3 lipodystrophy are similar or sometimes less prominent
than those of FPLD2. As noted by Vasandani et al. higher total fat occurs in FPLD2 than
FPLD3 patients (26.1% vs. 21.6%) with higher triceps skinfold thickness (11.3 mm vs.
5.8 mm) [19]. FPLD3 patients are more likely to demonstrate loss of subcutaneous fat in the
lower limbs and distal upper limbs [13]. Moreover, FPLD3 is characterised by early-onset
hypertension, that can discriminate FPLD3 from FPLD2 [7].

3. Metabolic Abnormalities in Lipodystrophy
3.1. Insulin Resistance (IR) and Diabetes Mellitus

The core metabolic feature characterizing basically all lipodystrophy syndromes, is
insulin resistance [2]. The presence of insulin resistance induces the development of
diabetes, hypertriglyceridemia, polycystic ovary syndrome (PCOS) and non-alcoholic fatty
liver disease [20].

The inability to maintain proper fat storage in adipose tissue leads to failure of buffer-
ing postprandial lipids. Secreted adipokines induce excessive levels of triglycerides and
lipid intermediates in the circulation [21]. Excess triglycerides cannot be stored in adipose
tissue, which results in their deposition in ectopic sites, such as liver or skeletal muscles [12].
The lipotoxicity of this mechanism probably induces development of insulin resistance. The
severity of IR is broadly proportional to the extent of alteration within adipose tissue [2].
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Diabetes mellitus and /or insulin resistance was identified in 51.8% of partial lipodystrophy
patients in one study [13]. It has also been found that diabetes mellitus is more likely in
FPLD3 than FPLD2 (72% vs. 44%) [19]. Interestingly, women are more likely to be affected
than men (above 50% vs. 20%) [6].

One of the cardinal features marking severe IR is acanthosis nigricans (AN). The
condition is characterized by hyperkeratosis, sometimes with hyperpigmentation, typically
most prominent in body flexures [22]. A high insulin level in the bloodstream stimulates
keratinocytes and fibroblasts to more potent growth and proliferation, which underlies the
process of AN formation [23].

3.2. Hyperlipidemia with Hypertriglyceridemia

Dyslipidemia, which is found in most types of lipodystrophy is characterized by
marked hypertriglyceridemia and reduced HDL cholesterol levels. The severity of lipid
abnormalities reflects the degree of body fat reduction [24] and is strictly associated with
prevalent forms of insulin resistance [22].

Marked hypertriglyceridemia is thought to be the first lipid indicator of ongoing
lipodystrophy [25]. It is clear that absence of normal fat distribution disrupts correct lipid
homeostasis. The underlying cause of a very high triglyceride level is probably increased
VLDL synthesis from the fatty liver and reduced clearance of TG-rich lipoproteins [24].
Therefore, the presence of severe hypertriglyceridemia (>500 mg/dL) nonresponsive to
medical therapy, should raise a suspicion of lipodystrophy. Extreme hypertriglyceridemia
occurs also in uncontrolled diabetes; however, restoring glycemic control results in regain-
ing body fat [19], which can be part of the differential diagnosis.

The exact pathogenesis of insulin resistance and hyperlipidemia occurring in congeni-
tal lipodystrophies is largely unknown [6]. It is estimated that 77.2% of FPLD and 70% of
CGL patients display severe hypertriglyceridemia [13,24]. FPLD3 patients are more likely
to demonstrate high triglyceride levels than those with FPLD2 (84% vs. 66%) [19]; the con-
dition may be accompanied by a history of pancreatitis directly correlated with moderate
to extreme TG levels [26]. The more frequent hypertriglyceridemia observed in FPLD3
patients is accompanied by a higher risk of acute pancreatitis compared to FPLD2 patients
(52% vs. 13%) [19]. Interestingly, triglyceride levels are about 2-3 times higher in females
than in males among FPLD patients [24]. It has been demonstrated that administration of
recombinant human methionyl leptin (meterleptin) results in 60% decrease in triglycerides,
with no influence on HDL concentration [25].

The presence of metabolic dyslipidemia (high triglycerides and low HDL cholesterol),
as a consequence of ectopic adipose tissue storage, can lead to non-alcoholic fatty liver
disease (NAFLD). NAFLD encompasses non-alcoholic simple steatosis (SS), which may
progress to non-alcoholic steatohepatitis (NASH), then fibrosis and NASH-related cirrho-
sis [27]. The main components of dyslipidemia and its possible health consequences are
presented in Figure 1. The severity of NAFLD may depend on the type of lipodystrophy,
but also on the specific mutation in the relevant gene. For example, patients with PPARG
mutation (FPLD3) present more severe hepatic steatosis than those with LMNA mutations
(FPLD2) [27].
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Figure 1. The diagram represents the main components of dyslipidemia and its possible health
consequences. If left untreated, it can affect different organs leading to severe cardiovascular disease
or various degrees of fatty liver disease.

4. Results
4.1. Clinical Characteristics of Index Patient

The index patient was a 29-year-old woman with characteristic signs of partial lipodys-
trophy, including fat deposits in the face, neck and trunk, fat loss combined with muscular
hypertrophy in the lower extremities and hirsutism. All described features became visible
at puberty. At the age of 18, the patient was admitted to hospital with a triglyceride level of
1700 mg/dL and total cholesterol 400 mg/dL. The patient has also provided test results
documenting high lipid parameters in her early teenage years. Implemented treatment
with Lipanthyl (generic name-fenofibrate) and Roswera (generic name-rosuvastatin) did
not bring the expected decrease of lipid levels. Therefore, the patient stopped taking
her medication at the age of 20. The oral glucose tolerance test (OGTT; 0'—105 mg/dL,
60'—232 mg/dL, 120'—217 mg/dL) performed during pregnancy revealed diabetes, so
high-dose insulin therapy was administered.

At the age of 25, the patient started treatment with 75 ug of L-thyroxine. Further
laboratory tests showed persistent mixed dyslipidemia with total cholesterol 299 mg/dL,
LDL cholesterol 111 mg/dL, HDL cholesterol 25 mg/dL and TG 870 mg/dL. After dis-
continuation of the metformin treatment, the OGTT test (0'—93 mg/dL, 60'—222 mg/dL,
120'—181 mg/dL) demonstrated impaired glucose tolerance with biochemical features of
high cellular insulin resistance. The Insulin Resistance Index (IRI) was 1.85. The HOMA-IR
parameter was 6.43. The Hemoglobin Alc was 36 mmol/mol and 5.43%. A therapy of
metformin, pioglitazone and fenofibrate was implemented. Abdominal ultrasonography
imaged features of hepatic steatosis.

The family history revealed the same pattern of subcutaneous fat loss and muscular
hypertrophy with diabetes and hypertriglyceridemia in the patient’'s mother. Marked
hypertriglyceridemia was identified in the patient’s son at the age of three years. His
physical appearance is not marked by lipodystrophy so far. The boy is also not receiv-
ing any pharmacological treatment. The appropriate treatment will be implemented in
accordance with latest recommendation described in detail in the attached citation [28].
The mother’s sister died of a heart attack aged 40. She had presented a characteristic
lipodystrophy phenotype including fat deposits in the face, neck and trunk and fat loss
combined with muscular hypertrophy in the lower extremities. Grandfather died at the age
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of 71 with a diagnosis of cancer. No data was available on dyslipidemia or other metabolic
abnormalities. Great-grandmother had a distinctive physical appearance suggestive of
partial lipodystrophy with muscular legs and arms and an accumulation of subcutaneous
fat on her face, trunk and abdomen. She died at the age of ninety.

The index patient, her affected mother and 3-year-old son were referred for genetic
testing. Their lipid profiles are presented in Table 3.

Table 3. Serum lipid concentration values of described family members.

TC [mg/dL] LDL [mg/dL] HDL [mg/dL] TG [mg/dL]
Index case 299 111 25 870
232 382
Mother (*573) 102 54 (* 1989)
Son 141 88 28 360

* highest reported value.

4.2. PPARG Mutation

We identified a novel missense heterozygous variant ¢.443G>A in exon 4 of PPARG
gene, causing glycine to glutamic acid substitution at amino acid position 148, p.(Gly148Glu).
The variant was found in the index patient, her affected mother and son. The variant was
not previously reported in the HGMD (Human Gene Mutation Database), ClinVar and
LOVD (Leiden Open Variation Database 3.0) with no record in known population genetic
databases such as EXAC, gnomAD or 1000 Genomes Project. Based on ACMG-AMP criteria
it was assigned to class 4, likely pathogenic.

The mutation is located in the highly conserved DBD domain (Figure 2a) within the
first zinc finger motif, a structure involved in DNA binding (Figure 2d). The homology
modelling visualised an amino acid substitution (G — E) resulting in the presence of an
additional side chain of a substituting amino acid (Figure 2e). The affected region is highly
conserved among different species (Figure 2b). To assess mutant protein stability, -lMutant
2.0 software was used. Predicted protein stability change upon mutation was estimated as
decrease with RI = 3 (reliability index).

(@)
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Figure 2. Cont.
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Figure 2. (a) Schematic presentation of PPARy domain organization, showing the location of novel
G148E mutation. (b) Multiple sequence alignment of the amino acid at position 148 of the PPARy
protein from various species (CHICK—Gallus gallus; VOMUR—Vombatus ursinus, MOUSE—Mus
musculus, BOVIN—Bos Taurus, PIG—Sus scrofa, CANLF—Canis lupus familiaris, MACMU—Macaca
mulatta, HUMAN—Homo sapiens) using Jalview 2.11.0 and Clustal Omega 1.2.4. The conserved
glycine amino acid at position 148 is indicated by red frame. (c) Sequence chromatogram showing
¢.443G> A variant of both forward and reverse strand. (d) Schematic amino acid structure of zinc
finger 1. Substitution G—E at position 148 is marked in red. (e) The homology model of wild type
(i) and mutant (ii) PPARy protein. The red arrow indicates the position of amino acid substitution.
Homology modelling was conducted using SWISS-MODEL. PPARY protein template model was
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downloaded from the uniprot.org. Both protein models were compared in PyMOL 2.5.2 software.
(f) Result of mutant protein stability assessment conducted by I-Mutant 2.0. Predicted protein stability
change upon mutation was estimated as decrease with RI = 3 (reliability index), where 10 being the
highest. The tool uses data derived from ProTherm [29].

The presence of the c.443G>A variant was confirmed by Sanger sequencing (Figure 2c).
Data was compared to the published PPARG gene sequence NM_015869.4. The variant was
submitted to ClinVar and assigned the accession number SCV001622778.

5. Discussion

This paper describes the case of a 29-year-old patient harbouring a novel heterozygous
PPARG mutation ¢.443G>A, in the DNA-binding domain of the PPARy protein. The
discovery of the missense variant, resulting in glycine to glutamic acid substitution at
position 148 is a new one and broadens the spectrum of disease-causing genetic factors
contributing to familial partial lipodystrophy type 3.

The PPARYy nuclear receptor is activated by a number of coactivators and corepressors
that can either stimulate or inhibit its function [30]. It plays a crucial role in lipid and glucose
homeostasis, and as such, any disruptions in its functioning can result in the manifestation
of metabolic disturbances such as insulin resistance, diabetes mellitus, hypertriglyceridemia
or hepatic steatosis.

It is interesting how alterations in separate genes can result in a similar phenotype,
as illustrated by the resemblance between the two most common types of congenital
lipodystrophy (FPLD2 and FPLD3). It is known that mutations in PPARG disrupt the
differentiation of adipocytes, while LMNA mutations lead to their premature apoptosis.
Numerous transcriptional factors regulate lamin and PPARY activity. It was found that
SREBP1 (sterol regulatory element-binding transcription factor 1) binds to Lamin A, but
also activates expression of many genes, including PPARG. It is suspected that abnormal
amount of prelamin A, as a consequence of LMNA mutation, could significantly decrease
the pool of active SREBP1, which may also affect PPARG expression. However, the precise
molecular mechanism of invalid prelamin A/SREBP1 binding remains unclear [11,31]. The
overlap between the FPDL2 and FPLD3 phenotypes is certainly associated with its effects
on the various stages of adipogenesis. The relationship between LMNA and PPARG genes
remains unclear. In the 29-year-old index patient, the first hallmark of ongoing disease was
severe dyslipidemia, with a triglyceride level reaching 1700 mg/dL and total cholesterol of
400 mg/dL. Interestingly, a high triglyceride level (360 mg/dL) was also detected in the
proband’s son, aged 3 years, which strongly indicated a genetic background of the disease.
Hypertriglyceridemia is commonly reported with varying degrees of severity in FPL
patients—some present very high TG levels (>500 mg/dL), while others only demonstrate
a slight elevation. Most authors propose that the severity of lipid disturbances translates
directly into body fat reduction, which is more pronounced in women. Moreover, Lazarte
et al. suggest that the risk of severe hypertriglyceridemia and consequent pancreatitis
in FPLD2 depends on the co-occurrence of diabetes [32]. Our index patient and her
mother also demonstrate severe hypertriglyceridemia with features of high cellular insulin
resistance, which supports the findings of other studies. This impaired lipid metabolism in
the patient resulted in the development of hepatic steatosis. As the blood test is one of the
basic laboratory analyses performed routinely, often these extremely high TG levels are
the first sign of fatty tissue disorder. Furthermore, this should be a relevant indication to
control possible IR and implement early treatment by the clinician.

The main physical feature characterizing all familial partial lipodystrophies is gradual
subcutaneous adipose tissue loss from the extremities, starting at puberty. The other char-
acteristics of specific FPLD subtypes may be poorly expressed or unnoticeable. Physical
examination of our index patient revealed atrophy of fat tissue on the upper and lower
limbs, waist and chest region with excess fat deposits on the face and neck and hirsutism.
In this cases, a diagnosis of partial lipodystrophy was made, with no further phenotypic
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categorisation between FPLD2 and FPLD3, which is sometimes troublesome. In general,
FPLD3 individuals have less extensive adipose tissue loss, more severe and earlier occur-
ring acanthosis nigricans, hepatic steatosis, PCOS, hirsutism, hypertension, diabetes type
2 and greater biochemical insulin resistance [1]; patients with FPLD3 are more likely to
present severe clinical and biochemical disturbances, disproportionate to the lipodystrophy
extent compared to FPLD2 [33]. It should be also noted that there is no firm diagnostic
criteria for lipodystrophy, because of its rarity and high degree of genetic heterogeneity [34];
as such, it can easily go unrecognized, or be misdiagnosed as developing metabolic syn-
drome [35]. One of the essential hallmarks of congenital lipodystrophy, distinguishing it
from uncontrolled diabetes mellitus or thyrotoxicosis, is the inability to recover a proper
fat distribution [34]. Further identification of a specific lipodystrophy subtype requires
genetic testing.

Molecular diagnosis of FPLD can be based on a single or panel gene sequencing,
or even more comprehensive technology like whole-exome sequencing (WES) or whole-
genome sequencing (WGS). Considering that the genetic background of congenital lipodys-
trophies are known only to a small extent, the use of high-throughput technologies seems
to be justified. In the present study, exon sequencing of the LMNA and PPARG genes was
performed simultaneously based on a custom NGS panel. The conducted analysis revealed
no pathogenic variants within the LMNA gene; however the missense heterozygous variant
¢.443G>A was noted in exon 4 of PPARG. The detected mutation results in a glycine to glu-
tamic acid substitution at position 148 (p.Gly148Glu; G148E). Sanger sequencing confirmed
the presence of the same variant in the proband’s son and symptomatic mother.

The substitution results in the formation of an additional side chain (-CH,CH;-COOH)
within the DNA-binding domain of PPARy, which is highly conserved among other re-
ceptors and species. Figure 2b presents the conducted multiple sequence alignment. Com-
bined computational analysis based on 15 predictor tools (BayesDel_addAF, DEOGEN?2,
EIGEN, FATHMM, LIST-S2, LRT, M-CAP, MVP, MutPred, MutationAssessor, Mutation-
Taster, PolyPhen2, PROVEAN, PrimateAl and SIFT) on Varsome (https://varsome.com)
classified the above variant as pathogenic, with no benign predictions from any of them.
Mutant protein stability estimated by I-Mutant 2.0 software was defined as decreased. The
detected aberration cosegregates with FPLD phenotype in the proband’s family.

Cases of DNA-binding domain mutations and their unequivocal effect on PPARy
receptor effectiveness have been described in the literature. For example, heterozygous
PPARG mutations (C114R, C131Y, C162W) located within DBD, inhibit wild-type recep-
tor activity by a dominant negative mechanism [36]. In turn, Visser et al. showed that
pathogenic Y151C displayed impaired DNA-binding capacity and hence reduced tran-
scriptional activity compared with wild type PPARy [37]. Ludtke et al. demonstrated
that a receptor with a novel C190S variant has significantly lower ability to activate the
reporter gene compared to wild-type protein, without any observations of dominant nega-
tive effects [38]. Based on the available data, it is reasonable to assume that G148E plays an
important role due to crucial localization within the DNA-binding domain; its presence can
potentially lead to invalid receptor attachment and decreased PPARG transcriptional activity.

To the best of our knowledge this is the first time that the c.443G>A, p.(Gly148Glu)
variant has been reported. The presented computational analysis, variant cosegregation
and literature review support our hypothesis about the pathogenicity of G148E. However,
functional testing is needed to confirm the pathogenicity of this variant.

6. Materials and Methods

Due to a clinical suspicion of lipodystrophy the patient was referred to the Department
of Genetics. Genomic DNA was automatically extracted from peripheral blood lymphocytes
using MagCore Genomic DNA Whole Blood Kit (RBC Bioscience, New Taipei City, Taiwan),
according to the manufacturer’s instructions. Quantitative and qualitative assessment of
extracted DNA was performed using aNanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Sample sequencing was performed on MiniSeq sequencer
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(Iumina, San Diego, CA, USA), with the use of custom designed lipid NGS panel covering
all exons and the exon-intron boundaries of 21 genes (ABCA1, ABCG5, ABCGS8, APOAS5,
APOB, APOC2, APOE, CYP7A1, GPIHBP1, LCAT, LDLR, LDLRAP1, LIPA, LMF1, LMNA,
LPL, PCSK9, PPARG, SCAP, SREBF2, STAP1), including the LMNA and PPARG gene. Probes
for the targeted regions were designed using Illumina Design Studio (2x 150 base pair
read length in paired-end mode). Libraries were prepared using TruSeq Custom Amplicon
Low Input Library Prep Kit according to the manufacturer’s protocol (Illumina). The
PhiX library was combined with a prepared library and used as a sequencing control.
Identification, annotation and classification of disease-relevant variants was conducted by
Variant Studio 3.0 (Illumina). The presence of identified c.443G>A variant was confirmed
by bidirectional Sanger sequencing on 3500 Series Genetic Analyzer (Applied Biosystems,
Waltham, MA, USA). DNA Variants Analysis was performed using Mutation Surveyor
V5.1.0 software (SoftGenetics, State College, PA, USA). No pathogenic variants were found
in other genes.

Informed consent was obtained from all participants or their legal guardian. The study
was approved by the ethics committee of the Polish Mother’s Memorial Hospital Research
Institute (No. 15/2016 from 12 January 2016).

7. Conclusions

Our presented literature review illustrates the genetic heterogeneity of congenital
lipodystrophies and their wide spectrum of severe metabolic complications. Due to the
overlapping clinical symptoms they can be easily misdiagnosed as early onset insulin
resistant diabetes mellitus, persistent hypertriglyceridemia, hepatic steatosis, PCOS or
hepatosplenomegaly. Description of a new cases is highly needed both in terms of un-
derstanding the disease pathology from clinical point, but also increasing the awareness
of rare diseases, such as congenital lipodystrophy syndromes. Apart from the relevant
role of an experienced clinician, a significant contribution of genetic diagnosis cannot be
omitted. Searching for new genetic backgrounds brings us closer to better understanding
the origin of metabolic consequences, therefore improving the diagnostic and treatment
pathways. Further analyses of known and candidate genes implicated in familial partial
lipodystrophy are highly needed.
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93-338 Lodz, Rzgowska 281/289 tel. (42) 2711401
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Dr n. med. Agnieszka Gach
Zaklad Genetyki
Instytutu Centrum Zdrowia Matki Polki

Komisja Bioetyczna przy Instytucie Centrum Zdrowia Matki Polki dziatajac zgodnie z zasadami Dobrej
Praktyki Klinicznej na posiedzeniu w dniu 12 stycznia 2016 r. rozpatrywala wniosek dotyczacy pracy:
wGenetyczne uwarunkowania dyslipidemii pierwotnej”

Opinia Nr 15/2016

Komisja Bioetyczna przy Instytucie Centrum Zdrowia Matki Polki zapoznata sie z ww projektem
eksperymentu medycznego, przeanalizowata wniosek, wystuchata opinii recenzenta o przedstawionym
projekcie i wyniku przeprowadzonej dyskusji oraz tajnego gtosowania, po rozwazeniu kryteriow etycznych oraz
celowosci | wykonalnosci projektu pozytywnie zaopiniowata projekt eksperymentu medycznego.
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