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Streszczenie w jezyku polskim

Mukopolisacharydozy (MPS) zaliczane sg do grupy lizosomalnych choréb spichrzeniowych
(LSD). Stanowig one schorzenie dziedziczne o charakterze postgpujacym, wynikajace z catkowitego
braku badz znacznego obnizenia aktywnosci okre§lonych enzymoéw lizosomalnych, odpowiedzialnych
za degradacje nierozgatezionych fancuchow polisacharydowych — glikozoaminoglikanow (GAG)
[Nagpal et al. 2022]. Niezdegradowane GAG stopniowo gromadza si¢ w lizosomach, prowadzac do
zaburzen funkcjonowania komorek, tkanek, a z czasem calych narzadow [Freeze et al. 2015].
Aktywno$¢ poszczegdlnych enzymdw, w tym szlaku metabolicznym, jest ze soba $cisle skorelowana —
kazdy enzym rozpoczyna dziatanie dopiero po zakonczeniu reakcji przez poprzedni. W konsekwencji
brak aktywnosci cho¢by jednego z nich skutkuje zaburzeniem catego procesu degradacji [Parenti et al.

2015; Trovao de Queiroz et al. 2016].

Dziedziczenie MPS ma najczgsciej charakter autosomalny recesywny, z wyjatkiem MPS typu
II (choroba Huntera), ktory jest sprzezony z chromosomem X. Czesto$¢ wystgpowania poszczegolnych
typow jest bardzo zréznicowana w zaleznosci od regionu na §wiecie — szacuje sig, ze MPS I wystepuje
z czgstoscig okoto 1 na 88 000 zywych urodzen, natomiast MPS VII z czestoscig okoto 1 na 2 111 000
urodzen. MPS IX jest ekstremalnie rzadka postacia — dotychczas opisano jedynie cztery przypadki na
$wiecie [Natowicz et al. 1996; Imundo et al. 2011; Tomatsu et al. 2018; Wegrzyn et al. 2022].

Jak dotad opisano 14 typéw i podtypow MPS, sklasyfikowanych na podstawie nieaktywnego
badz o szczatkowej aktywnosci enzymu lizosomalnego lub na podstawie gromadzacego si¢ GAG [Zhou
et al. 2020]. Obraz kliniczny obejmuje zarowno objawy wspolne dla wszystkich postaci choroby, jak
i symptomy specyficzne dla konkretnych typow/podtypéw MPS. Do symptomoéw opisywanych
w prawie wszystkich typach/podtypach nalezg migdzy innymi: organomegalia, charakterystyczne rysy
twarzy, nieprawidlowosci w obrgbie uktadu szkieletowego, a w pozniejszych etapach takze zmiany
w obrebie uktadu oddechowego oraz sercowo-naczyniowego. W czesSci przypadkoéw wystepuja
zaburzenia stuchu i wzroku. Upos$ledzenie funkcji poznawczych obserwuje sic w MPS 1, ciezkich

postaciach MPS II, wszystkich typach MPS III oraz w MPS VII [Muenzer 2011a].

Pomimo, ze poszczegdlne typy/podtypy MPS sa spowodowane konkretng mutacja w réznych
genach, prowadza one do tego samego efektu biochemicznego — akumulacji GAG w lizosomach
[Jakobkiewicz-Banecka et al. 2009]. Jeszcze niedawno uwazano, ze gromadzenie GAG jest pierwotnym
i jedynym czynnikiem patogenetycznym [Wraith 2013]. Najnowsze badania wskazujg jednak, ze MPS
wigze si¢ takze z dysfunkcjg wielu procesow komoérkowych kluczowych dla prawidtowego
funkcjonowania komoérek. Mozliwe jest zatem, iz to zaburzenia molekularne — a nie sama akumulacja
GAG - odgrywaja zasadniczg rolg w patogenezie choroby. Zmiany te obejmujg m.in.: zaburzenia
apoptozy i autofagii [Tessitore et al. 2009; Brokowska et al. 2021], nieprawidlowosci w transporcie

pecherzykowym [Gaftke et al. 2023], proteasomie [Pierzynowska et al. 2020], dysfunkcje
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mitochondriow [Pshezhetsky 2015] oraz zaburzenia w obrgbie cytoszkieletu [Parente et al. 2016]

i przekazywaniu sygnatu wewnatrz komorkowego [Pierzynowska et al. 2022]

Przez dhugi czas mozliwosci terapeutyczne u pacjentow z MPS ograniczaly sie wylacznie do
opieki paliatywnej. Alternatywng forma leczenia, wprowadzong po raz pierwszy w 1980 roku, byt
przeszczep szpiku kostnego [Hobbs et al. 1981]. Skutecznos¢ tej metody jest jednak ograniczona do
przypadkow, w ktorych choroba zostala zdiagnozowana na bardzo wczesnym etapie, jeszcze przed
wystapieniem pierwszych objawow klinicznych. Terapia ta nie pozwala na odwrocenie istniejacych
deficytow neurologicznych, takich jak zaburzenia funkcji poznawczych, hiperaktywnos$¢ czy problemy
natury emocjonalnej, a takze nie koryguje wszystkich zmian strukturalnych, m.in. powszechnie
wystepujacych deformacji szkieletowych [Weisstein et al. 2004]. Uwaza si¢, ze przeszczep szpiku
kostnego jest nieskuteczny w leczeniu MPS typu II, IIl i IV [Sivakumur and Wraith 1999; Peters and
Krivit 2000; Prasad and Kurtzberg 2010].

Wprowadzenie enzymatycznej terapii zastgpczej (ERT), polegajacej na dozylnym podaniu
aktywnej formy nieaktywnego lub o szczatkowej aktywnosci enzymu, doprowadzito do pewnego
ograniczenia w stosowaniu przeszczepow szpiku kostnego. Decyzje t¢ uzasadniat m.in. wysoki odsetek
Zgonow po pierwszym przeszczepie u pacjentow z MPS I, wynoszacy okoto 15% [Boelens et al. 2007].
W ciggu ostatnich kilkunastu lat opracowano ERT dla MPS 1, 11, IVA, VI i VII, przy czym najwigkszy
postep odnotowano w przypadku MPS I [Wraith 2005; Wraith and Jones 2014; de Ru et al. 2011; Burton
et al. 2025], co prawdopodobnie wynika z najwigkszej czgstosci wystepowania tego typu MPS.
Podobnie jak w przypadku przeszczepu szpiku kostnego, kluczowe znaczenie ma wczesne rozpoznanie
choroby i szybkie rozpoczecie terapii [McGill et al. 2010; Schulze-Frenking et al. 2011; Pérez-Lopez et
al. 2017; Burton et al. 2025].

Korzysci wynikajace z zastosowania ERT u pacjentow z MPS obejmuja m.in.: poprawe
ruchomosci stawow, a w konsekwencji zdolnosci lokomocyjnych; poprawe funkcjonowania uktadu
oddechowego; redukcj¢ hepatomegalii oraz istotny spadek stezenia GAG w moczu [Wraith et al. 2007;
Clarke et al. 2009; Harmatz et al. 2006; Muenzer et al. 2011b; Pérez-Lopez et al. 2017]. Mimo to, ERT
nie eliminuje wszystkich objawow choroby. Szczegdlnym ograniczeniem jest fakt, ze podawany enzym
nie przekracza bariery krew—modzg, co czyni terapie nieskuteczng w przypadku postaci z zajeciem
osrodkowego uktadu nerwowego, a takze ograniczony wptyw enzymu na tkanki kostne [Chen et al.

2019; Rossi and Brunetti-Pierri 2024].

Z uwagi na konieczno$¢ opracowania terapii dla postaci neuronopatycznych, zaproponowano
alternatywne podejscie — terapi¢ redukcji syntezy substratu (SRT) [Jakobkiewicz-Banecka et al. 2009].
Metoda ta polega na zahamowaniu biosyntezy GAG w sytuacji, gdy ich degradacja jest uposledzona, co
pozwala na przywrdcenie rownowagi pomiedzy ich powstawaniem a usuwaniem. Bezposrednie

zahamowanie aktywnosci enzymow syntetyzujacych GAG jest niewykonalne, poniewaz ich substratami



sa cukry proste uczestniczace w licznych procesach metabolicznych. Dlatego ukierunkowano dziatania
na obnizenie ekspresji genéw kodujacych syntetazy GAG, co prowadzi do redukcji ich poziomu
i w konsekwencji zmniejszenia tempa syntezy tych zwigzkéw. Substancja wykorzystywana w tym
podejsciu terapeutycznym jest trihydroksyizoflawon (genisteina) [Jakobkiewicz-Banecka et al. 2009],
naturalny zwiazek z grupy izoflawonow ktory, z uwagi na szerokie spektrum dziatania, jest juz
stosowany w medycynie m.in. jako $rodek tagodzacy objawy menopauzy oraz o potencjale

przeciwnowotworowym.

Badania przeprowadzone z wykorzystaniem innego zwigzku naturalnego — ambroksolu (4-((2-
amino-3,5-dibromofenylo)metyloamino)cykloheksan-1-ol), wykazaty, ze pozytywnie wptywa on na
funkcje komorkowe poprzez poprawe aktywnosci enzymow lizosomalnych, funkcji lizosomow oraz
indukuje proces autofagii w modelu komérkowym mukopolisacharydozy typu III (MPS III) [Goker-
Alpan et al. 2020]. Eksperymenty z wykorzystaniem ambroksolu, jako potencjalnego terapeutyku,
przeprowadzono rowniez modelu choroby Gaucher wskazuja, ze moze on pomo6c w zmnigjszeniu
nagromadzonych, toksycznych substancji przez aktywacje $ciezki autofagia-lizosom [McNeill et al.

2014].

Na poczatku 2010 roku w Republice Sacha (Jakucja, Rosja) opisano kilku pacjentow
z objawami przypominajacymi zespdt Hurler (cigzka posta¢ MPS 1), prowadzace do zgonu przed
ukonczeniem drugiego roku zycia [Gurinova et al. 2014]. Poczatkowo schorzenie zostalo
sklasyfikowane jako ,niezréznicowana dziedziczna choroba metaboliczna” [Vasilev et al. 2020].
W 2017 roku, po szczegbélowym scharakteryzowaniu obrazu klinicznego oraz ustaleniu etiologii,
jednostka ta zostata opisana jako zespdt mukopolisacharydozy plus (MPS-plus, MPSPS). U pacjentow
zaobserwowano nadmierne wydalanie GAG z moczem, jednak nie bylo to wynikiem obnizonej
aktywnos$ci enzymow lizosomalnych. Nazwa wskazuje, iz poza klasycznymi objawami typowymi dla
konwencjonalnych postaci MPS, u chorych wystepuja rowniez inne cechy fenotypowe, m.in. wrodzone
wady serca, zaburzenia czynno$ci nerek oraz nieprawidlowosci w obregbie uktadu krwiotwdrczego
[Faraguna et al. 2022; Sofronova et al. 2022]. Do chwili obecnej chorobe stwierdzono u kilkudziesigciu
pacjentow, jednak doktadna ich liczba jest trudna do okreslenia, poniewaz niektoérzy pacjenci mogli
zosta¢ ujeci kilkukrotnie w roznych publikacjach [Lipinski et al. 2022]. Wigkszos¢ zdiagnozowanych
pacjentéw pochodzi z populacji jakuckiej (Republika Sacha) [Kondo et al. 2017], natomiast opisano
rowniez przypadki w innych regionach §wiata — w Turcji [Dursun et al. 2017], oraz po jednym pacjencie
z rejonu Morza Srodziemnego [Pavlova et al. 2022] i w Polsce [Lipinski et al. 2022]. Szacuje sie, ze
czestos¢ wystepowania MPSPS w populacji Jakutéw wynosi okoto 1:12 100 zywych urodzen [Kondo
etal. 2017].

MPSPS dziedziczy si¢ w sposOb autosomalny recesywny i jak dotad opisano dwie

homozygotyczne mutacje, w genie VPS334, prowadzace do jego powstania. Wariant ¢.1492C > T



(p.Argd98Trp) zostal opisany u wszystkich pacjentoéw pochodzacych z Jakucji oraz Turcji [Dursun et
al. 2017; Kondo et al. 2017; Faraguna et al. 2022], natomiast mutacje ¢.599G > C (p.Arg200Pro) opisano
u pacjentéw z rejonu Morza Srodziemnego oraz Polski [Pavlova et al. 2022; Cyske et al. 2025b -
Artykul nr 3 wchodzacy w sktad tej rozprawy doktorskiej]. Porownujac fenotyp wszystkich pacjentow
z MPSPS mozna zauwazy¢, ze mutacja ¢.1492C > T (p.Argd498Trp) prowadzi do powstania znacznie
ciezszych objawow oraz bardzo wczesnej §mierci pacjenta, natomiast w przypadku mutacji ¢.599G > C
(p-Arg200Pro) objawy sa znacznie tagodniejsze [Pavlova et al. 2019; Pavlova et al. 2022; Lipinski et al.
2022].

Pomimo identyfikacji mutacji prowadzacej do powstania MPSPS doktadny patomechanizm
choroby pozostaje nieznany. Zaproponowano natomiast dwie hipotezy, ktére potencjalnie moga
wyjasnia¢ mechanizm choroby. Pierwsza z nich opiera si¢ na badaniach potwierdzajgcych nadmierne
zakwaszenie lizosomow w wariancie p.Argd98Trp MPSPS. Enzymy lizosomalne w nadmiernie
zakwaszonym $rodowisku nie funkcjonuja prawidtowo i nie moga rozktada¢ GAG, przez co gromadza
si¢ one w lizosomach powodujac szereg cigzkich objawoéw [Kondo et al. 2017]. Druga z hipotez dotyczy
wariantu p.Arg200Pro MPSPS i skupia si¢ na funkcji produktu biatkowego genu VPS334 (biatka
VPS33A). Biatko to jest sktadnikiem dwodch, duzych, wielofunkcyjnych komplekséw: homotypowego
kompleksu fuzji i sortowania biatek (HOPS) oraz kompleksu wigzanie wakuoli rdzeniowo-
endosomalnych klasy C (CORVET). Oba te kompleksy uczestnicza w transporcie biatek do lizosomow,
a takze w procesach autofagii i endozytozy [Wartosch et al. 2015; Sofronova et al. 2022]. Obnizony
poziom biatka VPS33A wykazano w przypadku obu opisanych wariantow MPSPS, jednak w obu
przypadkach biatko zachowato swoja aktywnos¢ biochemiczng, co wskazuje na to, ze za powstajace
objawy odpowiedzialna jest obnizona ilo$¢ biatka, spowodowana nadmierng jego degradacja
w proteasomie, a nie brak jego aktywnosci. [Pavlova et al. 2022; Terawaki et al. 2025]. Kolejne badania
wskazaty, ze za patomechanizm MPSPS moze by¢ odpowiedzialny zaburzony transport endosomalny,
ktory spowodowany jest obnizonym poziomem biatka VPS33A, a co za tym idzie GAG nie sa
efektywnie dostarczane do lizosomow w celu ich degradacji [Cyske et al. 2024a — Artykul nr 2; Cyske
et al. 2025b — Artykul nr 3; Terawaki et al. 2025]. Takie badania zostaly juz weczesniej przeprowadzone
na komorkowym (MPS 1, 11, IIIA, IIIB, IIIC, IIID, IVA, IVB, VI, VII, IX) oraz mysim modelu MPSI
i wskazaly na znaczne zaburzenia w transporcie pecherzykowym, a takze na poprawe tych parametrow
po zastosowaniu genisteiny [Gaffke et al. 2023] Jesli przedstawiona hipoteza bytaby prawdziwa,
powinny nastgpi¢ istotne zmiany w poziomach bialek zaangazowanych w transport pecherzykowy

w MPSPS, a takze w wybranych organellach komérkowych.

W zwigzku z brakiem poznania doktadnego patomechanizmu, bardzo ograniczona wiedza na
temat zaburzen komorkowych w MPSPS oraz potrzeba opracowania skutecznego leku uzasadnionym
jest zbadanie jakie procesy komérkowe moga by¢ uposledzone w MPSPS, co doprowadzi¢ moze do

poznania doktadnego mechanizmu powstawania choroby oraz potencjalnych lekow na MPSPS.
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Dlatego celem mojej rozprawy doktorskiej stalo si¢:

1) OkreSlenie jakie procesy komérkowe sa zaburzone w MPSPS, a co za tym idzie poznanie
patomechanizmu choroby
2) Przetestowanie dwoch zwigzkéw naturalnych - ambroksolu i genisteiny, jako

potencjalnych lekow dla pacjentow z MPSPS

W pracy wykorzystywatam komorki skorne — fibroblasty, pobrane od jedynej polskiej pacjentki
z MPSPS z homozygotycznym wariantem c.599G>C (p.Arg200Pro) genu VPS334. Nie miatam
mozliwosci uzyskania wigkszej liczby linii komdérkowych MPSPS z uwagi na niezwykle mata liczbe
pacjentdw (jedynie kilkudziesigciu na $§wiecie), bardzo duza odleglo$¢ i izolacje geograficzna
wiekszosci z nich (chorzy gléwnie zamieszkuja regiony Jakucji — Syberii), a takze niezwykle krotka
dhugos¢ zycia chorych (wigkszo$¢ umiera przed ukonczeniem 2. roku zycia). Te, a takze wiele innych
problemow zwiazanych z chorobami rzadkimi zostaty szerzej omowione w artykule Cyske et al. 2025
[Cyske et al. 2025a - Artykul nr 1]. Jako kontrole wybratam komorki skoérne pobrane od osoby zdrowej
odpowiadajacej wiekiem i plcia badanej pacjentce. W czeSci doswiadczen zostaly rowniez
wykorzystane linie komorkowe pobrane od pacjentow z chorobg Sanfilippo, jako poréwnanie do

opisanych juz i lepiej poznanych zaburzen komoérkowych w MPS.

1) OkreSlenie jakie procesy komérkowe sa zaburzone w MPSPS, a co za tym idzie poznanie

patomechanizmu choroby

Aby przetestowac hipoteze mowigcg o zaburzonym transporcie endosomalnym GAG, wynikajacym
z obnizonej ilosci biatka VPS33A i nieefektywnego dostarczania ich do lizosoméw, w pierwszej
kolejnosci okreslitam poziom samych GAG w komodrkach MPSPS z wariantem p.Arg200Pro
genu VPS334 w komorkach kontrolnych oraz pacjenta cierpigcego na chorobg Sanfilippo (MPSIII).
Eksperymenty, z wykorzystaniem metody dot-blotting, wykazaly znacznie podwyzszony poziom
siarczanu heparanu (HS) w komodrkach MPSPS w porownaniu do komoérek kontrolnych.
Zwizualizowatam rowniez wewnatrzkomoérkowa lokalizacje HS, co okazato si¢ niezwykle interesujace,
poniewaz obraz uzyskany po wybarwieniu komorek MPSPS znacznie r6znil si¢ o tego uzyskanego
z komérek MPS III. Mianowicie, w MPS III HS byl widoczny w postaci wielu skupisk wedtug
wczesniejszych danych literaturowych mozna sadzi¢, ze sg to agregaty HS w lizosomach natomiast
w przypadku MPSPS HS byt rozproszony rownomiernie po catej komorce. Taki obraz moze wskazywaé

na zaburzony transport i dostarczanie GAG do lizosomow.

Weczeéniejsze badania, zarowno z wykorzystaniem wariantu p.Arg200Pro jak i p.Argd498Trp,
wskazywaly na obnizong ilo$¢ biatka VPS33A w MPSPS [Pavlova et al. 2022; Terawaki et al. 2025].

Zbadatam wiec poziom tego biatka w fibroblastach pobranych od polskiej pacjentki w poréwnaniu
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z komoérkami kontrolnymi. Stwierdzita drastycznie, bo o ponad 80%, obnizenie poziomu biatka
VPS33A w komoérkach MPSPS w poréwnaniu do komoérek kontrolnych. Wykorzystujac metode
mikroskopii fluorescencyjnej rowniez wykazatam zmniejszong intensywnos$¢ fluorescencji tego biatka.
Biatko VPS16, tak samo jak VPS33A, jest jedng z podjednostek komplekséw HOPS i CORVET. Biatka
te Sci§le ze soba oddzialywuja, dlatego okreslitam rowniez tego biatka. Podobnie do wczesniejszego
doswiadczenia okre$lajacego poziom biatka VPS33A, stwierdzitam takze obnizony poziom biatka

VPS16 w MPSPS

Mikroskopia elektronowa pozwala na szerokie spojrzenie na ogdlng morfologie komorki. Dla
wczesniej opisanych typow/podtypow MPS, w obrazie tym, charakterystyczne sa struktury ,,skorki
cebuli” oraz ,ciala zebrowate”, sg to specyficzne obrazy po ktorych rozpozna¢ mozna lizosomy,
w ktorych zakumulowane sa nieroztozone GAG [Piotrowska et al. 2006]. Dla pelnego ogladu komorek
MPSPS wykonatam takie samo badanie, ktore wykazalo znacznie podwyzszong Liczbg pgcherzykow
o zmienionej strukturze w porownaniu do komorek kontrolnych. Jesli jednak teoria mowiagca
o zaburzonym transporcie pecherzykowym jest prawdziwa, nie ma pewnoSci czy na obrazie
mikroskopowym widoczne pecherzyki sg lizosomami, jak w innych typach MPS, czy endosomami.
Zeby odpowiedzie¢ na to pytanie wybarwitam lizosomy z wykorzystaniem barwnika LysoTracker.
Doswiadczenia wykazaly znacznie silniejszy sygnal w komorkach MPSPS niz w komorkach
kontrolnych. Moze to dowodzi¢ zwickszonej liczbie lizosomoéw, jednak wczesniejsze eksperymenty
dowiodty, ze w MPSPS lizosomy sa nadmiernie zakwaszone [Kondo et al. 2017; Pavlova et al. 2022],
a wiadomym jest ze barwnik LysoTracker wykazuje wyzsze powinowactwo do organelli o nizszym pH.
Dlatego zadatam pytanie czy lizosomy sa liczniejsze czy jedynie nadmiernie zakwaszone. Do uzyskania
odpowiedzi wykorzystatam bialko LAMP2, biatko btonowe lizosomoéw i jeden z najczestszych
markerow w badan lizosomow. Zaréwno poziom tego biatka jak i intensywnos$¢ fluorescencji byta
podwyzszona na tej podstawie mozna stwierdzi¢, ze lizosomy sg liczniejsze w MPSPS, niezaleznie od

wigkszego ich zakwaszenia.

Biorac pod uwagg ,,rozsiany” obraz HS uzyskany z analiz mikroskopii fluorescencyjnej postawitam
pytanie czy GAG sg efektywnie dostarczane do lizosomow w celu ich degradacji. Dlatego tez okreslitam
kolokalizacj¢ lizosoméw z HS w MPSPS oraz w MPS 1II i wykazalam, ze w przypadku MPS III
kolokalizacja byta na znacznie wyzszym poziomie niz w komorkach kontrolnych, jednak w MPSPS
roznic tych nie byto. Moze to wskazywac, ze GAG nie sg dostarczane do lizosomow i mimo, ze enzymy
lizosomalne dzialajg prawidtowo, GAG nie moga by¢ roztozone. Niezwykle ciekawy okazat si¢ kolejny
eksperyment pokazujacy kolokalizacje HS z bialkiem LAMPI, kolejnym biatkiem blonowym
lizosomow, w ktorym wynik byt odwrotny. Mianowicie, kolokalizacja HS/LAMP1 byta znacznie
podwyzszona w MPSPS w poréwnaniu z komorkami kontrolnymi, natomiast w MPS III obnizona.
Mogtoby sie¢ to wydawaé sprzeczne z poprzednim eksperymentem, jednak w literaturze opisane sg

badania mowiace o tym, ze biatko LAMP1 znajduje si¢ rdéwniez we wczesnych i poznych endosomach
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[Cook et al. 2004]. Zatem prawdopodobne jest, ze GAG zostaja uwiczione w endosomach i nie sa

transportowane do lizosomow w celu degradacji.

Skoro biatko VPS33A bierze udziat w dojrzewaniu endosoméw i ich transporcie do lizosomow
[Wartosch et al. 2015; Marwaha et al. 2017; Kiimmel et al. 2022], to zgodnie z testowana hipoteza,
poziom markeréw endosomalnych powinien by¢ podwyzszony w komoérkach MPSPS. Markerem
wczesnych endosomow jest biatko EEAT1, ktore jest niezbedne do sortowania wczesnych i poznych
endosomoéw, a takze do sortowania na etapie wczesnych endosoméw [Yap i Winckler 2022].
Podwyzszony poziom tego biatka oraz intensywnos¢ fluorescencji wykazatam w komorkach MPSPS
w poréwnaniu do komorek kontrolnych, stosujac odpowiednio metode western-blotting oraz
mikroskopi¢ fluorescencyjng,. W tym przypadku rowniez uzyskany wynik potwierdza postawiong
hipoteze, a dodatkowo jest on zgody z eksperymentami przeprowadzonymi przez inny zespol na
komorkach pacjenta z tag samg mutacja [Pavlova et al. 2022]. Idac dalej tym tropem sprawdzitam poziom
biatka Rab7, ktére mozna uzna¢ za marker poznych endosomow, poniewaz jest niezbedne do transportu
p6znych endosoméw oraz do ich dostarczenia do lizosomow. Rowniez ten eksperyment wykazat
podwyzszymy poziom tego biata, a takze analizy mikroskopowe potwierdzity zwiekszona intensywnos$¢

fluorescencji tego biatka.

Wracajac do wspomnianego powyzej zatozenia zaktadajacego, ze HS gromadzi si¢ w endosomach
1 nie moze zosta¢ przetransportowany do lizosomoéw, okreslitam kolokalizacje HS z biatkiem EEA1. Na
podstawie wynikéw, ktore uzyskatam, mozna stwierdzi¢ zdecydowanie podwyzszong kolokalizacje
HS/EEA1 w komoérkach MPSPS w poréwnaniu do komoérek kontrolnych, co potwierdza postawiong
hipotezg. Jednak nie mozna nie zwrdci¢ uwagi na poziom kolokalizacji HS/EEA1 w MPS 111, ktory byt
jeszcze wyzszy niz w MPSPS, natomiast badania moéwigce o wtornym defekcie transportu

pecherzykowego w MPS zostaty juz wezesniej przeprowadzone [Gaftke et al. 2023]

2) Przetestowanie dwoéch zwiazkéw naturalnych - ambroksolu i genisteiny, jako

potencjalnych lekéw dla pacjentéw z MPSPS

MPSPS jak dotad jest chorobg nieuleczalna, a z uwagi na niezwykle matlg liczbe pacjentoéw oraz
bardzo ktora dlugos¢ ich zycia, opracowanie skutecznej terapii wydaje si¢ by¢ ogromnym wyzwaniem
dla wspotczesnej nauki. Potencjalna terapia dla MPSPS musialaby skupia¢ si¢ na korygowaniu
pierwotnych defektow molekularnych, ale oprocz tego rowniez by¢ bezpieczna w dtugoterminowym

uzyciu.

Wytypowatam dwa zwigzki naturalne, ktore potencjalnie moglyby sta¢ si¢ lekami dla MPSPS:
ambroksol (4-((2-amino-3,5-dibromofenylo)metyloamino)cykloheksan-1-o0l) oraz genisteina (5,7-

dihydroksy-3-(4-hydroksyfenylo)-4H-1-benzopiran-4-on). W zwiazki z tym, ze oba byly opisywane
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jako inhibitory degradacji bialek — odpowiednio degradacji zwigzanej z siateczka $rodplazmatyczng
(ERAD) oraz degradacji proteasomalnej. Oba zwigzki maja rowniez wtasciwosci przeciwzapalne oraz
antyoksydacyjne, a takze indukuja proces autofagii [Dhanve et al. 2023; Cyske et al. 2024b; Ponugoti
et al. 2024; Borah et al. 2025; Goswami et al. 2025; Pierzynowska et al. 2025], ale ambroksol fagodzi
tezstres endoplazmatyczny i hamuje degradacje ERAD [Bendikov-Bar et al. 2011; Dhanve et al. 2023],
natomiast genisteina hamuje degradacje proteasomalna poprzez modulacje ubikwitynacji biatek
[Pierzynowska et al. 2020]. Zgodnie z wymaganiem stawionym lekom, ktore nalezy przyjmowac przez
cate zycie, udowodniono, ze oba zwiazki sa bezpieczne w dhugoletnim stosowaniu [Kim et al. 2013;
Ghosh et al. 2021; Ponugoti et al. 2024]. Na podstawie powyzszych danych wybratam ambroksol
i genisteine jako potencjalne leki na MPSPS, a w przyszto§ci rowniez na inne choroby zwigzane
z niestabilno$cia biatek i zaburzeniami transportu endosomalnego, a takze biorac pod uwage inne
mechanizmy hamowania proteolizy przez ambroksol i genisteing, okreslitam czy zastosowanie terapii

kombinowanej begdzie skuteczniejsze niz wykorzystanie kazdego zwigzku osobno.

Pierwszym i jednym z najwazniejszych parametrow przy poszukiwaniu nowych lekow jest
bezpieczenstwo. Dlatego takie do$wiadczenie byto pierwszym, ktore wykonatam dla ambroksolu
i genisteiny jako potencjalnych lekow na MPSPS, mimo, ze oba zwiazki sa juz wykorzystywane od
wielu lat w medycynie. Na podstawie wczesniejszych danych literaturowych wybratam stezenia 100
uM dla ambroksolu i 50 uM dla genisteiny, ktore efektywnie hamuja proteolize [Bendikov-Bar et al.
2011; Pierzynowska et al. 2020]. Na podstawie testu zywotnosci komérek (MTT) wykazatam, ze oba

zwiazki sg bezpieczne dla komorek MPSPS we wskazanych powyzej stezeniach.

Gléwnym problemem w przypadku MPSPS okazal si¢ obnizony poziom biatka VPS33A, co
prowadzi do nieefektywnego transportu pecherzykowego i1 uwigzienia GAG w endosomach.
Potencjalny lek powinien wigc podnosi¢ poziom tego biatka. Badania, ktore przeprowadzitam wykazaty
4-krotnie obnizony poziom biatka VPS33A w komorkach MPSPS w poréwnaniu do komorek
kontrolnych. Natomiast podanie ambroksolu, genisteiny lub ich kombinacji spowodowato wzrost
poziomu tego biatka. Zastosowanie mieszaniny obu zwiazkow okazalo si¢ najbardziej efektywne
1 poziom biatka VPS33A osiagnal okoto 80% wartosci kontrolnej. Poréwnywalny wynik uzyskatam dla
biatka VPS16, ktore jest §cisle zwigzane z bialkiem VPS33A. Oba te wyniki wskazuja, ze ambroksol
1 genisteina podwyzszaja poziom bialek VPS33A i VPS16 poprzez obnizenie aktywnosci ERAD
(ambroksol) i proteasomu (genisteina) [Bendikov-Bar et al. 2011; Pierzynowska et al. 2020].

Eksperymenty, ktore przeprowadzitam potwierdzily znacznie podwyzszony (okoto 3-krotnie)
poziom HS w komoérkach MPSPS w poréwnaniu do komoérek kontrolnych [Cyske Z et al. 2025b —
Artykul nr 3]. Natomiast zastosowanie ambroksolu, genisteiny oraz ich mieszaniny obnizyto poziom
HS, nawet do poziomu zanotowanego w komorkach kontrolnych. Aby okresli¢ czy degradacja HS

zachodzi przez szlak lizosomalny zastosowatam chloroching (inhibitor, ktéry blokuje fuzje
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autofagosomu z lizosomem). Eksperymenty potwierdzity, ze po zastosowaniu chlorochiny w stgzeniu
10 uM zaobserwowa¢ mozna bardzo wysokie poziomy HS, niezaleznie od obecnosci ambroksolu
i genisteiny. Wynik ten wskazuje, ze degradacja GAG w komoérkach MPSPS po uzyciu ambroksolu

1 genisteiny zachodzi przez szlak lizosomalny.

Wiadomo juz ze w MPSPS zaburzenia wystgpuja rowniez w lizosomach, wiec ponownie okreslitam
ich liczbe oraz intensywnos¢ fluorescencji z w wykorzystaniem barwnika LysoTracker, tym razem
jednak okreslitam roéwniez wplyw ambrosksolu i genistein na te parametry. Wykazatam, ze liczba
lizosomow oraz intensywnos¢ ich fluorescencji jest znacznie podwyzszona w MPSPS w porownaniu do
komorek kontrolnych, a leczenie ambroksolem, genisteing oraz ich mieszaning skutecznie obnizato
liczbe lizosomow, natomiast zastosowanie mieszaniny obu zwigzkow najskuteczniej redukowato

intensywnosc¢ fluorescencji w MPSPS.

Aby potwierdzi¢ normalizacje transportu GAG do lizosoméw okreslitam kolokalizacje HS
z lizosomami (barwnik LysoTracker). Eksperymenty ponownie wykazaty znacznie obnizony poziom
ich kolokalizacji w komorkach MPSPS w poréwnaniu do komorek kontrolnych, ale takze wzrost tego
parametru po zastosowaniu ambroksolu, genisteiny oraz ich mieszaniny, przy czy zastosowanie
mieszanki obu zwiazkéw byto najbardziej efektywne. Badajac kolokalizacje HS z LAMP2, biatkiem
btonowym lizosomow, zauwazy¢é mozna obnizony poziom kolokalizacji w MPSPS w poréwnaniu do
kontroli, ale rowniez wzrost do poziomu porownywalnego z kontrola po zastosowaniu mieszaniny
ambroksolu i genisteiny. Badania, ktére przeprowadzitam wczesniej sugeruja, ze w MPSPS GAG s3
uwigzione w endosomach z powodu wadliwego transportu endosomalnego [Cyske Z et al. 2025b].
Ponownie okreslitam poziom biatka EEA1 oraz jego kolokalizacje z HS, co pokazato, ze poziom biatka
EEAI1 jest znacznie podwyzszony w MPSPS w poréwnaniu do komorek kontrolnych, jednak
zastosowanie ambroksolu, genisteiny oraz ich mieszaniny spowodowato normalizacj¢ do poziomu
nieodroznialnego od kontroli. Wynik ten wskazuje na poprawe wydajnosci transportu pecherzykowego
w MPSPS po zastosowaniu terapii. Wniosek ten dodatkowo potwierdza okreslenie kolokalizacji HS
z biatkiem LAMP1 (jak wspomnialam wczesniej biatko to znajduje sie¢ zarowno w lizosomach jak
i endosomach) [Cook et al. 2024]. Eksperyment ten wykazat, jak poprzednio, zwigkszong kolokalizacje
HS/LAMP1 w komorkach MPSPS w porownaniu z kontrola, ale rowniez normalizacj¢ tego poziomu
po zastosowaniu mieszaniny ambroksolu i genisteiny. Po raz kolejny wyniki wskazuje zatem na
stuszno$¢ zalozen hipotezy o wadliwym transporcie endosomalnym GAG oraz na poprawe jego

wydajnos$ci po zastosowaniu ambroksolu, genisteiny, a w szczego6lno$ci ich mieszaniny.

Oprocz poziomu biatka EEA1 (markera wczesnych endosoméw) okreslitam réwniez poziom
markerow poznych endosomow — biatka Rab5 i Rab7. Biatko Rab5 zaangazowane jest w dojrzewanie
endosoméw [Nagano et al. 2019], natomiast Rab7 jest niezbedne w transporcie endosomalnym

i dostarczaniu makroczasteczek do lizosoméw [Marwaha et al. 2017; Mulligan i Winckler 2023].
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Poziomy obu bialek markerowych dla pdéznych endosoméw byly podwyzszone w MPSPS
w poréownaniu do kontroli, a zastosowanie mieszaniny ambroksolu i1 genisteiny powodowato
normalizacje tego parametru do poziomu kontroli (w przypadku Rab7) lub poprawe parametru

(w przypadku Rab5).

Eksperymenty przeprowadzone przez inne zespoty [Terawaki et al. 2025] wskazaty, ze autofagia
nie jest uposledzona w wariancie p.Arg498Trp MPSPS. Natomiast wyniki badan, ktore uzyskatam
niedawno jasno pokazuja, Zze proces ten jest zaburzony w wariancie p.Arg200Pro MPSPS [Cyske Z et
al. 2025b]. Zaro6wno ambroksol jak i genisteina sg znanymi induktorami procesu autofagii, okreslitam
ich wptwy na stymulacje tego procesu w MPSPS w wariancie p.Arg200Pro. Okreslitam poziom biatka
LC3-II (markera procesu autofagii) i stwierdzitam, ze zarowno ambroksol jak i1 genisteina znaczaco
zwigkszaja poziom tego biatka, co wskazuje na skuteczng stymulacje autofagii, a proces ten jest
najbardziej efektywny po zastosowaniu mieszaniny obu zwigzkéw. Degradacja zakumulowanego
materiatu biatkowego jest niezwykle wazna w kontekscie potencjalnej terapii MPSPS, dlatego indukcja
procesu autofagii przez ambroksol i genisteing jest niezwykle pomocna w kontek$cie opracowania

potencjalnej terapii z wykorzystaniem tych zwiazkow.

Rezultaty moich badan opisanych w tym rozdziale zostaty przedstawione w manuskrypcie artykutu,
ktory zostal przestany do redakcji czasopisma Mammalian Genome i w momencie skladania tej

rozprawy doktorskiej znajdowat si¢ w recenzjach [Cyske et al. — Artykul nr 4].

Whioski

Niniejsza praca doktorska dostarcza dowodow eksperymentalnych popierajacych hipoteze
0 zaburzonym transporcie endosomlanym, spowodowanym przez obnizony poziom biatka VPS33A, co
jest podstawg molekularnego mechanizmu MPSPS. Terapia z wykorzystaniem ambroksolu i genisteiny,
ktora proponuj¢ jako potencjalnie skuteczng w leczeniu MPSPS, skutkuje podwyzszeniem poziomu
biatka VPS33A, co poprawia prawie wszystkie zaburzone parametry lub nawet normalizuje je do
poziomu nieodrdznialnego od kontroli. Zaproponowana terapia w przysztosci ma potencjat stac si¢
przydatna rowniez w leczeniu innych choréb zwigzanych z niestabilnoscig biatek i zaburzonym

transportem endosomalnym.
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Summary in English

Mucopolysaccharidoses (MPS) belong to the group of lysosomal storage disorders (LSDs).
They are a progressive hereditary disorder resulting from the complete absence or significant reduction
in the activity of specific lysosomal enzymes responsible for the degradation of unbranched
polysaccharide chains — glycosaminoglycans (GAGs) [Nagpal et al. 2022]. Undegraded GAGs gradually
accumulate in lysosomes, leading to dysfunction of cells, tissues, and eventually entire organs [Freeze
et al. 2015]. The activity of individual enzymes, including those in the metabolic pathway, is closely
correlated — each enzyme begins to act only after the previous one has completed its reaction. As a result,
the lack of activity of even one of them disrupts the entire degradation process [Parenti et al. 2015;

Trovao de Queiroz et al. 2016].

MPS inheritance is most often autosomal recessive, with the exception of MPS type II (Hunter
syndrome), which is X-linked. The prevalence of individual types varies greatly depending on the region
of the world — it is estimated that MPS I occurs at a rate of approximately 1 in 88,000 live births, while
MPS VII occurs at a rate of approximately 1 in 2,111,000 births. MPS IX is an extremely rare form —
only four cases have been reported worldwide to date [ Natowicz et al. 1996; Imundo et al. 2011; Tomatsu

et al. 2018; Wegrzyn et al. 2022].

To date, 14 types and subtypes of MPS have been described, classified on the basis of inactive
or severely impaired lysosomal enzyme activity or on the basis of GAG accumulation [Zhou et al. 2020].
The clinical picture includes both symptoms common to all forms of the disease and symptoms specific
to particular types/subtypes of MPS. Symptoms described in almost all types/subtypes include
organomegaly, characteristic facial features, skeletal abnormalities, and, in later stages, changes in the
respiratory and cardiovascular systems. In some cases, hearing and vision impairments occur. Cognitive
impairment is observed in MPS I, severe forms of MPS 11, all types of MPS III, and MPS VII [Muenzer
2011al].

Although individual types/subtypes of MPS are caused by specific mutations in different genes,
they lead to the same biochemical effect - the accumulation of GAG in lysosomes [Jakobkiewicz-
Banecka et al. 2009]. Until recently, it was believed that GAG accumulation was the primary and only
pathogenic factor [Wraith 2013]. However, recent studies indicate that MPS is also associated with the
dysfunction of many cellular processes that are essential for normal cell function. It is therefore possible
that molecular disorders, rather than GAG accumulation alone, play a key role in the pathogenesis of
the disease. These changes include, among others: apoptosis and autophagy disorders [Tessitore et al.
2009; Brokowska et al. 2021], abnormalities in vesicular transport [Gaffke et al. 2023], proteasome
[Pierzynowska et al. 2020], mitochondrial dysfunction [ Pshezhetsky 2015], and disorders within the
cytoskeleton [Parente et al. 2016] and intracellular signalling [Pierzynowska et al. 2022].
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For a long time, therapeutic options for patients with MPS were limited to palliative care. An
alternative form of treatment, first introduced in 1980, was bone marrow transplantation [Hobbs et al.
1981]. However, the effectiveness of this method is limited to cases where the disease was diagnosed at
a very early stage, before the first clinical symptoms appeared. This therapy does not reverse existing
neurological deficits, such as cognitive impairment, hyperactivity, or emotional problems, nor does it
correct all structural changes, including common skeletal deformities [Weisstein et al. 2004]. Bone
marrow transplantation is considered ineffective in the treatment of MPS types Il, 111, and IV [Sivakumur

and Wraith 1999; Peters and Krivit 2000; Prasad and Kurtzberg 2010].

The introduction of enzyme replacement therapy (ERT), which involves the intravenous
administration of the active form of an inactive or partially active enzyme, has led to some restrictions
on the use of bone marrow transplants. This decision was justified, among other things, by the high
mortality rate after the first transplant in patients with MPS I, amounting to approximately 15% [Boelens
et al. 2007]. Over the past dozen or so years, ERT has been developed for MPS 1, II, IVA, VI, and VII,
with the greatest progress being made in the case of MPS I [Wraith 2005; Wraith and Jones 2014; de Ru
et al. 2011; Burton et al. 2025], which is probably due to the highest prevalence of this type of MPS. As
with bone marrow transplantation, early diagnosis of the disease and rapid initiation of therapy are

crucial [McGill et al. 2010; Schulze-Frenking et al. 2011; Pérez-Lopez et al. 2017; Burton et al. 2025].

The benefits of ERT in patients with MPS include improved joint mobility and, consequently,
locomotor ability; improved respiratory function; reduction of hepatomegaly; and a significant decrease
in urinary GAG concentration [Wraith et al. 2007; Clarke et al. 2009; Harmatz et al. 2006; Muenzer et
al. 2011b; Pérez-Lopez et al. 2017]. Nevertheless, ERT does not eliminate all symptoms of the disease.
A particular limitation is the fact that the administered enzyme does not cross the blood-brain barrier,
which makes the therapy ineffective in cases involving the central nervous system, as well as the limited

effect of the enzyme on bone tissue [Chen et al. 2019; Rossi and Brunetti-Pierri 2024].

Due to the need to develop a therapy for the neuronopathic form, an alternative approach has
been proposed — substrate reduction therapy (SRT) [Jakobkiewicz-Banecka et al. 2009]. This method
involves inhibiting GAG biosynthesis when their degradation is impaired, which allows the balance
between their formation and removal to be restored. Direct inhibition of GAG-synthesizing enzymes is
not feasible because their substrates are simple sugars involved in numerous metabolic processes.
Therefore, efforts have been focused on reducing the expression of genes encoding GAG synthetases,
which leads to a reduction in their levels and, consequently, a decrease in the rate of synthesis of these
compounds. The substance used in this therapeutic approach is trihydroxyisoflavone (genistein)
[Jakobkiewicz-Banecka et al. 2009], a natural compound from the isoflavone group which, due to its
broad spectrum of activity, is already used in medicine, among others, as a remedy for menopausal

symptoms and for its anti-cancer potential.
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Studies conducted using another natural compound, ambroxol (4-((2-amino-3,5-
dibromophenyl)methylamino)cyclohexan-1-ol), has shown that it has a positive effect on cellular
functions by improving the activity of lysosomal enzymes and lysosomal function, and induces
autophagy in a cellular model of mucopolysaccharidosis type III (MPS III) [Goker-Alpan et al. 2020].
Experiments using ambroxol as a potential therapeutic agent were also conducted in a model of Gaucher
disease, indicating that it may help reduce the accumulation of toxic substances by activating the

autophagy-lysosome pathway [McNeill et al. 2014].

In early 2010, several patients with symptoms resembling Hurler syndrome (a severe form of
MPS 1) were described in the Republic of Sakha (Yakutia, Russia), leading to death before the age of
two [Gurinova et al. 2014]. Initially, the condition was classified as an "undifferentiated hereditary
metabolic disease" [Vasilev et al. 2020]. In 2017, after detailed characterization of the clinical picture
and determination of the etiology, this entity was described as mucopolysaccharidosis plus (MPS-plus,
MPSPS). Patients were found to have excessive GAG excretion in their urine, but this was not due to
reduced lysosomal enzyme activity. The name indicates that, in addition to the classic symptoms typical
of conventional forms of MPS, patients also have other phenotypic features, including congenital heart
defects, renal dysfunction, and hematopoietic abnormalities [Faraguna et al. 2022; Sofronova et al.
2022]. To date, the disease has been diagnosed in several dozen patients, but the exact number is difficult
to determine because some patients may have been included several times in different publications
[Lipinski et al. 2022]. Most of the diagnosed patients come from the Yakut population (Sakha Republic)
[Kondo et al. 2017], but cases have also been reported in other regions of the world — in Turkey [Dursun
et al. 2017], and one patient each from the Mediterranean region [Pavlova et al. 2022] and Poland
[Lipinski et al. 2022]. It is estimated that the prevalence of MPSPS in the Yakut population is
approximately 1:12,100 live births [Kondo et al. 2017].

MPSPS is inherited in an autosomal recessive manner, and to date, two homozygous mutations
in the VPS334 gene have been described as causing the disorder. The ¢.1492C > T variant (p.Arg498Trp)
has been described in all patients from Yakutia and Turkey [Dursun et al. 2017; Kondo et al. 2017,
Faraguna et al. 2022], while the ¢.599G > C (p.Arg200Pro) mutation has been described in patients from
the Mediterranean region and Poland [Pavlova et al. 2022; Cyske et al. 2025b - Article No. 3 included
in this PhD thesis]. Comparing the phenotype of all patients with MPSPS, it can be seen that the ¢.1492C
> T (p.Arg498Trp) leads to much more severe symptoms and very early death, while in the case of the
¢.599G > C (p.Arg200Pro) mutation, the symptoms are much milder [Pavlova et al. 2019; Pavlova et al.
2022; Lipinski et al. 2022].

Despite the identification of the mutation leading to MPSPS, the exact pathomechanism of the
disease remains unknown. However, two hypotheses have been proposed that could potentially explain

the mechanism of the disease. The first is based on studies confirming excessive acidification of
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lysosomes in the p.Arg498Trp variant of MPSPS. Lysosomal enzymes do not function properly in an
excessively acidic environment and cannot break down GAGs, which accumulate in lysosomes, causing
a number of severe symptoms [Kondo et al. 2017]. The second hypothesis concerns the p.Arg200Pro
MPSPS variant and focuses on the function of the VPS334 gene protein product (VPS33A protein). This
protein is a component of two large, multifunctional complexes: the homotypic fusion and protein
sorting complex (HOPS) and the class C core-endosomal vacuolar binding complex (CORVET). Both
of these complexes are involved in the transport of proteins to lysosomes, as well as in autophagy and
endocytosis processes [ Wartosch et al. 2015; Sofronova et al. 2022]. Reduced levels of VPS33A protein
have been demonstrated in both MPSPS variants described, but in both cases the protein retained its
biochemical activity, indicating that the symptoms are caused by a reduced amount of protein due to its
excessive degradation in the proteasome, rather than a lack of activity. [Pavlova et al. 2022; Terawaki et
al. 2025]. Further studies have indicated that the pathomechanism of MPSPS may be caused by impaired
endosomal transport, which is caused by reduced levels of the VPS33 A protein, and thus GAGs are not
effectively delivered to lysosomes for degradation [Cyske et al. 2024a — Article No. 2; Cyske et al.
2025b — Article No. 3; Terawaki et al. 2025]. Such studies have already been conducted on cellular
(MPS I, 11, TITA, TIIB, LIIC, IIID, IVA, IVB, VI, VII, IX) and mouse models of MPS I and have indicated
significant disturbances in vesicular transport, as well as an improvement in these parameters after the
use of genistein [Gaffke et al. 2023]. If the presented hypothesis were true, there should be significant
changes in the levels of proteins involved in vesicular transport in MPSPS, as well as in selected cellular

organelles.

Due to the lack of knowledge about the exact pathomechanism, very limited knowledge about
cellular disorders in MPSPS, and the need to develop an effective drug, it is justified to investigate which
cellular processes may be impaired in MPSPS, which may lead to understanding the exact mechanism

of disease development and potential drugs for MPSPS.
Therefore, the aim of my doctoral dissertation was:

1) To determine which cellular processes are impaired in MPSPS and, consequently, to
understand the pathomechanism of the disease
2) To test two natural compounds, ambroxol and genistein, as potential drugs for patients

with MPSPS

In my work, I used skin cells — fibroblasts - taken from the only Polish patient with MPSPS with the
homozygous variant ¢.599G>C (p.Arg200Pro) of the V'PS33A4 gene. I was unable to obtain more MPSPS
cell lines due to the extremely small number of patients (only a few dozen worldwide), the great distance
and geographical isolation of most of them (patients mainly live in the regions of Yakutia and Siberia),
and the extremely short life expectancy of patients (most die before the age of 2). These and many other

problems related to rare diseases are discussed in more detail in the article by Cyske et al. 2025 [Cyske
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et al. 2025a - Article No. 1]. As a control, I chose skin cells taken from a healthy person matching the
age and gender of the patient. In some of the experiments, cell lines taken from patients with Sanfilippo
syndrome were also used as a comparison to the already described and better understood cellular

disorders in MPS.

1) Identifying which cellular processes are disrupted in MPSPS, and thus understanding the

pathomechanism of the disease

To test the hypothesis of impaired endosomal GAG transport resulting from reduced VPS33A
protein levels and inefficient delivery to lysosomes, I first determined the level of GAGs in MPSPS cells
with the p.Arg200Pro variant of the VPS334 gene in control cells and in a patient suffering from
Sanfilippo syndrome (MPS III). Experiments using the dot-blotting method showed significantly
elevated levels of heparan sulfate (HS) in MPSPS cells compared to control cells. I also visualized the
intracellular localization of HS, which proved to be extremely interesting, as the image obtained after
staining MPSPS cells differed significantly from that obtained from MPS III cells. Namely, in MPS III,
HS was visible in the form of multiple clusters; according to previous literature data, it can be assumed
that these are HS aggregates in lysosomes, while in MPSPS, HS was evenly distributed throughout the

cell. This image may indicate impaired transport and delivery of GAG to lysosomes.

Previous studies, using both the p.Arg200Pro and p.Arg498Trp variants, indicated a reduced amount
of VPS33A protein in MPSPS [Pavlova et al. 2022; Terawaki et al. 2025]. I therefore examined the level
of'this protein in fibroblasts taken from a Polish patient in comparison with control cells. I found a drastic
reduction of more than 80% in the level of VPS33A protein in MPSPS cells compared to control cells.
Using fluorescence microscopy, I also demonstrated a reduced fluorescence intensity of this protein.
The VPS16 protein, like VPS33 A, is one of the subunits of the HOPS and CORVET complexes. These
proteins interact closely with each other, which is why I also determined this protein. Similar to the
previous experiment determining the level of VPS33A protein, I also found a reduced level of VPS16

protein in MPSPS.

Electron microscopy allows for a broad view of the overall morphology of the cell. For the
previously described types/subtypes of MPS, this image is characterized by "onion skin" and "zebra
body" structures, which are specific images that can be used to identify lysosomes in which undegraded
GAGs are accumulated [Piotrowska et al. 2006]. For a complete view of MPSPS cells, I performed the
same test, which showed a significantly increased number of vesicles with altered structure compared
to control cells. However, if the theory of impaired vesicular transport is true, it is uncertain whether the
vesicles visible in the microscopic image are lysosomes, as in other types of MPS, or endosomes. To
answer this question, | stained the lysosomes using LysoTracker dye. The experiments showed

a significantly stronger signal in MPSPS cells than in control cells. This may indicate an increased
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number of lysosomes, but previous experiments have shown that lysosomes in MPSPS are excessively
acidified [Kondo et al. 2017; Pavlova et al. 2022], and it is known that LysoTracker dye has a higher
affinity for organelles with lower pH. Therefore, I asked whether lysosomes are more numerous or
merely excessively acidified. To obtain the answer, I used the LAMP?2 protein, a lysosomal membrane
protein and one of the most common markers in lysosome research. Both the level of this protein and
the intensity of fluorescence were elevated, on the basis of which it can be concluded that lysosomes are

more numerous in MPSPS, regardless of their greater acidification.

Considering the "scattered" image of HS obtained from fluorescence microscopy analyses, | asked
whether GAGs are effectively delivered to lysosomes for degradation. Therefore, I determined the
colocalization of lysosomes with HS in MPSPS and MPS III and showed that in MPS III, colocalization
was at a significantly higher level than in control cells, but in MPSPS, there were no differences. This
may indicate that GAGs are not delivered to lysosomes and, although lysosomal enzymes function
properly, GAGs cannot be broken down. Another experiment showing the colocalization of HS with
LAMP1, another lysosomal membrane protein, proved to be extremely interesting, as the result was the
opposite. Namely, HS/LAMP1 colocalization was significantly increased in MPSPS compared to
control cells, while in MPS III it was decreased. This might seem contradictory to the previous
experiment, but there are studies in the literature describing that the LAMP1 protein is also found in
early and late endosomes [Cook et al. 2004]. Therefore, it is likely that GAGs are trapped in endosomes

and are not transported to lysosomes for degradation.

Since the VPS33A protein is involved in the maturation of endosomes and their transport to
lysosomes [Wartosch et al. 2015; Marwaha et al. 2017; Kiimmel et al. 2022], then, according to the
tested hypothesis, the level of endosomal markers should be elevated in MPSPS cells. The marker of
early endosomes is the EEA1 protein, which is essential for the sorting of early and late endosomes, as
well as for sorting at the early endosome stage [ Yap and Winckler 2022]. I demonstrated elevated levels
of this protein and fluorescence intensity in MPSPS cells compared to control cells, using the western-
blotting method and fluorescence microscopy, respectively. In this case, the result also confirms the
hypothesis and is consistent with experiments conducted by another team on cells from a patient with
the same mutation [Pavlova et al. 2022]. Following this line of reasoning, I checked the level of Rab7
protein, which can be considered a marker of late endosomes, as it is essential for the transport of late
endosomes and their delivery to lysosomes. This experiment also showed an increased level of this

protein, and microscopic analyses confirmed the increased fluorescence intensity of this protein.

Returning to the above assumption that HS accumulates in endosomes and cannot be transported to
lysosomes, [ determined the colocalization of HS with the EEA1 protein. Based on the results I obtained,
it can be concluded that there is a significantly increased colocalization of HS/EEA1 in MPSPS cells

compared to control cells, which confirms the hypothesis. However, it is important to note the level of
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HS/EEAL colocalization in MPS 111, which was even higher than in MPSPS, while studies reporting
a secondary vesicular transport defect in MPS have already been conducted [Gaffke et al. 2023].

2) Testing of two natural compounds, ambroxol and genistein, as potential drugs for patients

with MPSPS

MPSPS is currently an incurable disease, and due to the extremely small number of patients and
their very short life expectancy, developing an effective treatment seems to be a huge challenge for
modern science. A potential treatment for MPSPS would have to focus on correcting the underlying

molecular defects, but it would also have to be safe for long-term use.

I selected two natural compounds that could potentially become drugs for MPSPS: ambroxol (4-((2-
amino-3,5-dibromophenyl)methylamino)cyclohexan-1-ol) and  genistein  (5,7-dihydroxy-3-(4-
hydroxyphenyl)-4H-1-benzopiran-4-on). This is because both have been described as inhibitors of
protein degradation — endoplasmic reticulum-associated degradation (ERAD) and proteasomal
degradation, respectively. Both compounds also have anti-inflammatory and antioxidant properties and
induce autophagy [Dhanve et al. 2023; Cyske et al. 2024b; Ponugoti et al. 2024; Borah et al. 2025;
Goswami et al. 2025; Pierzynowska et al. 2025], but ambroxol also alleviates endoplasmic stress and
inhibits ERAD degradation [Bendikov-Bar et al. 2011; Dhanve et al. 2023], while genistein inhibits
proteasomal degradation by modulating protein ubiquitination [Pierzynowska et al. 2020]. As required
for drugs that must be taken for life, both compounds have been proven safe for long-term use [Kim et
al. 2013; Ghosh et al. 2021; Ponugoti et al. 2024]. Based on the above data, I selected ambroxol and
genistein as potential drugs for MPSPS and, in the future, also for other diseases associated with protein
instability and endosomal transport disorders. Taking into account other mechanisms of proteolysis
inhibition by ambroxol and genistein, I determined whether the use of combination therapy would be

more effective than the use of each compound separately.

The first and one of the most important parameters in the search for new drugs is safety. Therefore,
this experiment was the first one I performed for ambroxol and genistein as potential drugs for MPSPS,
even though both compounds have already been used in medicine for many years. Based on previous
literature data, I chose concentrations of 100 pM for ambroxol and 50 pM for genistein, which
effectively inhibit proteolysis [Bendikov-Bar et al. 2011; Pierzynowska et al. 2020]. Based on a cell
viability test (MTT), I demonstrated that both compounds are safe for MPSPS cells at the concentrations

indicated above.

The main problem in MPSPS turned out to be reduced levels of the VPS33A protein, which leads
to inefficient vesicular transport and GAG entrapment in endosomes. A potential drug should therefore

increase the level of this protein. My research showed a 4-fold reduction in VPS33A protein levels in
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MPSPS cells compared to control cells. However, the administration of ambroxol, genistein, or
a combination of both resulted in an increase in the level of this protein. The use of a mixture of both
compounds proved to be the most effective, and the level of VPS33A protein reached approximately
80% of the control value. I obtained a comparable result for the VPS16 protein, which is closely related
to the VPS33A protein. Both of these results indicate that ambroxol and genistein increase the levels of
VPS33A and VPS16 proteins by reducing the activity of ERAD (ambroxol) and proteasome (genistein)
[Bendikov-Bar et al. 2011; Pierzynowska et al. 2020].

The experiments I conducted confirmed significantly elevated (approximately 3-fold) HS levels in
MPSPS cells compared to control cells [Cyske Z et al. 2025b — Article no. 3]. However, the use of
ambroxol, genistein, and their mixture reduced HS levels, even to the level observed in control cells. To
determine whether HS degradation occurs via the lysosomal pathway, I used chloroquine (an inhibitor
that blocks the fusion of autophagosomes with lysosomes). The experiments confirmed that after the use
of chloroquine at a concentration of 10 uM, very high HS levels can be observed, regardless of the
presence of ambroxol and genistein. This result indicates that GAG degradation in MPSPS cells after

the use of ambroxol and genistein occurs via the lysosomal pathway.

Since lysosomal disorders occur in MPSPS, I re-determined their number and fluorescence intensity
using the LysoTracker dye, but this time I also determined the effect of ambroxol and genistein on these
parameters. | showed that the number of lysosomes and the intensity of their fluorescence is significantly
increased in MPSPS compared to control cells, and treatment with ambroxol, genistein, and their
mixture effectively reduced the number of lysosomes, while the use of a mixture of both compounds

most effectively reduced the intensity of fluorescence in MPSPS.

To confirm the normalization of GAG transport to lysosomes, I determined the colocalization of HS
with lysosomes (LysoTracker dye). The experiments again showed a significantly reduced level of their
colocalization in MPSPS cells compared to control cells, but also an increase in this parameter after the
use of ambroxol, genistein, and their mixture, with the use of a mixture of both compounds being the
most effective. When examining the colocalization of HS with LAMP2, a lysosomal membrane protein,
areduced level of colocalization can be observed in MPSPS compared to the control, but also an increase
to a level comparable to the control after the use of a mixture of ambroxol and genistein. Since my
research suggested that in MPSPS, GAGs are trapped in endosomes due to defective endosomal
transport [Cyske Z et al. 2025b — Article no. 3], I re-determined the level of EEA1 protein and its
colocalization with HS, which showed that the level of EEA1 protein is significantly elevated in MPSPS
compared to control cells, but the use of ambroxol, genistein, and their mixture resulted in normalization
to a level indistinguishable from the control. This result indicates an improvement in vesicular transport
efficiency in MPSPS after treatment. This conclusion is further confirmed by the determination of HS

colocalization with LAMPI1 protein (as mentioned earlier, this protein is found in both lysosomes and
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endosomes) [Cook et al. 2024]. This experiment showed, as before, increased HS/LAMP1 colocalization
in MPSPS cells compared to the control, but also normalization of this level after the use of a mixture
of ambroxol and genistein. Once again, the results confirmed the hypothesis of defective endosomal
transport of GAG and an improvement in its efficiency after the use of ambroxol, genistein, and in

particular their mixture.

In addition to the level of EEA1 protein (a marker of early endosomes), I also determined the level
of late endosome markers — Rab5 and Rab7 proteins. The Rab5 protein is involved in endosome
maturation [Nagano et al. 2019], while Rab7 is essential for endosomal transport and the delivery of
macromolecules to lysosomes [Marwaha et al. 2017; Mulligan and Winckler 2023]. The levels of both
marker proteins for late endosomes were elevated in MPSPS compared to the control, and the use of
a mixture of ambroxol and genistein resulted in the normalization of this parameter to the control level

(in the case of Rab7) or an improvement in the parameter (in the case of Rab5).

Experiments conducted by other teams [Terawaki et al. 2025] indicated that autophagy is not
impaired in the p.Arg498Trp MPSPS variant. However, the results of my research clearly show that this
process is impaired in the p.Arg200Pro MPSPS variant [Cyske Z et al. 2025b — Article no. 3]. Both
ambroxol and genistein are known inducers of autophagy, and I determined their effects on the
stimulation of this process in the p.Arg200Pro variant of MPSPS. I determined the level of LC3-II
protein (a marker of autophagy) and found that both ambroxol and genistein significantly increase the
level of this protein, which indicates effective stimulation of autophagy, and this process is most
effective after the use of a mixture of both compounds. The degradation of accumulated protein material
is extremely important in the context of potential MPSPS therapy, therefore the induction of autophagy
by ambroxol and genistein is extremely helpful in the context of developing a potential therapy using

these compounds.

The results of my research described in this chapter were presented in a manuscript article that was
submitted to the editors of the journal Mammalian Genome and was in peer review at the time of

submission of this doctoral dissertation [Cyske et al. — Article no. 4].
Conclusions

This dissertation provides experimental evidence supporting the hypothesis of impaired endosomal
transport caused by reduced levels of the VPS33 A protein, which underlies the molecular mechanism of
MPSPS. Therapy with ambroxol and genistein, which I propose as potentially effective in the treatment
of MPSPS, results in increased levels of the VPS33A protein, improving almost all impaired parameters
or even normalizing them to levels indistinguishable from control. The proposed therapy has the
potential to be useful in the future in the treatment of other diseases associated with protein instability

and impaired endosomal transport.
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Although there no single, widely accepted definition of a “rare disease,” this
group of disorders includes conditions that affect only a small fraction of the
population. A large number of rare diseases is caused by defined molecular
defects, predominantly the occurrence of pathogenic variant(s) of genes.
Thus, they are classified as "genetic diseases,” among which there are many
neurodegenerative disorders. Despite a low incidence of each such
disease, majority of them are severe and no effective treatment is
available. This creates a battery of problems for millions of people
suffering from these disease as well as to their relatives and caregivers.
However, the set of problems is larger; therefore, in this narrative review
we summarize and discuss various kinds of problems caused by rare disease,
including severe symptoms of patients, everyday problems of patients and
caregivers, loneliness and social exclusion, diagnostic difficulties,
unavailability of effective therapies and economic difficulties in introducing
orphan drugs, and a complexity of studies on rare diseases due to
low availability of biological material and complicated pathomechanisms.
The global picture of the complex problems caused by rare diseases is
presented.

KEYWORDS

rare diseases, molecular causes of diseases, diagnostics, treatment, multidisciplinary
research, multiple challenges

Introduction

There is no single, specific, and commonly accepted definition of a rare disease, as
each country/region of the world has established its own criteria for classifying a disease as
rare or ultra-rare (Hughes et al., 2005; Richter et al., 2015; Kolker et al., 2022; Song et al.,
2013). For example, according to the World Health Organization (WHO), a rare disease is
one that affects no more than 1 in 2,000 people (The Lancet Global Health, 2024). In
European Union, the definition is similar, but expressed as less than 5 in 10,000; however,
in United States the definition describes the total number of patients, rather than a
frequency, and it is expressed as less than 200,000 in the population of the country (which
corresponds to about 1 in 1,500 people). Regardless of the specific definition, it is
estimated that nearly 10,000 rare diseases have been identified to date, affecting
approximately 6% of the global population - around 400 million people. (last accessed
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on 28 February 2025'). Taken globally, these numbers indicate
that the term “rare” is no longer correct. Hence, it is very
important to constantly seek and discover innovative
therapeutic methods, effective in eliminating or at least
reducing the number of “rare uncurable diseases,” even
despite the high costs of introducing the drug to the market.
When considering etiology, it is estimated that about 80% of
rare diseases are of genetic origin, although for some of them the
specific genetic cause has not yet been identified (last accessed on
28 February 2025"). This means that for most of them, specific
pathogenic variant(s) of a specific gene or a broader genetic
defect (like aneuploidy, large deletions of chromosomes,
chromosomal translocations, and others) are known.
Nevertheless,  the
monogenic diseases are often complex, as the dysfunction of a

molecular  mechanisms  underlying
single gene, and resulting defect in one protein, affects a complex
network of biochemical reactions and their cellular
consequences. In fact, there is no specific treatment available
for vast majority (over 95%) of rare diseases.

Because of the genetic character, symptoms of most of rare
diseases are expressed in a childhood. Another problematic
characteristics is that neurodegenerative disorders occur in
some 70% of rare diseases. Neurodegenerative diseases are
currently the seventh leading cause of death worldwide
(Hughes et al., 2005).

An mentioned above, the challenges associated with ‘rare
diseases’ are complex and require systematic actions improve the
quality of life for both patients and their caregivers. To overview
this broad topic, and to indicate common issues specific to most
“rare diseases,” this article will overview and discuss the problems
affecting people with these diseases from several perspectives,
including (i) problems faced by patients and their parents/
caregivers (as mentioned earlier, most patients are children);
(ii) problems with making a faster and accurate diagnosis,
i.e., problems faced by physicians diagnosing patients, which
is often crucial to ensure maximal possible quality of life; (iii)
problems with developing and introducing to the market a
therapy available to every patient, which consist of problems
faced by researchers working on understanding the disease
pathomechanism, finding molecular targets of potential drugs,
and developing potential therapies, as well as of introducing
specific drugs to the market due to economic constrains
and barriers.

Methods

This is a narrative review, presenting opinions and

experiences of the authors. Literature search included analysis

1 https://globalgenes.org/rare-disease-facts/
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of the PubMed database (last accessed on 28 February 20257%),
using the term “rare disease.” However, since this search gave a
huge number of 392,129 records, a strong selection of papers,
strictly related to the subject of this review and cited here, was
performed. Moreover, some other Internet sources, related to
“rare disease” were considered, including Global Genes — Allies
in Rare Disease (last accessed on 28 February 2025'), American
Academy of Pediatrics (last accessed on 28 February 2025°%),
Rapsody Online (last accessed on 28 February 2025%), and the
European Union Rare Disease Patients Solidarity Project (last
accessed on 28 February 2025°).

Challenges of patients

Patients suffering from rare diseases face numerous
challenges, significantly more than those diagnosed for more
common disorders. The primary issue is that due to usually
complicated molecular mechanisms and complex changes at
cellular and organismal levels, the symptoms are severe and
often worsen over time. Therefore, increasing suffering each year
occurs in many diseases from this group and, in some cases, there
is a need for round-the-clock care.

A classic example is children with mucopolysaccharidosis
(MPS),a group of inherited metabolic diseases caused by defects
in genes coding for enzymes responsible for degradation of
glycosaminoglycans which, in turn, accumulate in the cells.
MPS patients experience a wide variety of symptoms due to
the vast heterogeneity of the disease, including skeletal
deformities, intellectual disabilities, respiratory issues, and
sleep disturbances. Over time, these symptoms intensify, and
additional complications emerge, further hindering daily
functioning (Rintz et al, 2024). For many years it was
believed that the only cause of MPS is the accumulation of
GAGs in lysosomes, but over the years it has been shown that
this is not the only problem in the pathogenesis of the disease. It
has been proven that in addition to the accumulation of GAGs,
the problem is also the reduced efficiency of cellular processes. It
is therefore possible that it is not the appearance of GAGs alone,
but the reduced efficiency of key molecular processes taking place
in cells that is responsible for the pathogenesis of the disease
(Pshezhetsky, 2015; Tessitore et al., 2009). In contrast, in patients
with Huntington disease, symptoms appear much later, but just
as with other rare diseases, they eventually prevent independent
functioning, and over time, lead to exclusion from professional

https://pubmed.ncbi.nlm.nih.gov/
https://www.aap.org/en/practice-management/medical-home

http://rapsodyonline.eurordis.org/
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and social life (Doss et al., 2025). An example might be
spinocerebellar ataxia (SCA), a disease that is extremely
diverse, and its onset can manifest in both small children and
adults. Recent studies have shown that one of the causes of this
disease may be a mutation in the FGFI14 gene (Hirschfeld AS
et al.,, 2025).

Research aimed at developing a cure for any disease is
possible due to the constantly developing diagnostic/
molecular methods; without this progress it would not be
possible. For example, sequencing methods allow finding
different variants of diseases or allow identifying a specific
disease in patients who often remain undiagnosed for
many years.

Children and adolescents with rare diseases encounter
difficulties in adapting to the traditional education system.
Doctor visits, hospitalizations, and health restrictions affect or
prevent school attendance. This often leads to exclusion from
peer groups. As a result, there are difficulties in building social
relationships and maintaining motivation to learn (Song et al.,
2013; Rintz et al., 2024).

People with rare diseases can feel isolated, both socially and
emotionally. Because these diseases are little known, society can
lack understanding and empathy for the patient’s suffering.
Patients with rare disease often struggle to maintain social
connectionswith healthy individuals, as their daily lives differ
significantly. As a result, they can feel isolated, and their health
challenges can be overlooked by those around them (Lopes et al.,
2018; Ramalle-Gomara et al., 2015).

Children growing up in families where one member has a
rare disease may also experience difficulties. On the one hand,
siblings may feel neglected because parents focus most of their
attention on the child affected by illness. This can lead to
feelings of rejection and lack of emotional support. On the
other hand, siblings may feel pressured to be “good,”
“understanding” or “helpful,” often at the expense of
expressing their own emotions or needs. They may become
jealous of their parents’ attention or feel less important (Flores
et al., 2022; Desser, 2013; Spencer-Tansley et al., 2022). Rare
diseases, especially those with visible symptoms, can lead to
stigmatization. In the case of diseases that cause changes in
appearance (e.g., body deformities), patients may experience
negative social reactions, such as avoidance, ridicule, or worse
treatment. Stigmatization can also affect people with diseases
that affect the patient’s behavior (e.g., neurological disorders),
which can lead to rejection by peers, colleagues, or even family
members. Adults with rare diseases can face many challenges in
Their health

conditions can limit their career options, and in some cases,

securing and maintaining employment.
their illness can require frequent breaks from work, making
employers reluctant to hire them. Additionally, a lack of
understanding from coworkers can lead to isolation in the
workplace, which can lead to low self-esteem and fear of

rejection (Spencer-Tansley et al., 2022).
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Access to specialist doctors, who can provide an accurate
diagnosis, is another significant issue for patients. As a result,
many remain undiagnosed for an extended period. This problem
may also be linked to the insufficient number of physicians
specializing in rare diseases. The issue is highly complex, as
the vast number of rare diseases necessitates extensive research,
which can be both time-consuming and costly. Accurate and
timely diagnosis is essential for initiating treatment and
mitigating the impact of the disease, even if no specific cure is
currently available. Unfortunately, even after a proper diagnosis
is made, the problem does not disappear. Patients often begin
searching for the best possible treatment, which is not always
available to them for various reasons, including a lack of specific
treatment or high costs or therapies offered (Lopes et al., 2018).
Prenatal testing of genetic defects is also an option, but most
standard tests do not detect all mutations; they tend to focus on
the most common ones. More specific tests are required for an
accurate prenatal diagnosis of rare diseases, and prospective
parents usually do not undergo such tests without a clear
reason, such as a previous child with the disease or
information of being a carrier (Ramalle-Gémara et al,, 2015;
Flores et al., 2022; Desser, 2013).

The most obvious and most important effect of the disease is
the enormous suffering of the patient, not only because of the
pain, but also for psychological reasons. The patients, if not
developing severe cognitive deficits, are aware that they may not
receive effective treatment and, consequently, that they will not
recover. This can lead to a serious deterioration of their mental
health and, over time, to the development of depression
(Spencer-Tansley et al., 2022; Uhlenbusch et al.,, 2019). It have
been shown that patients with rare diseases and their caregivers
experience enormous, everyday anxiety, stress, anger or
frustration, not only due to the symptoms of the disease, but
also due to other aspects of life. The deteriorating mental health
was associated with the fear of how the disease may affect their
work and studies, relationships with partners, peers, friends or
relatives (Spencer-Tansley et al., 2022). These studies have shown
that 36% of patients and 19% of caregivers had suicidal thoughts.

Because of the rarity of these diseases, individuals affected by
them often struggle to find others facing similar challenges. The
lack of support groups that offer emotional and practical support
makes it difficult to share experiences and understand the
problems associated with the disease. A community of
patients can be crucial in getting through difficult times, and
its absence can lead to feelings of loneliness. Obviously, there are
many global and local organizations that specialize in helping
patients in various areas of their lives, financial, psychological,
medical help, but also support in everyday functioning
(shopping, cleaning, medications). Moreover, foundations can
be helpful, as in addition to providing daily help to patients, they
organize many conferences where patients and their parents/
guardians can learn about the disease that has affected the family.
This is often the only source of information, due to the limited
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number of scientific publications and especially popular science
articles. Another help for patients is the possibility of contact
with other patients, with foundations and associations via the
Internet, and also obtaining information on reliable and verified
websites (like®”) where one can find useful and interesting
information. Patients and/or their families can also learn
about the symptoms, course of the disease of interest or
causes of the disease. A very interesting initiative was
launched in 2008. Every year in February, a rare disease day
is organized. Gradually, the event gained a global rank and is now
organized in over 100 countries. The formal date of the Rare
Disease Day is 29th February (as this is the rarest day in a
calendar), but in years when 29th February does not occur, the
Day is celebrated on 28th February.

Another important aspect involves the challenges faced by
doctors caring for patients with rare diseases. Patients seeking
help reported problems with difficulty in making a diagnosis,
which resulted from insufficient knowledge of physicians about
rare diseases. Most patients, even after making an accurate
diagnosis and starting treatment, continue to live with great
anxiety related to difficulties in finding prescribed medications
(Richardson et al., 2024). In some instances, healthcare providers
failed to take the patient’s symptoms and concerns seriously,
occasionally viewing them as a mere “curiosity” (Spencer-
Tansley et al, 2022; Richardson et al, 2024). A significant
stress factor turned out to be the lack of understanding of the
disease on the part of society and the need to constantly explain
and explain the disease to others. A huge problem may be the
exclusion of a sick child from social life. Due to insufficient
knowledge or misunderstanding of the problem, the child may be
rejected by peers (Spencer-Tansley et al., 2022), and may even be
accused of excessive laziness (Lopes et al., 2018). In such a case, a
quick reaction on the part of caregivers/teachers may be of great
importance. However, for this to be possible, the caregivers/
teachers themselves should be properly prepared and
trained for this.

A major challenge, sometimes even preventing treatment,
may be the physical or geographical distance. Patients are often
scattered all over the world, while clinical trials and specialists
with the best possible knowledge of a given disease entity can be
located in only one, often very distant research centre. Distance,
costs related to travel and accommodation at the place of
treatment, the patient’s health, work and often many other
factors can prevent treatment. Furthermore, even if treatment
exists for a given disease, it is often associated with frequent visits
to a specific hospital that has the medicine, necessitating travel
not only for the patient but also for their caregiver (Cacoub
et al,, 2025).

6  www.orpha.net

7 www.omim.org
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Challenges of parents/families/
caregivers

The illness of a child is always a tremendous tragedy for
the parent, and additional challenges arise when a rare disease
is diagnosed, for which there is often no effective treatment
(Spencer-Tansley et al.,, 2022). In such cases, most parents
attempt to find therapies on their own that might save their
child’s life. Even when a treatment for a specific disease is
developed, it is often prohibitively expensive, and parents do
not always have sufficient financial resources (Song et al.,
2013). An additional complication is the fact that, in most
cases, the child will need to take medication for many years.
This brings about another serious issue: due to frequent doctor
visits or rehabilitation sessions, parents are often forced to
reduce or even eventually give up their paid employment. As a
result, their income decreases, making it increasingly difficult
to finance their child’s long-term treatment. In fact, a need for
complex care on both patients and parents have been
recognized, and presented employing a comprehensive
analysis of the case of one, selected rare disease (though
the problems are definitely common for most rare diseases)
(Cyske et al., 2022).

An additional and serious problem may also be the possibility
of the same rare disease occurring in the younger siblings of the
patient. In such a case, parents should start diagnostics as soon as
possible, because introducing therapy before the first symptoms
appears to give agood chance that they will not develop at all, if a
specific therapy is available. Nevertheless, even if no cure can be
proposed now, a complex care may result in a significantly better
quality of life of both patients and their parents. According to
studies conducted in Great Britain, the mental health of parents
of sick children deteriorates due to the stress associated with
constant worry about the health and wellbeing of their children
(Spencer-Tansley et al., 2022). Additionally, parents may also
have problems with obtaining sufficient information about their
child’s disease and possible methods of treatment (Desser, 2013).
Again, this highlights the need for early diagnosis and further
medical treatment (even if symptomatic or palliative) which is,
however, often difficult (Wisniewska et al., 2022).

Many people are unaware of the existence of rare diseases,
which leads to misunderstandings and stereotypes. The lack of
public knowledge about the specifics of these diseases can cause
people affected by them to be treated differently, which increases
their sense of exclusion, and results in the pressure to parents.
Educating the public about these diseases is key to reducing
stigma and supporting patients and their families in integrating
into society. The role of patient organizations, as well as support
and advocacy groups is not to be underestimated, as their
activities appear to be crucial to ensue quite normal existence
of patients and their families (Taruscio and Gahl, 2024).

Families, especially parents, may have to take on the role
of full-time caregivers, which is associated with many
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difficulties. Caring for someone with a rare disease requires a
huge investment of time and energy, especially since patients
need regular doctor visits, therapy and specialist treatment.
This affects the daily life of the family and especially the
professional life of the parents. As a result, one of the parents,
most often the mother, has to limit his or her professional life,
leading to loss of income and additional financial burden. As a
result of the constant responsibilities associated with caring
for a sick family member, parents may have difficulty
their with  their
responsibilities. This can lead to neglect of the relationship

balancing personal  lives caring
between partners, which increases the risk of conflict and even
the breakdown of marriages. Financial and emotional
problems, as well as a chronic lack of time, which means
that parents lack the strength to nurture their relationship,
which leads to a sense of loneliness, the loss of relationships
and often the breakdown of the relationship. In many
countries, social care systems may not be adequately
prepared to support people with rare diseases. The lack of
adequate health, psychological and social services can make
patients feel neglected and unable to access appropriate care.
Furthermore, access to specialist care is often limited,
which increases

especially in less developed

inequalities in access to treatment.

regions,

Challenges of physicians

A major challenge in diagnosing rare diseases is forming the
correct hypothesis about the type of disease, identifying the right
research centre, and, most importantly, finding a doctor capable
of making an accurate diagnosis and providing effective
treatment. Unfortunately, when a medical facility or research
center lacks specialization in a specific disease, the chances of
achieving an accurate diagnosis are significantly reduced. This is
mainly due to the fact that there are a huge number of rare
diseases - at least several thousand - making it difficult for any
single physician to be familiar with all of them. Studies conducted
in Spain and Peru showed that doctors have limited knowledge of
rare diseases (Lopes et al., 2018; Ramalle-Gomara et al., 2015;
Flores et al., 2022). The same studies have shown that physicians
are concerned about the insufficient education of future doctors
on the subject of rare diseases (Lopes et al., 2018; Flores et al.,
2022). On the other hand, surveys conducted among Norwegian
and Spanish doctors have shown that they give much higher
importance in financing diseases that are more common in
society than diseases from the rare group (Desser, 2013). This
is understandable to some extent, because it is obvious that a
much larger part of the population suffers from such diseases, but
does it mean that one of these conditions is more important,
more significant, more painful for the patient?

The issue of dividing funds between rare and common
diseases is certainly complicated by the fact that the treatment
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of people with rare diseases is less common, but the treatment is
much more expensive, while the opposite may be true for more
common diseases (Flores et al., 2022; Cacoub et al., 2025). The
lack of interest in treating rare diseases may be the result of
insufficient knowledge about the effects of this group of diseases.
Another huge problem may be the failure to adapt diagnostic
tests to the needs or age of the patient. Such difficulties have been
reported by doctors dealing with Krabbe’s disease, which
manifests itself in problems with the central nervous system.
The first symptoms usually appear in the first year of life, so a
doctor using most standard diagnostic tests will not be able to
diagnose the disease (Richardson et al., 2024). This will
consequently lead to a delay in diagnosis and loss of valuable
time. Advanced screening methods, like multi-omics and AI-
driven analyses, can expand genetic disease detection, especially
in underserved areas. Early diagnosis enables timely intervention
and identifies cases with mild or atypical symptoms. Combining
broader screening with genotype-phenotype insights helps
clinicians diagnose, assess severity, and personalize treatment
more effectively (Gallagher, 2024).

Challenges of researchers

Researchers studying rare diseases face many challenges.
Unfortunately, the world of science is very closely linked to
money, and obtaining funding for such research is very difficult
and often involves rejection. Additionally, due to the difficult
economic situation, institutions financing research often limit the
overall budget for grants which makes the possibility of receiving
it incredibly small. Even if a project falls within the scopeof
possible funding, most reviewers often prioritize proposals
perceived to have “greater impact” - typically studies involving
larger numbers of cell lines, animals, or patients, and focusing on
more prevalent conditions, such as common diseases. Research
aimed at developing a drug is extremely time-consuming,
because it begins with research on cells (in vitro), and only
after a positive conclusion of this phase of experiments can one
move on to research to determine the effect of a potential drug on
the entire organism, i.e., animal research. Only such long-term,
time-consuming and expensive research allows for further
research, including clinical trials. However, each of these
stages has its limitations. At the very beginning, scientists face
the availability of cell lines for in vitro research. As mentioned,
most rare diseases affect children, thus parents first face the
difficulty of finding a specialist who will make an accurate
diagnosis. Then they fight for the best possible therapy, in the
meantime struggling with many other problems, including
financial, social, and psychological ones. The last thing they
will think about, if at all, will be depositing cells in cell banks,
from which scientists can buy them in order to conduct research
and potentially develop a therapy. The next stage of research,
animal experiments, also require a lot of time, knowledge, and
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money. This involves the need to obtain many consents to carry
out procedures on animals, including the consent of the Local
Bioethics Committee. The person submitting such consent must
have knowledge and experience in working on animals. Finding
an institution that will decide to finance research on rare diseases
and will have sufficient funds can also be a huge difficulty.

Finding an institution that will decide to fund research on
rare diseases and will have sufficient financial resources can also
be a huge obstacle. Scientists often work with many foundations
and associations that organize all kinds of help for patients,
including trying to fund research that may lead to the creation of
drugs. Most countries have research funding centers in various
fields, but they prefer research that has a larger audience, which
means that getting funding for a rare disease is extremely
difficult. Fortunately, in recent years, more and more
institutions/projects have been established that fund research
on rare diseases (e.g, ERDERA®% The NORD?). Because they
focus mainly on rare diseases, there is a greater chance of
receiving a grant. Moreover, “N = 1 Collaborative”® is an
organization that brings together patients, their families,
scientists, doctors, physiotherapists, founders and many others
who work together for a better future for patients. The
organization focuses on providing patients with rare diseases
with access to individualized treatment, tailored to the needs of a
specific patient at a specific moment in the development of
the disease'’.

Innovative gene editing methods (like CRISPR/Cas9) may offer
a great hope for patients, as they enable the manipulation of a given
organism’s gene. The use of this method in the treatment of patients
was first approved in 2023 in the UK for the therapy of sickle cell
anemia and thalassaemia (Cetin B et al., 2025). Another similar and
equally promising discovery of recent years concerns antisense
oligonucleotide therapy. Antisense oligonucleotides (ASOs) are
short oligonucleotides that can affect the modification of gene
expression. These molecules show potential in the therapy of
genetic diseases (Lauffer MC et al., 2024).

Clinical trials

The process of introducing a new drug to patients begins
long before clinical trials begin. The necessary first stage is
research on cell models to determine the effect of the
potential drug on a cell function, cellular viability and safety.
Then the research moves on to the next phase, i.e., studies aimed
at determining the effect of the drug on the entire organism,
i.e., animal research. Only after obtaining positive results from

8 http://erdera.org
9 http://rarediseases.org

10  https://www.nlcollaborative.org/
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these experiments can clinical trials involving patients begin.
Unfortunately, pharmaceutical companies tend to prioritize
funding forresearch with a broader scope, i.e., research on
drugs that affect a larger number of people in the world,
rather than on rare diseases. This approach allows them to
maximize profits. However, as a result of such company policies,
patients suffering from rare diseases have very limited, and
sometimes even impossible, access to treatment. Nevertheless,
this is not a malice or reluctance of pharmaceutical companies,
but rather a sole economic constraint. One should take into
consideration that developing a drug for a rare disease, so called
“orphan drug,” is as costly as in the case of any other disease,
however, number of patients which can potentially buy it is very
low. Therefore, an orphan drug must be very expensive, not
necessarily because of a high costs of its production, but rather
because low number of potential buyers who might purchase
such a product. This makes a business related to developing
orphan drug very risky economically for pharmaceutical
companies. One potential solution would be to develop one
drug for many diseases (Pierzynowska et al., 2020). However, it
is clear that it would not always be possible, thus, the problem
awaits also other solutions.

Clinical trials offer hope for patients, but strict eligibility
criteria often prevent many from participating, leaving them
without treatment options. The situation has also been made
more difficult by the introduction of many restrictions aimed at
ensuring patient safety and demonstrating the highest possible
effectiveness of the drug being introduced (Haffner et al., 2002;
Haffner, 2006). It is obvious that such studies are absolutely
necessary to ensure patient safety, but unfortunately the
introduction of such restrictions caused pharmaceutical
companies to decide to discontinue research on orphan drugs,
because it was not profitable for them due to the small patient
population (Wistfelt et al., 2006). However, in order to encourage
pharmaceutical companies to develop drugs for rare diseases, the
Orphan Drug Act was introduced, which gives a company the right
to market exclusivity for 7 years from the introduction of the drug,
tax relief and exemption from fees (Melnikova, 2012; Meekings et al.,
2012). It can therefore be observed that the introduction of such
facilities encouraged companies to conduct clinical trials on drugs
for rare diseases, because since the entry into force of the Act, over
400 drugs for rare diseases have been approved, while only 10 before
the introduction of the Act (Melnikova, 2012; Kumar Kakkar and
Dahiya, 2014).

Costs of treatments

Pharmaceutical companies that develop treatments for a rare
disease to the market usually has exclusivity for it, enabling them
to set prices with minimal competition. In addition, the patient
has no other alternative if they want to start treatment, and they
also have no opportunity to negotiate. In fact, the price they have
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to pay must cover the cost of introducing the drug to the market,
i.e., the cost of all tests, starting with in vitro tests (Kumar Kakkar
and Dahiya, 2014). That is why the costs of treating rare diseases
are so huge, as explained in the preceding section
(Simoens, 2011).

Looking at examples of several diseases separately, the cost of
annual treatment of cystic fibrosis is 300,000 dollars
(EvaluatePharma, 2017), Gaucher disease - 400,000 dollars per
(O’Sullivan et 2013),

hemoglobinuria - 500,000 dollars per year (Meekings et al.,

year al,, paroxysmal nocturnal
2012). It have been estimated that the average direct cost of
introducing a new drug may amount to about 1.4 billion dollars,
while taking into account the capitalization of costs, the total
amount may be about 2.6 billion dollars (Haffner et al., 2008).
However, other estimates indicated considerably lower amounts,
i.e. 757 million dollars (capitalized costs) for introducing a cancer
drug to the market (DiMasi et al., 2016). In this light, it is worth
mentioning the estimation showing that a drug registered for a
rare disease is about 8 times more expensive than a drug for a
more common disease (Simoens, 2011). Obviously, it also
depends on whether more drugs or only one are registered for
a given disease. Several drugs are currently registered for renal
cell carcinoma and cystic fibrosis, thus the price may also be
correspondingly lower (Prasad and Mailankody, 2017).
Differences in prices may also result from different policies of
the 2011).

Nevertheless, generally prices of orphan drugs are extremely

countries  approving treatment  (Simoens,
high which in most cases precludes their purchasing by
individual patients. The only possibility is to count on
reimbursement from either health insurance companies (if

appropriate policy is active, which is usually problematic due
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to relatively high costs of policies covering costs of treatment of
rare diseases) or governmental agencies; the latter possibility
differs significantly from country to country and even in the
same country the rules are changes frequently (Pierzynowska
et al, 2020; Simoens, 2011; O’Sullivan et al, 2013; Dear
et al., 2006).

Social assistance

As mentioned earlier in this article, many rare diseases are
progressive, gradually limiting or eventually eliminating the
patient’s ability to live independently. Patients’ families often
do not have sufficient knowledge and/or skills to fully help the
patient, which can lead to even greater harm. In such cases,
specialist help is necessary in many ways. It is necessary for the
doctor to select the appropriate, personalized therapy for the
needs of the patient, for the physiotherapist to be trained to work
with patients suffering from various disorders, and for the
psychologist to know whether and when to introduce
appropriate therapy. As mentioned earlier, very often, in
addition to physical problems, patients also have mental
problems resulting from misdiagnosis or lack thereof,
isolation, pain or misunderstanding by others (Spencer-
Tansley et al, 2022; Uhlenbusch et al, 2019). In the
United States, nursing homes for people called medical homes
have been established, which are to provide basic healthcare,
education and support for the patient and their entire family (last
accessed on 26 February 2025%). Similarly, the European Union
has developed the Rare Disease Patient Solidarity Project
(RAPSODY), a program that enables better access to care,
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information and social support for people with diabetes
(Bavisetty et al., 2013;* last accessed on 28 February 2025).
Despite the actions described above, social assistance for
patients and parents/caregivers suffering from rare diseases while
very necessary is still severely underdeveloped, especially in some
countries. On the other hand, such assistance is usually crucial to
keeping the quality of life of patients at the acceptable level, and
to help parents/caregivers to avoid social distancing or exclusion.

Discussion

This article overviews major problems caused by rare
diseases. These include not only dramatic problems of
patients themselves related to severe symptoms of these
diseases, but also problems of parents/caregivers, physicians,
and researchers working in this field. Specific problems related
to unusual conditions of clinical trials with rare diseases,
extremely high costs of treatment, and necessary social
assistance are also crucial. The summary of these problems is
presented in Figure 1. This provides a picture of how complicated
the problem of rare disease is and how complex care is required
to provide patients and their families the minimal acceptable
level of the quality of life.

On the other hand, the problem is global rather than minor,
as there are some 400,000 million people suffering from rare
disease, making the problems important not only medically and
socially, but also economically (both patients and caregivers are
often excluded from professional activities, causing serious
economic losses). Ninety-five percent of patients with rare
diseases lack available treatments, and without a fresh
approach to therapy development, this is unlikely to change.
Addressing this issue requires more than just financial support -
it demands a shift in strategy and mindset to bridge the gap
between clinical care, research, and innovation. Rare diseases
pose a significant challenge to both healthcare systems and social
policies. In response to these challenges, the European Un-ion
has developed the Rare Disease Patients Solidarity Project (last
accessed on 28 February 2025°). The project focuses on
improving access to diagnostics and treatment, developing
and spreading knowledge about rare diseases, supporting
scientific research. Facilitating access to modern diagnostic
methods and therapies, including medicines and special
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Abstract: Several years ago, dozens of cases were described in patients with symptoms very similar to
mucopolysaccharidosis (MPS). This new disease entity was described as mucopolysaccharidosis-plus
syndrome (MPSPS). The name of the disease indicates that in addition to the typical symptoms
of conventional MPS, patients develop other features such as congenital heart defects and kidney
and hematopoietic system disorders. The symptoms are highly advanced, and patients usually
do not survive past the second year of life. MPSPS is inherited in an autosomal recessive manner
and is caused by a homozygous-specific mutation in the gene encoding the VPS33A protein. To
date, it has been described in 41 patients. Patients with MPSPS exhibited excessive excretion of
glycosaminoglycans (GAGs) in the urine and exceptionally high levels of heparan sulfate in the
plasma, but the accumulation of substrates is not caused by a decrease in the activity of any lysosomal
enzymes. Here, we discuss the pathomechanisms and symptoms of MPSPS, comparing them to those
of MPS. Moreover, we asked the question whether MPSPS should be classified as a type of MPS or
a separate disease, as contrary to ‘classical’ MPS types, despite GAG accumulation, no defects in
lysosomal enzymes responsible for degradation of these compounds could be detected in MPSPS.
The molecular mechanism of the appearance of GAG accumulation in MPSPS is suggested on the
basis of results available in the literature.

Keywords: mucopolysaccharidosis-plus syndrome; mucopolysaccharidosis; glycosaminoglycans;
vesicular trafficking

1. Introduction—Mucopolysaccharidosis

Mucopolysaccharidosis (MPS), belonging to the group of lysosomal storage diseases
(LSD), is a hereditary, progressive disease caused by the complete lack or low residual
activity of lysosomal enzymes responsible for the degradation of unbranched sugar chains—
glycosaminoglycans (GAGs). The undegraded GAGs gradually accumulate in the lyso-
somes, slowly impairing their functions [1]. The activity of the aforementioned enzymes
is closely interconnected, with each enzyme starting its function only after the previous
one has completed its catalytical reaction. Therefore, in the absence of the activity of even
one enzyme, the entire pathway ceases to function correctly. There are 13 types/subtypes
of MPS, classified based on the inactive or highly deficient enzyme and the accumulating
GAG(s) [2].

MPS is inherited in an autosomal recessive manner except for MPS II (Hunter syn-
drome), which is X-linked. Depending on the type, the disease occurs with varying fre-
quency. MPS I is the most common variant, occurring in about 1 in 88,000 live births, while
MPS VII occurs in 1 in 2,111,000 live births. MPS IX is the rarest type, with only four cases
described worldwide to date [3]. There are many symptoms characteristic of all patients
with MPS, but there are also symptoms typical for specific types/subtypes. Although the
mutations leading to the development of various types of MPS involve different genes, they
result in one outcome: the accumulation of GAG(s) in lysosomes [4]. The most commonly
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used method for the preliminary diagnosis of MPS is the measurement of GAGs in a urine
sample. Subsequent stages of the diagnostic process include determining the activity of
lysosomal enzymes and then searching for specific mutations in the identified gene [5].

For many years, the assistance for patients affected by MPS was limited to palliative
care. A possible therapy turned out to be a bone marrow transplantation [6]. However,
this therapy is only effective if the disease is diagnosed very quickly, that is, before the
first symptoms appear. It is not possible to reverse existing neurological defects, such as
cognitive functions, hyperactivity, and emotional disturbances. The initiation of the work
on enzyme replacement therapy (ERT), which involves the intravenous administration of
the active form of the deficient enzyme, led to a departure from the routine use of bone
marrow transplants. The benefits of ERT for patients with MPS include improved joint
mobility, and consequently, improved mobility; improved respiratory function, reduced
liver size, and a significant decrease in the amount of GAG(s) excreted in the urine [7-10].
However, ERT cannot eliminate all symptoms affecting patients with MPS, and most
importantly, the enzyme used in the therapy cannot cross the blood-brain barrier, making
the treatment ineffective for types with central nervous system symptoms. Due to the need
to treat neuronopathic types of MPS, an alternative form of therapy has been proposed:
substrate reduction therapy (SRT) [4]. This therapy focuses on trying to reduce the efficiency
of GAG synthesis (given the reduced efficiency of their degradation), which restores the
balance between their production and decay.

2. Mucopolysaccharidosis-Plus Syndrome—General Features

At the beginning of 2010, an LSD leading to death before the age of two years was de-
scribed in the Republic of Sakha (Yakutia, Russia). It was diagnosed as an ‘undifferentiated
hereditary metabolic disease’ [11]. In 2017, after the clinical picture was described and the
cause of the disease was identified, the new disease was named mucopolysaccharidosis-
plus syndrome (MPSPS). The name of the disease indicates that, in addition to the typical
symptoms of conventional MPS, patients developed other features such as congenital heart
defects, kidney dysfunctions, and hematopoietic system disorders. MPSPS is inherited in
an autosomal recessive manner and was initially reported to be caused by a homozygous-
specific mutation (c.1492C>T; p.Arg498Trp) in the gene encoding the VPS33A protein. To
date, it has been described in 39 out of 41 patients reported in the literature. It is estimated
that the incidence of MPSPS in the Yakut population is 1 in 12,100 births [12,13], but it is
much rarer in other populations. Patients with MPSPS exhibited excessive excretion of
GAGs in the urine and exceptionally high levels of heparan sulfate in the plasma. These
results indicated that dysfunction of the VPS33A protein leads to GAG accumulation and
causes a phenotype similar to MPS. However, the accumulation of substrates is not caused
by a decrease in the activity of any known lysosomal enzymes.

Recently, the first two patients with MPSPS outside Yakutia and Turkey were diag-
nosed. These patients exhibited symptoms similar to, but somewhat milder than, those
previously described in MPSPS patients. One of them was a young adult of Southern
European/Mediterranean origin [14], while the second was a 12-year-old patient from
Poland [15]. It is clear that the life spans of these two patients were significantly longer
than those of previously described patients with the c.1492C>T (p.Arg498Trp) mutation.
In both cases of the juvenile MPSPS patients, genetic analyses (whole-exome sequencing)
indicated the presence of a homozygous pathogenic variant of the VPS33A gene (¢.599G>C;
p-Arg200Pro). Apart from symptoms similar to those described previously in other MPSPS
patients, the Polish patient revealed some additional features, like recurrent joint effusion,
peripheral edemas, and visceral obesity, while being of normal growth. Therefore, one
might suggest that the ¢.599G>C variant may be responsible for the milder phenotype than
that caused by the ¢.1492C>T mutation.
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3. Excretion of Glycosaminoglycans and Mutations in the VPS33A Gene

As in all types/subtypes of MPS, patients suffering from MPSPS also exhibit increased
excretion of GAGs, mainly an excess of heparan sulfate, dermatan sulfate, and chondroitin
sulfate in urine and plasma [13-16]. In one patient, the presence of keratan sulfate was also
detected [16]. Studies have also shown increased amounts of sialooligosaccharides and
sialic acid in the urine of patients with MPSPS [15-17].

The VPS33A gene is located on chromosome 12q24.31 and contains 13 exons. The
product of this gene, the VPS33A protein, consists of 596 amino acid residues and has a
molecular weight of approximately 67 kDa. It is composed of four domains: 1, 2, 3a, and
3b [18,19]. Different domains within the VPS33A protein are responsible for its various
functions. It is predicted that domain 3a may interact with the SNARE complex [18,20].
Domain 3b binds to the VPS16 protein (a subunit of the HOPS complex) [19]. The ¢.1492C>T
(p-Arg498Trp) mutation in the VPS33A gene, described in most MPSPS patients, is located
in domain 2 of the VPS33A protein. Currently, domains 1 and 2 of VPS33A are those of
unknown functions [11]. However, it was demonstrated that the ¢.1492C>T mutation in
the VPS33A gene affects GAG metabolism [13]. Arginine residue at position 498 is highly
conserved across many species. In silico analysis indicated that the p.Arg498Trp mutation
is disease-causing and decreases the stability of the protein.

Patients with MPSPS showed excessive GAG excretion in urine and high levels of
heparan sulfate in plasma. These results suggested that reduced VPS33A protein activity
may lead to GAG accumulation and cause phenotypes similar to MPS I (Hurler syndrome).
However, the accumulation of GAGs was not due to the reduced activity of any known
lysosomal enzymes involved in GAG degradation. The mutation also did not affect the
localization of these enzymes and their substrates (GAGs), cathepsin D processing, or lipid
transport. The ¢.1492C>T mutation did not affect endocytic and autophagic pathways, as
examination of autophagy revealed no disturbances in this process in fibroblasts derived
from patients. A study of the binding of the VPS33A mutant variant (p.Arg498Trp) to its
known partners, VPS16 (HOPS and CORVET) and STX17, showed that these interactions
were unchanged. In cells derived from patients, slight excessive acidification of lysosomes
was observed [11]. On the other hand, the conclusion about unaffected intracellular
trafficking in MPSPS cells came from only a couple of experiments, namely, colocalization
of heparan sulfate with lysosomal enzymes and membranes, and on normal levels of
filipin [13].

Only two MPSPS patients have been described with a mutation ((c.599G>C; p.Arg200Pro)
in the VPS33A gene) other than the previously known (c.1492C>T) and considered for
some time as the only one occurring in MPSPS patients [14,15]. As mentioned above,
the ¢.599G>C mutation presents with a milder phenotype than that observed in other
patients, and the affected individuals live significantly longer than those with the ¢.1492C>T
mutation [14,15]. Molecular analyses suggested that the deficiency of the enzymatic activity
of the product of the ¢.599G>C variant of VPS33A mostly results from decreased stability of
the protein, which is more prone to proteasomal degradation than the wild-type variant [14].

4. Why Glycosaminoglycans Accumulate in MPSPS—A Hypothesis

Mucopolysaccharidoses (MPS) are diseases caused by mutations in genes encoding
lysosomal enzymes involved in the degradation of GAGs. Recent studies indicated that
changes in the expression of many genes may cause secondary and tertiary cellular dys-
functions, influencing the course of these diseases. The changes included sequences coding
for both proteins and regulatory RNAs [21-23]. It was shown that apart from other changes,
the regulation of vesicle trafficking is impaired in cells from patients suffering from various
types of MPS due to changes in the levels of key proteins involved in this process [24].
Therefore, one might ask whether vesicular transport of GAGs might be impaired in MPSPS,
leading to their improper localization and thus inefficient degradation.

We assume that although colocalization of GAGs with lysosomal enzymes in MP-
SPS cells was reported [13], the colocalization does not necessarily determine the intra-
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lysosomal localization of GAGs, which could also be present in the cytoplasm. Moreover,
normal levels of filipin (demonstrated previously in MPSPS [13]) suggested unaffected lipid
trafficking indeed; however, specific GAGs can be transported through different pathways,
dependent on either caveolin or clathrin [25,26]. Therefore, as suggested previously [24],
the potential defective transport of GAGs in MPSPS cells might lead to their accumulation.
Such a proposal might be corroborated by the already demonstrated impairment of intra-
cellular glycosphingolipid trafficking. Taking this into consideration, our hypothesis is that
the mutation in the VPS33A gene, through resulting in impaired VPS33A protein function
or stability, impairs vesicular transport so that GAGs cannot be properly transported to
lysosomes and degraded. The scheme of the putative MPSPS pathomechanism, based on
the accumulation of GAGs, is presented in Figure 1.

Mutations in genes coding for enzymes
involved in glycosaminoglycan (GAG) degradation

|

GAG accumulation

|
i

Dysregulation of genes’ Impaired GAG
expression M PS transport to lysosomes

Disturbed
vesicular trafficking

GAG accumulation

|/
J A

Dysregulation of genes’ Impaired GAG
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vesicular trafficking

f
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affecting vesicular trafficking

i
\

Figure 1. The hypothesis of the mechanisms of GAG accumulation in MPSPS. In classical MPS types
(upper panel), GAG(s) accumulate(s) due to mutation(s) in one of genes coding for enzymes involved
in degradation of this/these compound(s). GAG storage causes various secondary effects, among
others, dysregulation of expression of many genes, resulting in pathological changes in different
cellular processes. Disturbed vesicular trafficking is among them, leading to impaired transportation
of GAGs into lysosomes. This makes GAG accumulation even more pronounced (as GAGs cannot
be effectively degraded outside of lysosomes), which drives a spiral of above-described reactions
within a positive feedback loop, enhancing the pathological processes. In MPSPS (lower panel), a
similar spiral of reactions resulting in GAG accumulation occurs. However, it is initiated by impaired
vesicular transport of GAGs (due to deficiency in VPS33A activity, which is required in this process)
rather than dysfunction of an enzyme involved in GAG degradation. Nevertheless, the final effect
(GAG accumulation) is similar in both classical MPS and MPSPS.

As mentioned above, an excess of different GAGs, especially heparan sulfate, dermatan
sulfate, and chondroitin sulfate, occurs in the urine and plasma of MPSPS patients [13-16].
Since all GAGs are degraded by lysosomal hydrolases, significant differences in the defects
of intra-lysosomal decay of specific GAGs in MPSPS are unlikely. Thus, we assume that
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the accumulation of specific, above-mentioned GAGs might be related to the mechanisms
of their transport to lysosomes. Indeed, there are different pathways of transportation of
GAGs into lysosomes. For example, heparan sulfate and hyaluronate are transported inside
the cell by employing caveolae-dependent endocytosis, while dermatan sulfate might
also be transported by the clathrin-promoted process [25,26]. Importantly, recent studies
demonstrated that caveolin is significantly less abundant in MPS cells than in normal
ones, apparently due to impaired CAV1 gene expression [24]. In MPS, the primary GAG
storage (arising from dysfunctional lysosomal hydrolases) causes stress conditions, which
result in (among others) disrupted cell signaling and dysregulation of the expression of
many genes. The dysregulated genes include those encoding caveolin and other proteins
involved in caveolin-dependent endocytosis and vesicle trafficking [24]. In the case of MPS,
this may lead to the accumulation of undegraded GAGs not only in lysosomes but also
in the cytoplasm and outside the cells. If so, impaired transport of GAGs into lysosomes
further stimulates pathological processes due to even more pronounced cellular stresses
and changes in gene expression regulation. In the case of MPSPS, the disturbed GAG
transport (caused by VPS33A dysfunction) could be the initial, rather than a secondary step
of the spiral of the above-described events; nevertheless, causing positive feedback leading
to more and more efficient GAG accumulation (Figure 1).

An alternative hypothesis is that impaired GAG degradation in MPSPS is due to in-
creased endolysosomal acidification, demonstrated previously in patient-derived cells [13,14].
However, if this hypothesis were true, one should observe the accumulation of not only
GAGs but also many other compounds, like proteins, lipids, and others, due to general
dysfunctions of lysosomes, similar to the processes occurring in mucolipidosis (ML) type
II and III, where lysosomal enzymes are improperly localized, thus being unable to cat-
alyze specific reactions. Contrary to ML II and III, such defects in the degradation of very
different macromolecules were not reported in MPSPS.

5. Symptoms of MPSPS in Comparison to Those Occurring in Classical MPS

All children suffering from the infant form of MPSPS developed extremely severe
symptoms leading to death before the age of two years. A few years after the disease was
described, it was included in the group of mucopolysaccharidoses, with the addition of
‘plus’. This term refers to the fact that, in addition to the symptoms present in all other
types/subtypes of MPS, additional symptoms such as kidney dysfunction, hematopoietic
system disorders, and congenital heart defects also developed.

Children with MPSPS exhibit characteristic facial features, facial and limb swelling,
and loose skin, similar to other types/subtypes of MPS [13-15,17,27]. Additionally, se-
vere enlargement and dysfunction of the liver and spleen have been observed in both
types/subtypes of MPS and MPSPS [11,13-15,27].

Hematopoietic system disorders are also present in MPSPS. Most patients exhibit
a decrease in red blood cells and hemoglobin levels [28], as well as normocytic anemia,
thrombocytopenia, neutropenia, and coagulation disorders [16,17]. The hypogammaglobu-
linemia seen in patients may be responsible for impaired humoral immunity and frequent
recurrent infections [16]. The autopsy results of patients showed the presence of hypoplastic
bone marrow [13,17].

5.1. Symptoms Detectable during Prenatal Testing

Prenatal testing is extremely important for the diagnosis of genetic diseases and the
selection of appropriate treatments. Early diagnosis allows for immediate treatment, which
can significantly improve the quality of life for affected individuals and may even prevent
the onset of symptoms. Prenatal testing for MPS is possible, but due to the rarity of the
disease, prospective parents typically do not undergo such tests without a specific reason,
such as having an affected first child or knowing they are carriers.

In a patient with MPSPS, prenatal ascites were detected via ultrasound at 11 and
confirmed at 24 weeks of pregnancy [15]. A similar symptom was described in a patient
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with MPS VI, where prenatal symptoms began with ascites and rapidly progressed to mitral
valve regurgitation and congestive heart failure, ultimately requiring surgical intervention
within the first year of life [29]. Interestingly, all patients with MPSPS have congenital
heart defects, such as mitral or aortic valve regurgitation, thickening of the interventricular
septum, or atrial enlargement [11,14,17].

Prenatal abnormalities, including edema, fluid in the abdominal cavity, pleural effu-
sion, and polyhydramnios, have also been diagnosed in patients with MPS VII [30]. Patients
with MPS VII often suffer from severe prenatal conditions such as NIHF (non-immune
hydrops fetalis). About half of patients with MPS VII die due to complications related
to NIHF [31]. Similar edema symptoms have been prenatally diagnosed in patients with
MPS II. A case was described where siblings were affected; the older child showed left
hydronephrosis prenatally and inguinal hernia a month after birth, while the younger
child underwent prenatal testing, revealing the presence of a mutation leading to MPS II
development [32].

Further studies of women at risk of having children with MPSPS showed increased
nasal mucosa thickness in the fetus. In another woman, an ultrasound examination of the
child showed an increased nuchal fold and prenasal thickness [27].

5.2. Development

In patients with MPSPS, developmental disorders are quickly noticeable compared to
healthy children. Patients with MPSPS are typically born on time, but the first symptoms
of the disease appear within a few months. Most patients exhibit delayed psychomotor
development with autistic symptoms [14,15]. There are also delays in learning to sit and
walk: independent sitting after 13 months of age, walking after 28 months of age [15], sitting
from 10 months of age, walking with assistance after 22 months of age, and babbling started
at 11 months [17]. Usually, at the age of 2 years, patients can sit with support but cannot
stand and speak [11]. The motor skills of patients with MPSPS are often limited due to joint
stiffness and clawed fingers, resulting in frequent falls and difficulties in holding objects.
Concentration and attention difficulties, poor memory, and limited cognitive abilities are
also commonly described [14,17].

Similar symptoms are observed in patients with various types/subtypes of MPS.
For example, patients with MPS VII show motor development issues, which is evident
in unstable walking and frequent falls [30]. A typical patient with MPS VII could sit
independently at seven months and begin walking at fourteen months [30]. At the age
of 5 years, such a patient still has walking difficulties, a limp, and abnormal posture [30].
Patients with MPS III (Sanfilippo disease) also exhibit similar disorders as those with MPSPS.
A child with Sanfilippo A began walking at 2 years, speaking at 3 years, and exhibiting
general psychomotor developmental delays while being impulsive and hyperactive [33].
Similar symptoms also occur in patients with other subtypes of MPS III, where, over time,
their mental health deteriorates, eventually leading to severe dementia and behavioral
problems such as hyperactivity and aggression [34].

Patients with MPSPS often have a shorter stature compared to healthy children of the
same age [17]. Similar observations have been made in patients with other types/subtypes
of MPS. After birth, their average z-scores for body height were lower compared to reference
values [35]. Children with MPS IVA stop growing at the age of 8 years, and their earlier
growth is very slow. In MPS VI, growth can be variable during the first four years of life,
with abrupt declines. Before the age of 5 years, these changes stabilize and are no longer as
abrupt. The average z-scores for other MPS types (MPS I, I, and III) indicate that up to
the age of 2 years, patients’ growth is similar, and the average z-scores for body height are
higher than in reference charts [36].

5.3. Central Nervous System

Patients with MPSPS exhibit severe central nervous system disorders similar to those
seen in other types/subtypes of MPS with neurological symptoms (MPS I, 11, III, and VII).



Int. J. Mol. Sci. 2024, 25,9570

7 of 15

Neurological examinations show neurodevelopmental delay, and MRI brain scans reveal
delayed myelination, brain calcifications, retinal hypopigmentation, cerebellar abnormali-
ties, and, in some cases, global brain atrophy [13,16,17]. However, studies have shown that
after treatment initiation and stabilization of the patient’s condition, neurological abilities
may gradually improve [17]. Some patients also exhibit nystagmus, which subsides over
time in some cases [16,17].

Studies on a mouse model of MPS IIIC revealed similar disorders to those seen in
MPSPS, including significantly reduced levels of proteins associated with myelination,
such as myelin protein, myelin glycoprotein, and oligodendrocyte myelin glycoprotein.
Structural studies showed disorganization of myelin sheaths and loss of myelin thickness
in the brains of MPS IIIC animals [37]. In patients with MPS IIID, these disorders were
less severe, namely, they exhibited mild cortical and cerebellar atrophy [38]. Patients with
MPS I showed similar disorders to those with MPSPS, including severe white matter loss,
brain atrophy, and, in some cases, hydrocephalus [39]. MRI studies showed that almost all
patients with Sanfilippo disease exhibit cortical atrophy [40].

5.4. Heart

Cardiovascular diseases are currently the leading cause of premature death in patients
with MPS [41]. Problems with proper diagnosis and a lack of appropriate treatment lead to
rapid disease progression and the development of many complications, including heart
failure [42,43]. All patients with MPSPS were found to have severe heart function disorders,
the most common being mitral valve regurgitation [13,17], as well as aortic and tricuspid
valve regurgitation [11]. A patient with a milder mutation (p.Arg200Pro) also showed
mitral valve stenosis, but it was significantly milder than in other MPSPS patients and
did not progress with age [15]. Additionally, some MPSPS patients were noted to have
thickening of the interventricular septum [14] or atrial enlargement [17]. The most common
cardiovascular disorder found in patients with other types/subtypes of MPS is mitral valve
regurgitation [44]. Systolic murmur, aortic valve stenosis and regurgitation, thickened ends
of aortic cusps, and mild left ventricular hypertrophy were observed in MPS X patients.
Further studies on the MPS II model confirmed that the most common defect in these
patients (56% of those studied) is mitral valve regurgitation, followed by aortic valve defect
(33%) [45].

Overall, studies with MPS patients did not show a correlation between patient age
and cardiac phenotype. In some cases, a patient with a mild disease course exhibited more
severe heart damage than a patient with a severe phenotype [44].

5.5. Lungs

Lung diseases are extremely severe and rapidly recognized in patients with MPSPS.
Patients are very often hospitalized due to recurrent upper respiratory tract infections
and pneumonia [13,17]. In almost every described case, MPSPS patients were admitted
to the hospital due to upper respiratory tract infections. A notable example is a female
patient hospitalized at 2.5 months, 7 months, and 10 years, each time diagnosed with severe
pneumonia [15], as well as a female patient who was repeatedly hospitalized after her
first year of life due to respiratory tract infections [11]. Patients also frequently experience
episodes of dyspnea and apnea attacks [16].

Patients with other types/subtypes of MPS also very often have recurrent upper and
lower respiratory tract infections. Additionally, patients with MPS I frequently exhibit
airway obstruction during sleep, which can result in obstructive sleep apnea [46]. Newborns
with MPS II have been reported to have a higher incidence of respiratory failure than
healthy children [47]. In MPS IV, a reduced chest size compared to healthy children
and obstructive lung disease have been noted. Diaphragm displacement associated with
hepatosplenomegaly has also been described [48].
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Respiratory complications become more common in all children with MPS as the
disease progresses [49]. Additionally, it has been proven that pneumonia is the cause of
death in more than half of the children with MPS IIIA [50,51].

5.6. Skeletal System

Skeletal system problems do not occur in all patients with MPS. In some types, these
symptoms are limited to short stature, while in others, they manifest as severe deformities
of almost the entire skeleton. These symptoms are most visible and frequently diagnosed
in patients with MPS IVA [52].

Patients with MPSPS also exhibit certain skeletal system disorders, one of the typical
features being claw-shaped hands and wider metacarpal bones [16]. Similar disorders have
been described in patients with severe forms of MPS I, II, and VII, which can eventually
lead to a loss of hand function [3]. Additionally, MPSPS patients have been observed to
have limited joint mobility and contractures, multiple deformities in bones other than
the hands, and progressive skeletal dysplasia (dysostosis multiplex) [13,16,27]. Identical
symptoms have been described not only in severe types of MPS I, 1I, and VII but also
in MPS VI, where patients exhibit skeletal dysplasia, including short stature, dysostosis
multiplex, and degenerative joint disease, while in MPS X patients, disproportionate short-
trunk short stature and genu valgus were noted [53,54]. Patients with MPSPS also show
joint inflammation and stiffness, as well as progressively worsening swelling of the lower
limbs [15,27]. One patient also exhibited deformed femoral heads, excessive synovial
membrane accumulation, and joint effusions [15]. Consequently, a gradual loss of motor
skills was observed [15]. In some cases, vertebral flattening and metatarsal bone widening
have also been documented [14].

The most significant skeletal system problems were observed in patients with MPS IVA.
These symptoms include vertebral flattening, severe dysplasia of long bones (especially
femoral epiphyses), joint instability, knee valgus, and resultant gait abnormalities [52].
However, a beta-galactosidase deficiency diagnosed as MPS IVB causes a considerably
milder phenotype compared to MPS IVA [55]. It was reported that patients with MPS IVB
exhibit limb dysplasia, but growth disturbances are less pronounced. Additionally, in these
patients, enzymatic activity may be sufficient to prevent the development of peripheral
nervous system symptoms observed in MPS IVA patients [56]. MPS IVA can be divided
into three subtypes based on clinical presentation, depending on symptom severity. The
severe form is characterized by systemic skeletal dysplasia identified at birth, while the
mild form features slight skeletal disturbances and is usually diagnosed in adulthood.
Children with the severe form often do not survive beyond the second or third decade of
life, mainly due to cervical instability and impaired lung function [57-59].

The symptoms described in patients with MPS IX are usually mild, making proper
diagnosis and appropriate treatment extremely difficult. The first diagnosed case of this
type involved a 14-year-old girl who exhibited short stature, occasional soft tissue swelling,
and periarticular soft tissue masses, while joint mobility was normal [60]. The other three
patients diagnosed with MPS IX were siblings aged 11-21 years. One of them, at age 4 years,
showed only hip or knee pain resulting from swelling. Further studies revealed synovitis
and joint involvement [61].

5.7. Kidneys

Most of the symptoms observed in patients with MPSPS overlap with those in patients
with other MPS types/subtypes. The organ where changes were observed only in MPSPS
is the kidneys.

The term ‘plus’ refers to symptoms not found in other MPS types/subtypes. These
additional symptoms include, in particular, kidney failure and hematopoietic system dis-
orders. All patients with MPSPS are described as having nephrotic syndrome: enlarged
kidneys and significant proteinuria [13-17,28], accompanied by hypoalbuminemia, cre-
atinemia, elevated blood creatinine levels, and calcium deficiencies [16,28]. Most patients
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also show higher blood uric acid levels compared to healthy individuals [16,28]. All these
data indicate kidney failure in MPSPS patients.

Histopathological studies were also conducted on some MPSPS patients. Some
analyses even showed complete destruction of glomerular structures [28]. In milder
cases, periglomerular fibrosis, interstitial inflammation, and the presence of foam cells
in podocytes were observed [16]. Foam cells were also observed in MPS I and MPS VII;
however, in the liver and spleen rather than the kidney. Some MPSPS patients also exhibit
renal tubular diseases (tubulopathies) [17].

5.8. Other Symptoms

In MPSPS, several symptoms related to other systems/organs besides those mentioned
above are also observed. Some patients have been noted to exhibit subclinical hypothy-
roidism [15,17]. Children with MPSPS have also been observed to have peripheral and
retrocochlear hearing impairment [16,17]. Significant hearing impairment is also present in
other MPS types/subtypes, which may be caused by middle ear infections, ossicular chain
deformities, inner ear abnormalities, or auditory nerve impairment [62,63].

The summary of the main findings in MPSPS, in comparison to other MPS types, is
presented in Table 1.

Table 1. The summary of the main findings of the MPSPS throughout life, with indication of the
occurrence of similar symptoms in different MPS types.

Symptom(s) Type of MPS References
Characteristic facial features All (including MPSPS) [13-15,17,27]
Dysfunction of the liver and spleen All (including MPSPS) [11,13-15,27]
Prenatal ascites MPS VI, MPSPS [15,29]
Delayed psychomotor development with MPS TII, MPS VII, MPSPS [11,14,15,17,30,33,34]
autistic symptoms
Short stature MPS IVA, MPS VI, MPS X, MPSPS [17,35]
Delayed myelination, brain calcifications, retinal
hypopigmentation, cerebellar abnormalities, and, MPS I, MPS III, MPSPS [13,16,17,37-40]
in some cases, global brain atrophy
Mitral, aortic, and tricuspid valve regurgitation MPS II, MPS X, MPSPS [13,17,44,45]
Recurrent upper respiratory tract infections MPS I, MPS I, MPS III, MPS IV, MPSPS [11,13,15,17,46-48,50,51]
and pneumonia
Claw-shaped hands and wider metacarpal bones MPS I, MPS II, MPS VII, MPSPS [3,16]
Dysostosis multiplex MPS I, MPS II, MPS VI, MPS VII, MPS X, MPSPS [13,16,27,52-55]
Enlarged kidneys, significant proteinuria MPSPS [13-17,28]

6. Similarities of MPSPS to Other Lysosomal Storage Diseases

Patients with MPSPS exhibited excessive accumulation of sphingolipids, 3-D-
galactosylsphingosine (psychosine), and the deacylated form of galactosylceramide, which
also excessively accumulates in another LSD, Krabbe disease [64]. Psychosine excess is
involved in the loss of oligodendrocytes and myelin damage, leading to severe disturbances
in the white matter of the brain and peripheral nerves. Indeed, such disturbances have
been described in patients with mutations in the VPS33A gene [13].

Fabry disease (FD) is a lysosomal storage disorder caused by deficiencies of the
lysosomal enzyme «-galactosidase A, leading to the accumulation of globotriaosylceramide
(Gb3) [65]. One of the main causes of death in FD patients is end-stage renal failure. The
exact mechanism of kidney damage is not yet known, but it is hypothesized that it is caused
by nephrotic syndrome resulting from the accumulation of Gb3 [28,66]. A very similar
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pattern of disorders has been observed in almost all patients with MPSPS [67-69] and in
patients with ML III [28].

A mutation in the VPS33B gene leads to ARC syndrome (arthrogryposis—-renal
dysfunction—cholestasis), which includes renal tubular dysfunction, thrombocytopenia,
and cholestasis [70]. The same mutation causes the ARKID syndrome (autosomal reces-
sive keratoderma—ichthyosis—-deafness), where patients also exhibit platelet dysfunction,
ichthyosis, hearing loss, and osteopenia [71].

Symptoms caused by mutations in genes of other members of the HOPS and CORVET
complexes differ phenotypically from those in MPSPS patients. A homozygous mutation
in the VPS16 gene leads to primary dystonia during adolescence [72]. Loss of VPS18
functionality in mice leads to severe neurodegeneration and neuron-migration issues [73].
Joint contractures, delayed psychomotor development, and craniofacial deformities have
been described in patients with mutations in the VPS8 gene [74]. Leukodystrophy caused by
mutations in the VPS11 gene is associated with seizures, tetraplegia, or hearing loss [75-77].
However, this phenotype differs from that described in MPSPS patients. Leukodystrophy
patients have been reported to exhibit increased urinary excretion of glycosphingolipids
and elevated lysosomal storage. It was proposed that a defect in one of the HOPS complex
components leads to substrate accumulation in lysosomes (including GAGs) but not to
decreased lysosomal enzyme activity [13].

The p.Asp251Glu mutation in the VPS33A gene has been used in a mouse model for
Hermansky-Pudlak syndrome [78,79]. Affected mice exhibit, among other things, severe
behavioral disorders and degeneration of Purkinje cells [80].

Finally, it is worth noting that that similarities occur between some symptoms of
MPSPS patients and those described in a recently discovered MPS X-type (deficiency in
arylsulfatase K (ARSK) [81-85]. However, little similarity can be detected between MPSPS
patients and those suffering from another recently recognized disease, MPS IIIE, though
one should take into consideration the fact that there are serious doubts whether the latter
disorder, caused by dysfunction of arylsulfatase G (ARSG), should be classified as MPS in
humans or not [86].

7. Potential Therapies for MPSPS

Currently, there is no therapy for MPSPS. Regarding different MPS types, various
therapeutical options were proposed, some of them being used in clinical practice [87].
Enzyme-replacement therapy (ERT) is available for clinical use for MPS I, MPS II, MPS IVA,
MPS VI, and MPS VII. This therapy is based on the administration of recombinant human
enzyme (which is lacking in the cells of patients) that is specifically modified to be efficiently
recognized by the cellular receptor (usually the mannose-6-phosphate receptor), allowing
the direction of the therapeutic protein to lysosomes [88]. Therefore, the recombinant
enzyme can replace the function of the deficient one in the lysosomes of the patient’s
cells. However, in MPSPS, the dysfunction concerns a non-lysosomal protein. Therefore,
ERT cannot be effective, at least as long as a method for the efficient delivery of cytosolic
proteins is lacking. Hematopoietic stem cell transplantation (HSCT) is another therapeutic
option already in use for some MPS types [89]. Nevertheless, for reasons similar to those
described for ERT, HSCT seems to be unlikely to work effectively in MPSPS. Gene therapy
is an obvious potential cure for genetic diseases, and intensive work has been conducted to
develop and introduce this kind of therapy to treat MPS patients [90]. However, no report
has been published to date on the development of gene therapy targeting the VPS33A gene.
Thus, even if such an effort is started, the putative introduction of gene therapy for MPSPS
should take at least several years, making this kind of treatment a matter of the future
rather than a promise for rapidly solving the medical problem.

Because of the problems mentioned above, it is perhaps more likely to develop an
alternative therapy for MPSPS rather than focusing on ERT, HSCT, or gene therapy. One
possible option would be to stimulate the autophagy process. Since the major cellular
problem in this disease is extra-lysosomal accumulation of GAGs, with possible secondary



Int. J. Mol. Sci. 2024, 25,9570

11 of 15

References

storage of other compounds, activation of a process leading to the elimination of the storage
material could be beneficial for patients. In fact, a potential use of autophagy stimulators
has been proposed as a putative therapeutic approach in the treatment of MPS [91]. Such
a strategy appeared recently to be effective in the case of cellular and animal models of
another genetic disease caused by the accumulation of macromolecules, Huntington’s
disease [92]. There are various potential autophagy stimulators that could be employed in
long-term use (which is necessary in the case of genetic diseases), including already-tested
genistein [92] or ambroxol [93], a drug previously approved for the treatment of other
conditions. Obviously, extensive studies are required to test if the hypothesis about the
efficacy of autophagy stimulation in the treatment of MPSPS is true.

8. Concluding Remarks

MPS are defined as diseases in which GAG is stored due to dysfunctions of lysosomal
enzymes involved in the degradation of these compounds. MPSPS is a specific disease
where accumulation of GAGs occurs despite normal activities of all lysosomal hydrolases
and transferases involved in their decay. Thus, MPSPS does not fulfill the strict definition
of MPS while being a disease revealing the common primary metabolic defect—inefficient
removal of excess GAG. Despite genetic and biochemical differences, MPSPS and various
MPS types share many common symptoms. On the other hand, some of them are specific
to MPSPS, reflecting the etymology of this disease. Here, we propose a possible mechanism
for GAG accumulation in MPSPS due to impaired vesicle trafficking and resultant improper
localization of these complex carbohydrates, precluding their efficient degradation by lyso-
somal enzymes (Figure 1). If this hypothesis is true, it might explain the pathomechanism
of MPSPS in more detail. Still, the question remains whether MPSPS is a type of MPS or
should classified as a separate metabolic disease. The answer actually depends on how we
define MPS. If both conditions (GAG storage and lysosomal enzyme dysfunction) must be
met to call a disease MPS, then MPSPS is a separate disorder. If, however, we agree that
the crucial feature of MPS is GAG storage and that the accumulation of GAG(s) is enough
to include a disorder into the group of MPS, then MPSPS should be treated as another
MPS type.

Author Contributions: Conceptualization, Z.C., L.G., K.P. and G.W.; methodology, Z.C.; validation,
Z.C. and G.W,; data curation, Z.C.; writing—original draft preparation, Z.C. and G.W.; writing—
review and editing, Z.C., L.G., K.P. and G.W.; visualization, Z.C. and G.W.; supervision, G.W.; project
administration, Z.C. and G.W.; funding acquisition, Z.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the University of Gdansk, grants No. 539-D020-B948-22 and
533-C020-GS83-23.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created in this work.

Acknowledgments: We thank employees and students from the Department of Molecular Biology,
the University of Gdansk, for continuous and numerous scientific discussions.

Conflicts of Interest: The authors declare no conflicts of interest. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript;
or in the decision to publish the results.

1. Iozzo, V.; San Antonio, ]J. Heparan sulfate proteoglycans: Heavy hitters in the angiogenesis arena. J. Clin. Investig. 2001, 108,
349-355. [CrossRef] [PubMed]

2. Nagpal, R.; Goyal, R.B.; Priyadarshini, K.; Kashyap, S.; Sharma, M.; Sinha, R.; Sharma, N. Mucopolysaccharidosis: A broad
review. Indian J. Ophthalmol. 2022, 70, 2249-2261. [CrossRef]

3. Muenzer, J. Overview of the mucopolysaccharidoses. Rheumatology 2011, 50 (Suppl. S5), v4—v12. [CrossRef]


https://doi.org/10.1172/JCI200113738
https://www.ncbi.nlm.nih.gov/pubmed/11489925
https://doi.org/10.4103/ijo.IJO_425_22
https://doi.org/10.1093/rheumatology/ker394

Int. J. Mol. Sci. 2024, 25,9570 12 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Jakébkiewicz-Banecka, J.; Piotrowska, E.; Narajczyk, M.; Baraniska, S.; Wegrzyn, G. Genistein-mediated inhibition of glycosamino-
glycan synthesis, which corrects storage in cells of patients suffering from mucopolysaccharidoses, acts by influencing an
epidermal growth factor-dependent pathway. J. Biomed. Sci. 2009, 16, 26. [CrossRef] [PubMed]

Saville, ].T.; Herbst, Z.M.; Gelb, M.H.; Fuller, M. Endogenous, non-reducing end glycosaminoglycan biomarkers for the mu-
copolysaccharidoses: Accurate diagnosis and elimination of false positive newborn screening results. Mol. Genet. Metab. 2023,
140, 107685. [CrossRef]

Hobbs, J.; Hugh-Jones, K.; Barrett, A.; Byrom, N.; Chambers, D.; Henry, K.; James, D.C.; Lucas, C.F; Rogers, T.R.; Benson, P.F,; et al.
Reversal of clinical features of Hurler’s disease and biochemical improvement after treatment by bone-marrow transplantation.
Lancet 1981, 2, 709-712. [CrossRef]

Wraith, J.; Beck, M.; Lane, R.; van der Ploeg, A.; Shapiro, E.; Xue, Y.; Kakkis, E.; Guffon, N. Enzyme replacement therapy in
patients who have mucopolysaccharidosis I and are younger than 5 years: Results of a multinational study of recombinant human
alpha-L-iduronidase (laronidase). Pediatrics 2007, 120, e37-e46. [CrossRef]

Clarke, L.; Wraith, J.; Beck, M.; Kolodny, E.; Pastores, G.; Muenzer, J.; Rapoport, D.; Berger, K.; Sidman, M.; Kakkis, E.; et al.
Long-term efficacy and safety of laronidase in the treatment of mucopolysaccharidosis 1. Pediatrics 2009, 123, 229-240. [CrossRef]
Harmatz, P; Giugliani, R.; Schwartz, I.; Guffon, N.; Teles, E.; Miranda, M.; Wraith, J.; Beck, M.; Arash, L.; Scarpa, M.; et al. Enzyme
replacement therapy for mucopolysaccharidosis VI: A phase 3, randomized, double-blind, placebo-controlled, multinational
study of recombinant human N-acetylgalactosamine 4-sulfatase (recombinant human arylsulfatase B or rhASB) and follow-on,
open-label extension study. J. Pediatr. 2006, 148, 533-539. [CrossRef] [PubMed]

Muenzer, J.; Beck, M.; Eng, C.; Giugliani, R.; Harmatz, P.; Martin, R.; Ramaswami, U.; Vellodi, A.; Wraith, J.; Cleary, M.; et al.
Long-term, open-labeled extension study of idursulfase in the treatment of Hunter syndrome. Genet. Med. 2011, 13, 95-101.
[CrossRef]

Vasilev, F.; Sukhomyasova, A.; Otomo, T. Mucopolysaccharidosis-Plus Syndrome. Int. J. Mol. Sci. 2020, 21, 421. [CrossRef]
[PubMed]

Dursun, A.; Yalnizoglu, D.; Gerdan, O.F,; Yucel-Yilmaz, D.; Sagiroglu, M.S.; Yuksel, B.; Gucer, S.; Sivri, S.; Ozgul, R K. A probable
new syndrome with the storage disease phenotype caused by the VPS33A gene mutation. Clin. Dysmorphol. 2017, 26, 1-12.
[CrossRef]

Kondo, H.; Maksimova, N.; Otomo, T.; Kato, H.; Imai, A.; Asano, Y.; Kobayashi, K.; Nojima, S.; Nakaya, A.; Hamada, Y.; et al.
Mutation in VPS33A affects metabolism of glycosaminoglycans: A new type of mucopolysaccharidosis with severe systemic
symptoms. Hum. Mol. Genet. 2017, 26, 173-183. [CrossRef]

Pavlova, E.V,; Lev, D.; Michelson, M.; Yosovich, K.; Michaeli, H.G.; Bright, N.A.; Manna, P.T.; Dickson, VK; Tylee, K.L.; Church,
H.J.; et al. Juvenile mucopolysaccharidosis plus disease caused by a missense mutation in VPS33A. Hum. Mutat. 2022, 43,
2265-2278. [CrossRef] [PubMed]

Lipinski, P; Szczatuba, K.; Buda, P.; Zakharova, E.Y.; Baydakova, G.; Lugowska, A.; RéZdzyﬁska—Swiatkowska, A.; Cyske, Z;
Wegrzyn, G.; Pollak, A.; et al. Mucopolysaccharidosis-Plus Syndrome: Report on a Polish Patient with a Novel VPS33A Variant
with Comparison with Other Described Patients. Int. . Mol. Sci. 2022, 23, 11424. [CrossRef]

Pavlova, E.V,; Shatunov, A.; Wartosch, L.; Moskvina, A.L; Nikolaeva, L.E.; Bright, N.A_; Tylee, K.L.; Church, H.J.; Ballabio, A.;
Luzio, ].P; et al. The lysosomal disease caused by mutant VPS33A. Hum. Mol. Genet. 2019, 28, 2514-2530. [CrossRef]

Faraguna, M.C.; Musto, F; Crescitelli, V.; Iascone, M.; Spaccini, L.; Tonduti, D.; Fedeli, T.; Kullmann, G.; Canonico, F.; Cattoni,
A.; et al. Mucopolysaccharidosis-Plus Syndrome, a Rapidly Progressive Disease: Favorable Impact of a Very Prolonged Steroid
Treatment on the Clinical Course in a Child. Genes 2022, 13, 442. [CrossRef]

Baker, R.W.; Jeffrey, P.D.; Hughson, EM. Crystal Structures of the Sec1/Munc18 (SM) Protein Vps33, Alone and Bound to the
Homotypic Fusion and Vacuolar Protein Sorting (HOPS) Subunit Vps16*. PLoS ONE 2013, 8, e67409. [CrossRef]

Graham, S.C.; Wartosch, L.; Gray, S.R.; Scourfield, E.J.; Deane, ].E.; Luzio, ].P.; Owen, D.]. Structural basis of Vps33A recruitment
to the human HOPS complex by Vpsl16. Proc. Natl. Acad. Sci. USA 2013, 110, 13345-13350. [CrossRef] [PubMed]

Jiang, P.; Nishimura, T.; Sakamaki, Y.; Itakura, E.; Hatta, T.; Natsume, T.; Mizushima, N. The HOPS complex mediates
autophagosome-lysosome fusion through interaction with syntaxin 17. Mol. Biol. Cell 2014, 25, 1327-1337. [CrossRef]

Cyske, Z.; Gaffke, L.; Pierzynowska, K.; Wegrzyn, G. Expression of Long Noncoding RNAs in Fibroblasts from Mucopolysaccha-
ridosis Patients. Genes 2023, 14, 271. [CrossRef]

Cyske, Z.; Gaffke, L.; Pierzynowska, K.; Wegrzyn, G. Complex Changes in the Efficiency of the Expression of Many Genes in
Monogenic Diseases, Mucopolysaccharidoses, May Arise from Significant Disturbances in the Levels of Factors Involved in the
Gene Expression Regulation Processes. Genes 2022, 13, 593. [CrossRef] [PubMed]

Gaffke, L.; Pierzynowska, K.; Podlacha, M.; Brokowska, J.; Wegrzyn, G. Changes in cellular processes occurring in mucopolysac-
charidosis as underestimated pathomechanisms of these diseases. Cell Biol. Int. 2021, 45, 498-506. [CrossRef] [PubMed]

Gaffke, L.; Pierzynowska, K.; Cyske, Z.; Podlacha, M.; Wegrzyn, G. Contribution of vesicle trafficking dysregulation to the
pathomechanism of mucopolysaccharidosis. Biochem. Biophys. Res. Commun. 2023, 665, 107-117. [CrossRef] [PubMed]
Feugaing, D.D.; Tammi, R.; Echtermeyer, F.G.; Stenmark, H.; Kresse, H.; Smollich, M.; Schonherr, E.; Kiesel, L.; Gotte, M.
Endocytosis of the dermatan sulfate proteoglycan decorin utilizes multiple pathways and is modulated by epidermal growth
factor receptor signaling. Biochimie 2007, 89, 637—657. [CrossRef]


https://doi.org/10.1186/1423-0127-16-26
https://www.ncbi.nlm.nih.gov/pubmed/19272193
https://doi.org/10.1016/j.ymgme.2023.107685
https://doi.org/10.1016/S0140-6736(81)91046-1
https://doi.org/10.1542/peds.2006-2156
https://doi.org/10.1542/peds.2007-3847
https://doi.org/10.1016/j.jpeds.2005.12.014
https://www.ncbi.nlm.nih.gov/pubmed/16647419
https://doi.org/10.1097/GIM.0b013e3181fea459
https://doi.org/10.3390/ijms21020421
https://www.ncbi.nlm.nih.gov/pubmed/31936524
https://doi.org/10.1097/MCD.0000000000000149
https://doi.org/10.1093/hmg/ddw377
https://doi.org/10.1002/humu.24479
https://www.ncbi.nlm.nih.gov/pubmed/36153662
https://doi.org/10.3390/ijms231911424
https://doi.org/10.1093/hmg/ddz077
https://doi.org/10.3390/genes13030442
https://doi.org/10.1371/journal.pone.0067409
https://doi.org/10.1073/pnas.1307074110
https://www.ncbi.nlm.nih.gov/pubmed/23901104
https://doi.org/10.1091/mbc.e13-08-0447
https://doi.org/10.3390/genes14020271
https://doi.org/10.3390/genes13040593
https://www.ncbi.nlm.nih.gov/pubmed/35456399
https://doi.org/10.1002/cbin.11275
https://www.ncbi.nlm.nih.gov/pubmed/31855304
https://doi.org/10.1016/j.bbrc.2023.04.093
https://www.ncbi.nlm.nih.gov/pubmed/37149983
https://doi.org/10.1016/j.biochi.2006.12.012

Int. J. Mol. Sci. 2024, 25,9570 13 of 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Contreras-Ruiz, L.; de la Fuente, M.; Parraga, J.E.; Lopez-Garcia, A.; Fernandez, L; Seijo, B.; Sanchez, A.; Calonge, M.; Diebold, Y.
Intracellular trafficking of hyaluronic acid-chitosan oligomer-based nanoparticles in cultured human ocular surface cells. Mol.
Vis. 2011, 17, 279-290.

Sofronova, V.; Gotovtseva, L.; Danilova, A.; Sukhomyasova, A.; Moriwaki, T.; Terawaki, S.; Otomo, T.; Maksimova, N. Prenatal
Diagnosis of Mucopolysaccharidosis-Plus Syndrome (MPSPS). Genes 2023, 14, 1581. [CrossRef]

Sofronova, V.; Iwata, R.; Moriya, T.; Loskutova, K.; Gurinova, E.; Chernova, M.; Timofeeva, A.; Shvedova, A.; Vasilev, F,;
Novgorodova, S.; et al. Hematopoietic Disorders, Renal Impairment and Growth in Mucopolysaccharidosis-Plus Syndrome. Int.
J. Mol. Sci. 2022, 23, 5851. [CrossRef]

Honjo, R.S.; Vaca, E.C.N,; Leal, G.N.; Abellan, D.M.; Ikari, N.M.; Jatene, M.B.; Martins, A.M.; Kim, C.A. Mucopolysaccharidosis
type VI: Case report with first neonatal presentation with ascites fetalis and rapidly progressive cardiac manifestation. BMC Med.
Genet. 2020, 21, 37. [CrossRef]

Su, X.; Zhao, X.; Yin, X; Liu, L.; Huang, Y.; Zeng, C.; Li, X.; Zhang, W. Clinical manifestations and genetic mutation analysis of
patients with mucopolysaccharidosis type VII in China. Eur. . Med. Genet. 2024, 68, 104933. [CrossRef]

Du, R;; Tian, H.; Zhao, B.; Shi, X.; Sun, Y.; Qiu, B.; Li, Y. A de novo homozygous missense mutation of the GUSB gene leads to
mucopolysaccharidosis type VII identification in a family with twice adverse pregnancy outcomes due to non-immune hydrops
fetalis. Mol. Genet. Metab. Rep. 2023, 38, 101033. [CrossRef] [PubMed]

Tomita, K.; Okamoto, S.; Seto, T.; Hamazaki, T.; So, S.; Yamamoto, T.; Tanizawa, K.; Sonoda, H.; Sato, Y. Divergent developmental
trajectories in two siblings with neuropathic mucopolysaccharidosis type II (Hunter syndrome) receiving conventional and novel
enzyme replacement therapies: A case report. JIMD Rep. 2021, 62, 9-14. [CrossRef] [PubMed]

Kartal, A. Delayed speech, hyperactivity, and coarse facies: Does Sanfilippo syndrome come to mind? J. Pediatr. Neurosci. 2016, 11,
282-284. [CrossRef] [PubMed]

Ruijter, G.J.; Valstar, M.J.; van de Kamp, ] M.; van der Helm, R.M.; Durand, S.; van Diggelen, O.P.; Wevers, R.A.; Poorthuis, B.J.;
Pshezhetsky, A.V.; Wijburg, F.A. Clinical and genetic spectrum of Sanfilippo type C (MPS IIIC) disease in The Netherlands. Mol.
Genet. Metab. 2008, 93, 104-111. [CrossRef] [PubMed]

Palczewska, I.; Niedzwiecka, Z. Indices of somatic development of Warsaw children and adolescents. Wars. Inst. Matki I Dziecka
2001, 5 (Suppl. S1), 18-118.

RéZdZyﬁska-Swiatkowska, A.; Zieliniska, A.; Tylki-Szymariska, A. Comparison of growth dynamics in different types of MPS: An
attempt to explain the causes. Orphanet. |. Rare Dis. 2022, 17, 339. [CrossRef]

Taherzadeh, M.; Zhang, E.; Londono, I.; De Leener, B.; Wang, S.; Cooper, ].D.; Kennedy, T.E.; Morales, C.R.; Chen, Z.; Lodygensky,
G.A,; et al. Severe central nervous system demyelination in Sanfilippo disease. Front. Mol. Neurosci. 2023, 16, 1323449. [CrossRef]
Santhoshkumar, R.; Mahale, R.R.; Kishore, P.K.; Chickabasaviah, Y.T. Child Neurology: Mucopolysaccharidosis IIID: Evidence
From Ultrastructural and Genomic Study. Neurology 2023, 101, e1572-e1576. [CrossRef]

Machnikowska-Sokotowska, M.; Myszczuk, A.; Wieszala, E.; Wieja-Btach, D.; Jamroz, E.; Paprocka, J. Mucopolysaccharidosis
Type 1 among Children—Neuroradiological Perspective Based on Single Centre Experience and Literature Review. Metabolites
2023, 13, 209. [CrossRef]

do Valle, D.A ; Santos, M.L.S.E; Telles, B.A.; Cordeiro, M.L. Neurological, neurobehavioral, and radiological alterations in patients
with mucopolysaccharidosis III (Sanfilippo’s syndrome) in Brazil. Front. Neurol. 2022, 13, 968297. [CrossRef]

Sestito, S.; Parisi, F.; Tallarico, V.; Tarsitano, F.; Roppa, K.; Pensabene, L.; Chimenz, R.; Ceravolo, G.; Calabro, M.P,; De Sarro, R.;
et al. Cardiac involvement in Lysosomal Storage Diseases. J. Biol. Regul. Homeost. Agents 2020, 34 (Suppl. 2), 107-119. [PubMed]
Boffi, L.; Russo, P.; Limongelli, G. Early diagnosis and management of cardiac manifestations in mucopolysaccharidoses:
A practical guide for paediatric and adult cardiologists. Ifal. |. Pediatr. 2018, 44 (Suppl. S2), 122. [CrossRef]

Braunlin, E.A.; Harmatz, PR.; Scarpa, M.; Furlanetto, B.; Kampmann, C.; Loehr, ].P; Ponder, K.P,; Roberts, W.C.; Rosenfeld, H.M.;
Giugliani, R. Cardiac disease in patients with mucopolysaccharidosis: Presentation, diagnosis and management. J. Inherit. Metab.
Dis. 2011, 34, 1183-1197. [CrossRef] [PubMed]

Sestito, S.; Rinninella, G.; Rampazzo, A.; D’ Avanzo, F.; Zampini, L.; Santoro, L.; Gabrielli, O.; Filumara, A.; Barone, R.; Volpi, N.;
et al. Cardiac involvement in MPS patients: Incidence and response to therapy in an Italian multicentre study. Orphanet. |. Rare
Dis. 2022, 17, 251. [CrossRef]

Lin, H.Y,; Chen, M.R;; Lee, C.L,; Lin, S.M.; Hung, C.L.; Niu, D.M.; Chang, T.M.; Chuang, C.K,; Lin, S.P. Natural progression of
cardiac features and long-term effects of enzyme replacement therapy in Taiwanese patients with mucopolysaccharidosis II.
Orphanet. ]. Rare Dis. 2021, 16, 99. [CrossRef]

Kubaski, F; de Oliveira Poswar, F; Michelin-Tirelli, K.; Matte, U.D.S.; Horovitz, D.D.; Barth, A.L.; Baldo, G.; Vairo, F.; Giugliani, R.
Mucopolysaccharidosis Type I. Diagnostics 2020, 10, 161. [CrossRef] [PubMed]

Dodsworth, C.; Burton, B.K. Increased incidence of neonatal respiratory distress in infants with mucopolysaccharidosis type I
(MPS II, Hunter syndrome). Mol. Genet. Metab. 2014, 111, 203-204. [CrossRef] [PubMed]

Lin, S.P; Shih, S.C.; Chuang, C.K; Lee, K.S.; Chen, M.R; Niu, D.M.; Chiu, P.C,; Lin, S.J.; Lin, H.Y. Characterization of pulmonary
function impairments in patients with mucopolysaccharidoses—Changes with age and treatment. Pediatr. Pulmonol. 2014, 49,
277-284. [CrossRef]

Mubhlebach, M.S.; Wooten, W.; Muenzer, J. Respiratory manifestations in mucopolysaccharidoses. Paediatr. Respir. Rev. 2011, 12,
133-138. [CrossRef]


https://doi.org/10.3390/genes14081581
https://doi.org/10.3390/ijms23105851
https://doi.org/10.1186/s12881-020-0972-y
https://doi.org/10.1016/j.ejmg.2024.104933
https://doi.org/10.1016/j.ymgmr.2023.101033
https://www.ncbi.nlm.nih.gov/pubmed/38149215
https://doi.org/10.1002/jmd2.12239
https://www.ncbi.nlm.nih.gov/pubmed/34765392
https://doi.org/10.4103/1817-1745.193378
https://www.ncbi.nlm.nih.gov/pubmed/27857809
https://doi.org/10.1016/j.ymgme.2007.09.011
https://www.ncbi.nlm.nih.gov/pubmed/18024218
https://doi.org/10.1186/s13023-022-02486-4
https://doi.org/10.3389/fnmol.2023.1323449
https://doi.org/10.1212/WNL.0000000000207647
https://doi.org/10.3390/metabo13020209
https://doi.org/10.3389/fneur.2022.968297
https://www.ncbi.nlm.nih.gov/pubmed/33000609
https://doi.org/10.1186/s13052-018-0560-3
https://doi.org/10.1007/s10545-011-9359-8
https://www.ncbi.nlm.nih.gov/pubmed/21744090
https://doi.org/10.1186/s13023-022-02396-5
https://doi.org/10.1186/s13023-021-01743-2
https://doi.org/10.3390/diagnostics10030161
https://www.ncbi.nlm.nih.gov/pubmed/32188113
https://doi.org/10.1016/j.ymgme.2013.10.015
https://www.ncbi.nlm.nih.gov/pubmed/24238892
https://doi.org/10.1002/ppul.22774
https://doi.org/10.1016/j.prrv.2010.10.005

Int. J. Mol. Sci. 2024, 25,9570 14 of 15

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Lavery, C.; Hendriksz, C.J.; Jones, S.A. Mortality in patients with Sanfilippo syndrome. Orphanet. ]. Rare Dis. 2017, 12, 168.
[CrossRef]

Paget, T.L.; Larcombe, A.N.; Pinniger, G.J.; Tsioutsias, I.; Schneider, ].P,; Parkinson-Lawrence, E.J.; Orgeig, S. Mucopolysaccharido-
sis (MPS IIIA) mice have increased lung compliance and airway resistance, decreased diaphragm strength, and no change in
alveolar structure. Am. J. Physiol. Lung Cell. Mol. Physiol. 2024, 326, L713-L726. [CrossRef]

Hendriksz, C.J.; Harmatz, P.; Beck, M.; Jones, S.; Wood, T.; Lachman, R.; Gravance, C.G.; Orii, T.; Tomatsu, S. Review of clinical
presentation and diagnosis of mucopolysaccharidosis IVA. Mol. Genet. Metab. 2013, 110, 54—64. [CrossRef]

Valayannopoulos, V.; Nicely, H.; Harmatz, P; Turbeville, S. Mucopolysaccharidosis VI. Orphanet. |. Rare Dis. 2010, 5, 5. [CrossRef]
[PubMed]

Hwang-Wong, E.; Amar, G.; Das, N.; Zhang, X.; Aaron, N.; Gale, K.; Rothman, N.; Fante, M.; Baik, A.; Bhargava, A.; et al. Skeletal
phenotype amelioration in mucopolysaccharidosis VI requires intervention at the earliest stages of postnatal development. JCI
Insight 2023, 8, €171312. [CrossRef]

Padash, S.; Obaid, H.; Henderson, R.D.E.; Padash, Y.; Adams, S.J.; Miller, S.E,; Babyn, P. A pictorial review of the radiographic
skeletal findings in Morquio syndrome (mucopolysaccharidosis type IV). Pediatr. Radiol. 2023, 53, 971-983. [CrossRef] [PubMed]
O'Brien, J.S.; Gugler, E.; Giedion, A.; Wiessmann, U.; Herschkowitz, N.; Meier, C.; Leroy, ]. Spondyloepiphyseal dysplasia, corneal
clouding, normal intelligence and acid beta-galactosidase deficiency. Clin. Genet. 1976, 9, 495-504. [CrossRef]

Montafio, A.M.; Tomatsu, S.; Gottesman, G.S.; Smith, M.; Orii, T. International Morquio A Registry: Clinical manifestation and
natural course of Morquio A disease. J. Inherit. Metab. Dis. 2007, 30, 165-174. [CrossRef]

Tomatsu, S.; Montafio, A.M.; Oikawa, H.; Smith, M.; Barrera, L.; Chinen, Y.; Thacker, M.M.; Mackenzie, W.G.; Suzuki, Y.; Orii, T.
Mucopolysaccharidosis type IVA (Morquio A disease): Clinical review and current treatment. Curr. Pharm. Biotechnol. 2011, 12,
931-945. [CrossRef] [PubMed]

Northover, H.; Cowie, R.A.; Wraith, ].E. Mucopolysaccharidosis type IVA (Morquio syndrome): A clinical review. J. Inherit. Metab.
Dis. 1996, 19, 357-365. [CrossRef]

Triggs-Raine, B.; Salo, TJ.; Zhang, H.; Wicklow, B.A.; Natowicz, M.R. Mutations in HYAL1, a member of a tandemly distributed
multigene family encoding disparate hyaluronidase activities, cause a newly described lysosomal disorder, mucopolysaccharido-
sis IX. Proc. Natl. Acad. Sci. USA 1999, 96, 6296-6300. [CrossRef]

Imundo, L.; Leduc, C.A.; Guha, S.; Brown, M,; Perino, G.; Gushulak, L.; Triggs-Raine, B.; Chung, W.K. A complete deficiency
of Hyaluronoglucosaminidase 1 (HYAL1) presenting as familial juvenile idiopathic arthritis. J. Inherit. Metab. Dis. 2011, 34,
1013-1022. [CrossRef]

Chimelo, E.T,; Silva, L.A.F.; Neves-Lobo, I.E.; Kim, C.A.; Matas, C.G. Study of the peripheral and central auditory pathways in
patients with mucopolysaccharidosis. J. Commun. Disord. 2024, 107, 106402. [CrossRef]

Scriver, C.R.; Beaudet, A.L.; Sly, W.S.; Valle, D.; Childs, B.; Kinzler, K.W.; Vogelstein, B. The Metabolic and Molecular Bases of Inherited
Disease, 8th ed.; McGraw-Hill: New York, NY, USA, 2000.

Svennerholm, L.; Vanier, M.T.; Mansson, J.E. Krabbe disease: A galactosylsphingosine (psychosine) lipidosis. J. Lipid Res. 1980, 21,
53-64. [CrossRef]

Mehta, A.D.; Hughes, D.A. GeneReviews® [Internet] Fabry Disease. Available online: https:/ /www.ncbi.nlm.nih.gov/books/
NBK1292/ (accessed on 29 April 2022).

Meyer-Schwesinger, C. Lysosome function in glomerular health and disease. Cell Tissue Res. 2021, 385, 371-392. [CrossRef]
[PubMed]

Bradshaw, S. Electron microscopy illuminates the pathology of Fabry nephropathy. Nat. Rev. Nephrol. 2011, 7, 126. [CrossRef]
Fischer, E.; Moore, M.; Lager, D. Fabry disease: A morphologic study of 11 cases. Mod. Pathol. 2006, 19, 1295-1301. [CrossRef]
Koga-Kobori, S.; Sawa, N.; Kido, R.; Sekine, A.; Mizuno, H.; Yamanouchi, M.; Hayami, N.; Suwabe, T.; Hoshino, J.; Kinowaki, K.;
et al. Fabry Disease on Peritoneal Dialysis with Cardiac Involvement. Intern. Med. 2021, 60, 1561-1565. [CrossRef]

Gissen, P; Johnson, C.A.; Morgan, N.V,; Stapelbroek, ]. M.; Forshew, T.; Cooper, W.N.; McKiernan, PJ.; Klomp, L.W.; Morris, A.A,;
Wraith, J.E.; et al. Mutations in VPS33B, encoding a regulator of SNARE-dependent membrane fusion, cause arthrogryposis-renal
dysfunction-cholestasis (ARC) syndrome. Nat. Genet. 2004, 36, 400-404. [CrossRef]

Gruber, R.; Rogerson, C.; Windpassinger, C.; Banushi, B.; Straatman-Iwanowska, A.; Hanley, J.; Forneris, F.; Strohal, R.; Ulz, P,;
Crumrine, D.; et al. Autosomal Recessive Keratoderma-Ichthyosis-Deafness (ARKID) Syndrome Is Caused by VPS33B Mutations
Affecting Rab Protein Interaction and Collagen Modification. J. Investig. Dermatol. 2017, 137, 845-854. [CrossRef]

Cai, X,; Chen, X;; Wu, S;; Liu, W,; Zhang, X.; Zhang, D.; He, S.; Wang, B.; Zhang, M.; Zhang, Y.; et al. Homozygous mutation of
VPS16 gene is responsible for an autosomal recessive adolescent-onset primary dystonia. Sci. Rep. 2016, 6, 25834. [CrossRef]
Peng, C.; Ye, J.; Yan, S.; Kong, S.; Shen, Y.; Li, C; Li, Q.; Zheng, Y.; Deng, K.; Xu, T.; et al. Ablation of vacuole protein sorting 18
(Vps18) gene leads to neurodegeneration and impaired neuronal migration by disrupting multiple vesicle transport pathways to
lysosomes. . Biol. Chem. 2012, 287, 32861-32873. [CrossRef]

Bayram, Y.; Karaca, E.; Coban Akdemir, Z.; Yilmaz, E.O.; Tayfun, G.A.; Aydin, H.; Torun, D.; Bozdogan, S.T.; Gezdirici, A.;
Isikay, S. Molecular etiology of arthrogryposis in multiple families of mostly Turkish origin. J. Clin. Investig. 2016, 126, 762-778.
[CrossRef]


https://doi.org/10.1186/s13023-017-0717-y
https://doi.org/10.1152/ajplung.00445.2022
https://doi.org/10.1016/j.ymgme.2013.04.002
https://doi.org/10.1186/1750-1172-5-5
https://www.ncbi.nlm.nih.gov/pubmed/20385007
https://doi.org/10.1172/jci.insight.171312
https://doi.org/10.1007/s00247-022-05585-3
https://www.ncbi.nlm.nih.gov/pubmed/36627376
https://doi.org/10.1111/j.1399-0004.1976.tb01603.x
https://doi.org/10.1007/s10545-007-0529-7
https://doi.org/10.2174/138920111795542615
https://www.ncbi.nlm.nih.gov/pubmed/21506915
https://doi.org/10.1007/BF01799267
https://doi.org/10.1073/pnas.96.11.6296
https://doi.org/10.1007/s10545-011-9343-3
https://doi.org/10.1016/j.jcomdis.2023.106402
https://doi.org/10.1016/S0022-2275(20)39839-4
https://www.ncbi.nlm.nih.gov/books/NBK1292/
https://www.ncbi.nlm.nih.gov/books/NBK1292/
https://doi.org/10.1007/s00441-020-03375-7
https://www.ncbi.nlm.nih.gov/pubmed/33433692
https://doi.org/10.1038/nrneph.2011.5
https://doi.org/10.1038/modpathol.3800634
https://doi.org/10.2169/internalmedicine.5992-20
https://doi.org/10.1038/ng1325
https://doi.org/10.1016/j.jid.2016.12.010
https://doi.org/10.1038/srep25834
https://doi.org/10.1074/jbc.M112.384305
https://doi.org/10.1172/JCI84457

Int. J. Mol. Sci. 2024, 25,9570 15 of 15

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Zhang, J.; Lachance, V.; Schaffner, A.; Li, X.; Fedick, A.; Kaye, L.E.; Liao, J.; Rosenfeld, J.; Yachelevich, N.; Chu, M.L. A Founder
Mutation in VPS11 Causes an Autosomal Recessive Leukoencephalopathy Linked to Autophagic Defects. PLoS Genet. 2016, 12,
€1005848. [CrossRef]

Edvardson, S.; Gerhard, F,; Jalas, C.; Lachmann, J.; Golan, D.; Saada, A.; Shaag, A.; Ungermann, C.; Elpeleg, O. Hypomyelination
and developmental delay associated with VPS11 mutation in Ashkenazi-Jewish patients. . Med. Genet. 2015, 52, 749-753.
[CrossRef]

Hortnagel, K.; Krdageloh-Mann, I.; Bornemann, A.; Docker, M.; Biskup, S.; Mayrhofer, H.; Battke, F.; du Bois, G.; Harzer, K. The
second report of a new hypomyelinating disease due to a defect in the VPS11 gene discloses a massive lysosomal involvement. J.
Inherit. Metab. Dis. 2016, 39, 849-857. [CrossRef]

Suzuki, T.; Oiso, N.; Gautam, R.; Novak, E.K,; Panthier, ].J.; Suprabha, P.G.; Vida, T.; Swank, R.T.; Spritz, R.A. The mouse
organellar biogenesis mutant buff results from a mutation in Vps33a, a homologue of yeast vps33 and Drosophila carnation. Proc.
Natl. Acad. Sci. USA 2003, 100, 1146-1150. [CrossRef] [PubMed]

Zhen, Y,; Li, W. Impairment of autophagosome-lysosome fusion in the buff mutant mice with the VPS33A(D251E) mutation.
Autophagy 2015, 11, 1608-1622. [CrossRef]

Chintala, S.; Novak, E.K; Spernyak, ].A.; Mazurchuk, R; Torres, G.; Patel, S.; Busch, K.; Meeder, B.A.; Horowitz, ].M.; Vaughan,
M.M. The Vps33a gene regulates behavior and cerebellar Purkinje cell number. Brain Res. 2009, 1266, 18-28. [CrossRef]
Trabszo, C.; Ramms, B.; Chopra, P; Liillmann-Rauch, R.; Stroobants, S.; Sprof3, J.; Jeschke, A.; Schinke, T.; Boons, G.J.; Esko,
J.D.; et al. Arylsulfatase K inactivation causes mucopolysaccharidosis due to deficient glucuronate desulfation of heparan and
chondroitin sulfate. Biochem. J. 2020, 477, 3433-3451. [CrossRef]

Verheyen, S.; Blatterer, J.; Speicher, M.R.; Bhavani, G.S.; Boons, G.J.; Ilse, M.B.; Andrae, D.; Spro8, J.; Vaz, FM.; Kircher, S.G;
et al. Novel subtype of mucopolysaccharidosis caused by arylsulfatase K (ARSK) deficiency. J. Med. Genet. 2022, 59, 957-964.
[CrossRef]

Rustad, C.F,; Prescott, T.E.; Merckoll, E.; Kristensen, E.; Salvador, C.L.; Nordgarden, H.; Tveten, K. Phenotypic expansion of
ARSK-related mucopolysaccharidosis. Am. J. Med. Genet. A 2022, 188, 3369-3373. [CrossRef] [PubMed]

Sun, M.; Kaminsky, C.K.; Deppe, P.; Ilse, M.B.; Vaz, EM.; Plecko, B.; Liibke, T.; Randolph, L.M. A novel homozygous missense
variant in ARSK causes MPS X, a new subtype of mucopolysaccharidosis. Genes Dis. 2023, 11, 101025. [CrossRef]

Uludag Alkaya, D.; Taner, H.E.; Yildirim, T.; Akpinar, E.; Ttiystiz, B. Further characterization of ARSK-related mucopolysacchari-
dosis type 10. Am. . Med. Genet. A 2024, 194, e63635. [CrossRef]

Wisniewska, K.; Wolski, ].; Zabifiska, M.; Szulc, A.; Gaffke, L.; Pierzynowska, K.; Wegrzyn, G. Mucopolysaccharidosis type IIIE: A
real human disease or a diagnostic pitfall? Diagnostics 2024, 14, 1734. [CrossRef] [PubMed]

Ago, Y,; Rintz, E.; Musini, K.S.; Ma, Z.; Tomatsu, S. Molecular mechanisms in pathophysiology of mucopolysaccharidosis and
prospects for innovative therapy. Int. J. Mol. Sci. 2024, 25, 1113. [CrossRef]

Penon-Portmann, M.; Blair, D.R.; Harmatz, P. Current and new therapies for mucopolysaccharidoses. Pediatr. Neonatol. 2023, 64
(Suppl. S1), 510-5S17. [CrossRef] [PubMed]

Leal, A.F; Benincore-Flérez, E.; Rintz, E.; Herrefio-Pachon, A.M.; Celik, B.; Ago, Y.; Alméciga-Diaz, C.J.; Tomatsu, S. Mucopolysac-
charidoses: Cellular consequences of glycosaminoglycans accumulation and potential targets. Int. J. Mol. Sci. 2023, 24, 477.
[CrossRef]

Rossi, A.; Brunetti-Pierri, N. Gene therapies for mucopolysaccharidoses. J. Inherit. Metab. Dis. 2024, 47, 135-144. [CrossRef]
[PubMed]

Pierzynowska, K.; Gaffke, L.; Podlacha, M.; Brokowska, J.; Wegrzyn, G. Mucopolysaccharidosis and autophagy: Controversies
on the contribution of the process to the pathogenesis and possible therapeutic applications. Neuromol. Med. 2020, 22, 25-30.
[CrossRef]

Pierzynowska, K.; Podlacha, M.; Gaffke, L.; Rintz, E.; Wisniewska, K.; Cyske, Z.; Wegrzyn, G. Correction of symptoms of
Huntington disease by genistein through FOXO3-mediated autophagy stimulation. Autophagy 2024, 20, 1159-1182. [CrossRef]
Cyske, Z.; Gaffke, L.; Rintz, E.; Wisniewska, K.; Wegrzyn, G.; Pierzynowska, K. Molecular mechanisms of the ambroxol action in
Gaucher disease and GBA1 mutation-associated Parkinson disease. Neurochem. Int. 2024, 178, 105774. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pgen.1005848
https://doi.org/10.1136/jmedgenet-2015-103239
https://doi.org/10.1007/s10545-016-9961-x
https://doi.org/10.1073/pnas.0237292100
https://www.ncbi.nlm.nih.gov/pubmed/12538872
https://doi.org/10.1080/15548627.2015.1072669
https://doi.org/10.1016/j.brainres.2009.02.035
https://doi.org/10.1042/BCJ20200546
https://doi.org/10.1136/jmedgenet-2021-108061
https://doi.org/10.1002/ajmg.a.62934
https://www.ncbi.nlm.nih.gov/pubmed/35959767
https://doi.org/10.1016/j.gendis.2023.06.003
https://doi.org/10.1002/ajmg.a.63635
https://doi.org/10.3390/diagnostics14161734
https://www.ncbi.nlm.nih.gov/pubmed/39202222
https://doi.org/10.3390/ijms25021113
https://doi.org/10.1016/j.pedneo.2022.10.001
https://www.ncbi.nlm.nih.gov/pubmed/36464587
https://doi.org/10.3390/ijms24010477
https://doi.org/10.1002/jimd.12626
https://www.ncbi.nlm.nih.gov/pubmed/37204267
https://doi.org/10.1007/s12017-019-08559-1
https://doi.org/10.1080/15548627.2023.2286116
https://doi.org/10.1016/j.neuint.2024.105774
https://www.ncbi.nlm.nih.gov/pubmed/38797393

Wkiad Wspotautorow



"Bl .
T Uniwersytet

&Y Gdanski
mgr Zuzanna Cyske Gdanisk. 25.08.2025

Katedra Biologii Molekularnej
Wyadzial Biologii
Uniwersytet Gdanski

Oswiadczenie o wkladzie w publikacje

Oswiadczam, ze moj wklad w publikacje:

Cyske Z, Gaffke L. Pierzynowska K, Wegrzyn GG. Mucopolysaccharidosis-Plus Syndrome: Is This a Type of
Mucopolysaccharidosis or a Separate Kind of Metabolic Disease? Int J Mol Sci. 2024 Sep 4:25(17):9570. doi:
10.3390/ijms25179570

polegat na:

e udziale w zaplanowaniu koncepcji pracy przegladowe;j:

e przegladzie literatury;

e napisaniu wstepnej wersji pracy przegladowe;j:

e udziale w przygotowaniu ostatecznej wersji manuskryptu;
e udziale w dyskusji z recenzentami.

Wydziat Biologii

Katedra f;i@logii Molekularnej

mngnna Cyske




T Uniwersytet
G Gdanski

dr hab. Lidia Gaffke, prof. UG Gdansk, 20.08.2025
Katedra Biologii Molekularnej

Wydziat Biologii

Uniwersytet Gdanski

Oswiadczenie o wkladzie w publikacje

Oswiadczam, ze méj wkiad w publikacje:

Cyske Z, Gaffke L, Pierzynowska K, Wegrzyn G. Mucopolysaccharidosis-Plus Syndrome: Is This a
Type of Mucopolysaccharidosis or a Separate Kind of Metabolic Disease? Int ] Mol Sci. 2024 Sep
4;25(17):9570. doi: 10.3390/ijms25179570

polegal na:

» udziale w napisaniu pracy przegladowej;

* udziale w dyskusji z recenzentami.

Wydziaf Biologii
u Katedra Biclogif! dlekularngj

G'.
dr hab. LidiafGaffke
profesor ugzelni




T Uniwersytet
(&Y Gdanski
dr hab. Karolina Pierzynowska, prof. UG (idansk. 28.08.2025

Katedra Biologii Molekularnej
Wrvdzial Biologii
Uniwersytet Gdanski

Oswiadczenie o wkladzie w publikacje

Oswiadezam, ze moj wktad w publikacje:

Cyske Z, Gaftke L, Pierzynowska K. Wegrzyn G. Mucopolysaccharidosis-Plus Syndrome:; [s This a Type of
Mucopolysaccharidosis or a Separate Kind of Metabolic Disease? Int ] Mol Sci. 2024 Sep 4:25(17):9570. doi:
10.3390/ijms25179570

polegal na:

e udziale w przegladzie literatury;
e udziale w napisaniu wstepnej wersji pracy przegladowej;
e udziale w dyskusji z recenzentami.

ar Wydziat Biolggii

_| Kstedra Eiologii kularnej
:' 4 by@

dr ppb. Karalina Pierzynowska
profesor uczelni




Ay .
T Uniwersytet

G Gdanski

prof. dr hab. Grzegorz Wegrzyn Gdansk., 28.08,2025
Katedra Biologii Molekularnej

Wydzial Biologii

Uniwersytet Gdanski

Oswiadczenie o wkladzie w publikacj¢

Oswiadczam, ze moj wklad w publikacje:

Cyske Z. Gaffke L, Pierzynowska K. Wegrzyn G. Mucopolysaccharidosis-Plus syndrome: Is this a type of
mucopolysaccharidosis or a separate kind of metabolic disease? Int. J. Mol Sci. (2024) 25: 9570. doi:
10.3390/5jms25179570.

polegat na:
e zaplanowaniu koncepcji pracy przegladowe;;

e przygotowaniu ostatecznej wersji manuskryptu:
e dyskusji z recenzentami.

&f. dr hab. Grzegorz Wegr2y™



Cyske Z, Rintz E, Narajczyk M, Swiatek N, Gaffke L, Pierzynowska K,
Wegrzyn G.

Cellular and molecular changes in mucopolysaccharidosis-plus syndrome
caused by a homozygous ¢.599G > C (p.Arg200Pro) variant of the VPS33A
gene.

Journal of Applied Genetics (2025) doi: 10.1007/s13353-025-00997-x

IF=1,9

MNISW = 140



Journal of Applied Genetics
https://doi.org/10.1007/513353-025-00997-x

HUMAN GENETICS - ORIGINAL PAPER q

Check for
updates

Cellular and molecular changes in mucopolysaccharidosis-plus
syndrome caused by a homozygous ¢.599G > C (p.Arg200Pro) variant
of the VPS33A gene

Zuzanna Cyske'® . Estera Rintz' © - Magdalena Narajczyk*® - Natalia Swiatek’ - Lidia Gaffke'
Karolina Pierzynowska'® - Grzegorz Wegrzyn'

Received: 7 April 2025 / Revised: 19 June 2025 / Accepted: 21 July 2025
© The Author(s) 2025

Abstract

Mucopolysaccharidosis-plus syndrome (MPSPS) is an ultrarare inherited metabolic disease (a few dozen patients diagnosed
to date) which is characterised by accumulation of undegraded glycosaminoglycans (GAGs). Despite GAG storage occurs
also in the groups of diseases classified as mucopolysaccharidoses (MPS), contrary to MPS, no dysfunctions of lysosomal
enzymes is detected in MPSPS which is caused by mutations in the VPS33A gene. The ¢.1492C > T (p.Argd498Trp) variant,
associated with a severe course of the disease, was found in most MPSPS patients. There are only two patients described to
date with a homozygous ¢.599G > C (p.Arg200Pro) variant and a milder (juvenile) form. Until now, the molecular mechanism
of MPSPS remained largely unknown, especially for the juvenile form. Here, a battery of cellular and molecular assays,
performed using fibroblasts derived from a patient bearing the ¢.599G > C (p.Arg200Pro) variant of the VPS33A gene, indi-
cated specific changes in cellular vacuoles, elevated levels of the EEA1 protein (required at the stages of the fusions of early
and late endosomes, and early endosome sorting), changes in Golgi apparatus morphology, decreased levels of F-actin, and
increased levels of a- and B-tubulins, as well as elevated levels of the LC3-II and p62 proteins (autophagy markers). Results
of experiments presented here might suggest that severely decreased levels the p.Arg200Pro variant of VSP33A could cause
defective endosomal trafficking, possibly resulting in inefficient delivery of GAGs to lysosomes, and their subsequent accumu-
lation in cells. This might induce a cascade of secondary and tertiary disorders, finally expressing as the disease symptoms.

Keywords Mucopolysaccharidosis-plus syndrome - VPS33A - The ¢.599G > C (p.Arg200Pro) variant of the VPS33A gene -
Endosomal trafficking - Cytoskeleton

Abbreviations Introduction
GAG Glycosaminoglycan
HOPS complex Homotypic fusion and protein sorting Mucopolysaccharidosis (MPS) is a group of inherited
complex metabolic diseases, caused by mutations leading to a lack
HRP Horse radish peroxidase or a severe deficiency in activities of lysosomal enzymes
HS Heparan sulphate involved in degradation of glycosaminoglycans (GAGs)
LSD Lysosomal storage diseases (Nagpal et al. 2022). GAGs are long, non-branched poly-
MPS Mucopolysaccharidosis saccharides which are degraded due to their cleavage by
MPSPS Mucopolysaccharidosis-plus syndrome endohexosidases or exoglucoronidases, accompanied by
removing of chemical moieties by sulfatases (Freeze et al.
Communicated by: Ewa Zietkiewicz 2015). Decay of GAGs is a sequential process; thus, a lack
of a single enzyme in the chain of reactions leads to accu-
b4 Grzegorz Wegrzyn mulation of partially degraded molecules. As a result, GAGs

grzegorz.wegrzyn@biol.ug.edu.pl accumulate in lysosomes; thus, MPS diseases are classified

Department of Molecular Biology, University of Gdansk, as lysosomal storage diseases (LSD) (Parenti et al. 2015;
Wita Stwosza 59, 80-308 Gdansk, Poland Trovao de Queiroz et al. 2016).

Bioimaging Laboratory, University of Gdansk, Wita Stwosza In addition to several MPS types, classified according to a
59, 80-308 Gdansk, Poland lack or deficiency of specific enzyme and the kind of stored
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GAG(s) (Wisniewska et al. 2024), several years ago, a newly
identified disease has been described in which GAG accumu-
lation is evident (Kondo et al. 2017). However, this disease,
named mucopolysaccharidosis-plus syndrome (or MPSPS),
is unusual when compared to “classical” MPS, as accumula-
tion of GAGs occurs in the absence of defects in lysosomal
hydrolases. The phenotype of the MPSPS patients was found
to resemble Hurler syndrome, a severe variant of MPS 1
(Vasilev et al. 2020); however, in addition to the symptoms
typical to other MPS, the patients develop other disorders
such as congenital heart defects, kidney dysfunction, and
hematopoietic disorders (Faraguna et al. 2022; Sofronova
et al. 2022). MPSPS is an ultrarare disease, because only a
few dozen patients were described to date, though the exact
number of patients is somewhat enigmatic as it appears that
in analyses of the prevalence of the disease some patients
could be counted twice due to uncertainty whether the same
or different individuals were described in different publi-
cations (Lipinfiski et al. 2022; Cyske et al. 2024). Most of
already described MPSPS patients came from Yakutia and
Turkey (Dursun et al. 2017; Kondo et al. 2017), one from
the Southern European/Mediterranean region (Pavlova et al.
2022), and one from Poland (Lipinski et al. 2022).

The genetic defect found in MPSPS consists of patho-
genic variants of the VPS33A gene. Interestingly, only two
mutations leading to MPSPS were described to date. The
c.1492C>T (p.Argd498Trp) variant was found in a homozy-
gous state in patients from Yakutia and Turkey (Dursun
et al. 2017; Kondo et al. 2017; Faraguna et al. 2022), and
the ¢.599G > C (p.Arg200Pro) variant was determined, also
in a homozygous configuration, in the two patients from
the Mediterranean region and Poland (Pavlova et al. 2022;
Cyske et al. 2024). Comparison of phenotypes of MPSPS
patients indicated that the latter variant is responsible for
a milder course (the juvenile form) of the disease than the
former one (Pavlova et al. 2019, 2022; Lipinski et al. 2022).
In this report, further in the text, we will use the names
MPSPSR*8W (severe form) and MPSPSR?%P (attenu-
ated form) for the disease caused by the presence of the
c.1492C>T (p.Argd98Trp; p.R498W) and ¢.599G > C
(p.Arg200Pro; p.R200P) variant of the VPS33A gene,
respectively, both in the homozygous configuration.

Despite the identification of pathogenic mutations caus-
ing MPSPSR*8W and MPSPSR?P the molecular mecha-
nism of the disease, including the cause of GAG accumula-
tion, remains largely unknown. One suggestion of a putative
mechanism was based on lysosomal over-acidification in
MPSPSR*%W (Kondo et al. 2017). Another hypothesis (Pav-
lova et al. 2022; Cyske et al. 2024) which might explain
a pathomechanism of MPSPS®** is related to the known
functions of the VPS33A gene product (the VPS33A protein)
which is involved in the formation of the homotypic fusion
and protein sorting (HOPS) complex and the observations

@ Springer

of the impaired intracellular glycosphingolipid trafficking
(Solinger and Spang 2013). Obviously, both mechanisms are
also plausible to be responsible for development of MPSPS,
irrespective of the specific type of the nucleotide change in
VPS33A. In fact, earlier observations suggested that Hook1,
which perhaps indirectly interacts with VPS18, functions
in attachment to the cytoskeleton (Richardson et al. 2004)
and that the FTS/Hook/p107 (FHIP) complex interacts with
and promotes endosomal clustering by the HOPS complex
(Xu et al. 2008). Subsequent studies suggested that this
complex might be required for endosome-to-cytoskeleton
attachment, and could be involved in the control of endo-
some maturation and its trafficking to the lysosome, as well
as lysosome fusion with endosomes and autophagosomes
(Wartosch et al. 2015; Marwaha et al. 2017; Kiimmel et al.
2022). Results of recent studies suggested that dysregulation
of vesicle trafficking might contribute to GAG storage due to
impaired delivery of these compounds to lysosomes (Gaftke
et al. 2023). Thus, it was speculated that due to deficiency
in the VPS33A activity, vesicular transport of GAGs might
be impaired, leading to accumulation of these compounds,
as they cannot be efficiently degraded outside of lysosomes
(Cyske et al. 2024). This proposal might be corroborated
by demonstration that the p.Arg200Pro variant of VPS33A
is responsible for destabilisation of the protein, most prob-
ably through its rapid proteasomal degradation (Pavlova
et al. 2022). However, since the above proposal remained
hypothetical, the aim of this work was to test the presented
hypothesis experimentally. We assumed that if the hypoth-
esis is true, changes in selected cellular organelles and in
the cytoskeleton should occur, and levels of crucial proteins
involved in endosomal trafficking should be dysregulated in
MSPSP, specifically in the MPSPS®?%F variant, investigated
here.

Materials and methods
Cell lines

This study was carried out with the use of a cell line obtained
after isolation of dermal fibroblasts from a patient with
MPSPS, bearing a homozygous ¢.599G > C (p.Arg200Pro)
variant of the VPS33A gene. This patient has been described
previously (Lipiniski et al. 2022). As a control, the line of
human dermal fibroblasts taken from a healthy person, of
similar age and the same sex, was used. Other controls used
in this work were lines of fibroblasts derived from MPS
IIIA, MPS IIIB, and MPS IIIC patients, being a complex
heterozygote p.Glu447Lys/p.Arg245His in the SGSH gene
(the line purchased from the Coriell Institute, #GMO00879),
a recessive homozygote p.Arg626Ter/p.Arg626Ter in the
NAGLU gene (the line purchased from the Coriell Institute,
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#GMO00156), or a complex heterozygote p.Gly262Arg/
pArg509Asp in the HGSNAT gene (the line purchased
from the Coriell Institute, #GMO05157), respectively. The
ethical approval has been obtained from the Bio-Ethical
Committee of the Children’ s Memorial Health Institute
(Warsaw, Poland; decision no. 23/KBE/2020). Fibroblasts
were cultured in Gibco Dulbecco’ s modified Eagle medium
(DMEM) supplemented with 10% foetal bovine serum
(FBS) and antibiotic—antimycotic solution (Thermo Fisher
Scientific), under standard laboratory conditions (tempera-
ture 37 °C, 5% CO, saturation, 95% humidity).

Electron microscopy

Cells (1 x 10°) were plated onto 12-well plates and incu-
bated overnight. Following sedimentation in a centrifuge,
cells were washed with the PBS buffer three times at 10-min
intervals. The next step was flooding cells with 2.5% glu-
taraldehyde in PBS for 10 min for fixation, followed by
washing three times with PBS as described above. Then,
the cells were treated by flooding with osmium tetroxide in
PBS for 1 h at dark. After washing with PBS, the dehydra-
tion stage consisted with washing the cells with ethyl alcohol
of increasing concentrations (30%, 50%, 70%, 90%, 100%,
and again 100%), replacing a solution every 15 min. Then,
immersing the cells was performed in a solution of resin and
ethanol (1:1 v/v ratio) overnight. The next day, the sample
was poured with clean resin twice, each lasting 2 h. After
the second pouring, the plate was placed in an incubator
at 60 °C. Then, sections were made using diamond knives
on an ultramicrotome and viewed using a Tecani Spirit
BioTWIN electron microscope.

Fluorescence microscopy

Cells (4 x 10%) were plated onto 12-well plates with a
coverslip placed inside and incubated overnight. Cells
were treated with LysoTracker (#7528, Termo Fisher) or
MitoTracker (#M7510, Life Technologies) and CellMask™
Green Actin Tracking Stain (#A57243, Thermo Fisher)
for 1 h. After the indicated time, the cells were fixed by
using 2% paraformaldehyde, 0.1% Triton-X100, and DAPI
mounting medium. Alternatively, after the overnight incu-
bation, cells were fixed with 2% paraformaldehyde for
15 min, washed with PBS, and incubated with 0.1% Tri-
ton X-100 for 15 min. After washing five times with PBS
and 1-h incubation with 5% BSA, primary antibodies (or
they combination for colocalisation) (anti-heparan sul-
phate, #NBP2-23,523 Novus; anti-LAMP1, #46,843 Cell
Signalling; anti-LAMP2, #49067S Cell Signalling; anti-
EEAL, #3288S Cell Signalling; anti-Rab7 (D95F2), #9367
Cell Signalling; anti a-tubulin, #2125 Cell Signalling; anti
B-tubulin, #2128 Cell Signalling; VPS33A, #16,896-1-AP,

ProteinTech) were added, and samples were kept overnight
at 4 °C. Next day, fibroblasts were washed five times with
PBS and incubated in anti-rabbit/anti-mouse secondary anti-
body (or they combination for colocalisation) (#4413S, Cell
Signalling; #4408S, Cell Signalling) for 1 h in dark at 4 °C.
Then, cells were washed five times with PBS and cover-
slips were fixed to glass slides using a mounting medium
ProLong™ Gold Antifade Mountant with DAPI (#P36935,
Invitrogen). Cells were analysed using Leica CTR 4000 or
Olympus IX83 fluorescence microscope with software pro-
vided by each manufacturer.

Staining of cells to determine the intracellular colocalisa-
tion of LysoTracker and HS was a combination of the two
staining methods described above. Fibroblasts (4 x 10%) were
plated onto 12-well plates with a coverslip placed inside
and incubated overnight. Following the treatment of cells
with LysoTracker (#L7528, Termo Fisher) for 1 h, fixation
was conducted by using 2% paraformaldehyde and 0.1%
Triton-X100. After washing five times with PBS and 1-h
incubation with 5% BSA, cells were incubated with primary
antibodies (different combinations of following antibodies:
anti-heparan sulphate, #NBP2-23,523 Novus; anti-LAMP1,
#46,843 Cell Signalling; anti-EEA1, #3288S Cell Signal-
ling) and kept for 2 h at 4 °C. Next, fibroblasts were washed
five times with PBS and incubated with anti-mouse antibody
(#4408S Cell Signalling) for 1 h in dark at 4 °C. Cells were
then washed five times with PBS, and coverslips were fixed
to glass slides using a mounting medium ProLong™ Gold
Antifade Mountant with DAPI (#P36935, Invitrogen). Cells
were analysed using Olympus fluorescence microscope.
Colocalisation analysis was performed as described pre-
viously (Adler and Parmryd 2013) using the CellSens 4.3
software.

Western-blotting

Cells (5% 10%) were plated onto 10-cm plates and incu-
bated overnight. Lysates of fibroblasts were prepared
exactly as described previously (Rintz et al. 2023). The
sample was divided into two parts. Using one part, pro-
teins (LAMP2, rab5, Rab7, a-/p-tubulin, p62, VPS33A,
VPS16) were separated using the automatic Western-blot-
ting system—the WES system (WES—Automated West-
ern Blots with Simple Western; ProteinSimple, San Jose,
California, USA), based on capillary electrophoresis, with
a 12- to 230-kDa separation module (#SM-W003), and
detected (inside the capillary) using primary antibodies
(anti-LAMP2, #49067S Cell Signalling; anti-Rab5, #3547
Cell Signalling; anti-Rab7 (D95F2), #9367 Cell Signal-
ling; anti a-tubulin, #2125 Cell Signalling; anti p-tubulin,
#2128 Cell Signalling; anti-SQSTM1/p62, #39,749 Cell
Signalling; VPS33A, #16,896—1-AP, ProteinTech; VPS16,
#17,776—1-AP, ProteinTech), and anti-mouse (#DM-002)

@ Springer
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Fig.1 Storage (A) and distribution (B) of heparan sulphate (HS) in
MPSPSR?P (marked as MPSPS) fibroblasts. Abundance of HS was
estimated by dot blotting using lysates of MPSPS and control fibro-
blasts, with quantification performed using densitometry (A). Distri-
bution of HS was investigated in control, MPSPSR?*? and MPS IIIC
fibroblasts by fluorescent microscopy (B; bars in microscopic images

or anti-rabbit (#DM-001) detection module, according to
the manufacturer’ s instructions. The total-protein mod-
ule (#DM-TPO1) was used as a loading control. Using the
second part of the sample, EEA1 and LC3 proteins were
detected by traditional Western blotting after SDS-PAGE
and transferred to a PVDF membrane. The membrane was
blocked with 5% non-fat milk in the PBST buffer and incu-
bated with primary anti-EEA1 (#3288S, Cell Signalling)
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represent 10 pm). All analyses were performed in three independ-
ent biological replicates, and representative results are presented in
the panels. Error bars represent the standard deviation of three inde-
pendent experimental replicates (in fluorescence microscopy experi-
ments, > 100 cells were analysed). Asterisks (*) indicate statistically
significant differences (p < 0.05) relative to control cells

or anti-LC3 antibody (G-4, #sc-398822, Santa Cruz Bio-
technology) overnight at 4 °C. Then, the membrane was
rinsed two times in PBST and incubated with secondary
antibody (anti-rabbit, #A0545, or anti-mouse, #AP124P;
Sigma Aldrich) at room temperature for 1 h in dark. After
this time, the membrane was treated with a solution of
substrates for horse radish peroxidase (HRP) and exposed
to the X-ray film.
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Fig.2 Abundance of the VPS33A (A, B) and VPS16 (C) proteins in
MPSPSR?P (marked as MPSPS) and control (the wild-type variant)
fibroblasts. Levels of VPS33A were estimated by Western blotting,
with quantification performed using densitometry (A, C). Abundance
of VPS33A was also determined by fluorescent microscopy (B; bars
in microscopic images represent 10 pm). All analyses were performed

Determination of heparan sulphate levels
by dot-blotting

The levels of heparan sulphate (HS) in cells were deter-
mined by dot blotting, as described previously (Piotrowska
et al. 2006). Briefly, extracts from fibroblasts (after treat-
ment with the lysis buffer, consisting of 0.1% Triton
X-100, 0.5 mM EDTA, 150 mM NacCl, and 50 mM Tris,
pH 7.5) were fixed to the PVDF membrane (#IPFL00010,
Millipore) in a dot-blot apparatus (Bio-Rad, Hercules,
CA, USA). Following membrane blocking with the use
of a non-fat dry milk in PBST buffer (5% w/v), an incuba-
tion with an anti-HS antibody (mouse, #NBP-2-23,523,
Novus) was conducted at 4 °C overnight. After PBST
washing, incubation of the membrane was conducted at
room temperature for 1 h with a secondary anti-mouse
antibody coupled with HRP (#A9044, Sigma Aldrich). The
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in three independent biological replicates, and representative results
are presented in the panels. Error bars represent the standard devia-
tion of three independent experimental replicates (in fluorescence
microscopy experiments,> 100 cells were analysed). Asterisks (¥)
indicate statistically significant differences (p <0.05) relative to con-
trol cells

chemiluminescent HRP substrate (Merck, Darmstadt, Ger-
many) was added and the membrane was exposed to an
X-ray film. The QuantityOne software was employed to
quantify the signals. The obtained values were normalised
to the amount total protein, determined by staining with
Ponceaus S.

Statistical analysis

Biochemical analyses were conducted by investigating sam-
ples from at least three independent experiments. Microscopic
analyses were performed on the basis of analysis of at least
100 cells. Quantitative results are presented as mean values
with standard deviation (SD). Statistical analysis was per-
formed using one-way ANOVA and Tukey’s post hoc test.
The differences were considered significant when p <0.05.
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Fig. 3 Morphology of cellular vesicles (A), abundance of lysosomes
as estimated by measurement of the Lysolracker signal (B), and lev-
els of lysosome-associated membrane protein 2 (LAMP2) (C, D),
in MPSPSR?%P cells (marked as MPSPS) compared to control cells.
A Morphology of vesicles, with changes indicated by arrows, in
MPSPSR?%P fibroblasts compared to control cells as assessed by elec-
tron microscopy. Analyses were made using a Tecani Spirit BioTWIN
electron microscope; scale bare indicates 200 nm. B Fluorescence
intensity and number of lysosomes in MPSPSR? cells compared
to control cells as assessed by fluorescence microscopy. Fibroblasts
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Results

To test the hypothesis that the molecular mechanism of
MPSPS involves VPS33A deficiency-caused impair-
ment of endosomal trafficking of GAGs and resultant
inefficient delivery of these compounds to lysosomes,
leading to their impaired degradation and then accumu-
lation, we have employed fibroblasts derived from an
MPSPSR20 patient (called also MPSPS cells), bearing
the ¢.599G > C (p.Arg200Pro) variant of the VPS33A
gene and control fibroblasts, derived from a healthy per-
son (control cells).

First, we have confirmed that there is a significant GAG
storage in the MPSPS®?*F fibroblasts, as determined by
dot blot, because previously only urinary GAG excre-
tion was tested in this patient (Lipinski et al. 2022). Spe-
cifically, we detected accumulation of HS, one of GAGs
(Fig. 1A). Interestingly, when visualising HS storage in
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were stained with LysoTracker Red. C Western-blotting analy-
sis of the levels of the LAMP2 protein. D Fluorescence intensity of
the LAMP2 protein in MPSPSR?% cells compared to control cells.
Fibroblasts in experiments shown in panels C and D were stained
with the specific anti-LAMP2 antibody. Cells shown in panels B and
D were analysed using a Leica CTR 4000 fluorescence microscope.
In quantitative analyses, error bars represent standard deviation (SD)
of three independent experimental replicates (with>100 cells ana-
lysed in microscopic experiments). Asterisks (*) indicate statistically
significant differences (p < 0.05) relative to control cells

cells, the distribution of the accumulated material detected
by anti-HS antibody in MPSPSR?F cells was different
than in MPS III (one of classical MPS diseases), despite
similar total abundance of this GAG (Fig. 1B). Namely,
in MPS III, HS was visualised mostly as foci, perhaps
representing lysosomal storage; while in MPSPSR?00P,
this GAG was distributed more equally in cells but with
distinct stretches of signals (Fig. 1B). Such a picture in
MPSPSR? fibroblasts might correspond to disturbed traf-
ficking and lysosomal delivery of GAGs.

Since it was reported previously that the p.Arg200Pro
variant of VPS33A is characterised with low stability
of the protein in cells derived from the Mediterranean
patient (Pavlova et al. 2022), we tested VPS33A levels
in fibroblasts of the Polish patient. We found a drastically
decreased level of VPS33A in these fibroblasts relative
to control cells (Fig. 2A), indicating that the ¢.599G > C
variant of VPS33A encodes a protein which is either
inefficiently produced or rapidly degraded. A decreased
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Fig.4 Colocalisation of HS and lysosomes in MPSPSR?®P cells

(marked as MPSPS) compared to MPS IIIA and control cells.
Fibroblasts were treated with anti-HS antibody and/or stained with
LysoTracker Red. Cells were analysed using a Leica CTR 4000 fluo-
rescence microscope (bars in microscopic images represent 10 pm).

abundance of VPS33A in MPSPSR?*P was also confirmed
in fluorescent microscopy analysis (Fig. 2B). Interest-
ingly, lower levels of the VPS16 protein, known to inter-
act with VPS33A, were also detected in MPSPSR?P cells
(Fig. 2C).

Having confirmed specific biochemical characteris-
tics of cells derived from the MPSPSR?%F patients being
common to both the Mediterranean and the Polish ones,

‘*

=S

MPSPS MPS IITA

In quantitative analyses of colocalisation efficiency, error bars repre-
sent standard deviation (SD) of three independent experimental rep-
licates (with> 100 cells analysed). Asterisks (*) indicate statistically
significant differences (p < 0.05) relative to control cells

we analysed cellular and molecular changes in fibroblasts
derived from the latter patient. When studying morphol-
ogy of cellular vesicles, electron microscopic images of
MPSPSR?%P cells indicated that a fraction of abnormal
vesicular structures in these fibroblasts was significantly
higher than in control cells (Fig. 3A). They abnormal-
ity consisted mainly of the storage material present in
these organelles. This suggested the dysfunction of either
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Fig.5 Colocalisation of HS and LAMP1 in MPSPSR?P cells
(marked as MPSPS) compared to MPS IIIA and control cells. Fibro-
blasts were treated with anti-HS antibody and/or anti-LAMP1 anti-
body. Cells were analysed using a Leica CTR 4000 fluorescence
microscope (bars in microscopic images represent 10 pm). In quan-
titative analyses of colocalisation efficiency, error bars represent

lysosomes or endosomes, possibly due to impaired traf-
ficking and fusions of endosomes with lysosomes. In fact,
the observed changes appeared quite different than in typi-
cal MPS cells, where lysosomes are often heavily filled
with inclusions, accompanied with the presence of specific
structures, like “zebra bodies” and “onion skin”, which
were infrequent in MPSPSR?%P cells (compare Fig. 3A
with electron micrographs of MPS I fibroblasts taken
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standard deviation (SD) of three independent experimental replicates
(with> 100 cells analysed). Asterisks (*) indicate statistically signif-
icant differences (p <0.05) relative to control cells, and hashtag (#)
shows statistically significant difference (p <0.05) between MPS IIIA
and MPSPS®?%% cells

previously in the same laboratory and presented in the pre-
viously published article by Piotrowska et al. (2006)). Flu-
orescent microscopy analyses with the use of LysoTracker
Red indicated the stronger signal in the MPSPSR2%P cells
relative to control ones (Fig. 3B). This might reflect that
lysosomes are more abundant in MPSPSR?% cells than in
control fibroblasts. However, an increased acidification of
lysosomes was reported previously in both MPSPSR?00P
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Fig.6 Abundance of the early endosome antigen 1 (EEA1) protein
(A, B) and the Rab7 protein (C, D) in MPSPSR? P cells (marked as
MPSPS) compared to control cells. Western-blotting analysis of the
levels of EEA1 (A) and Rab7 (C) in MPSPSR?%P cells compared to
control cells. Fluorescence intensity of EEA1 (B) and Rab7 (D) in
MPSPSR2%P cells compared to control cells. Fibroblasts in both kinds
of experiments were stained with using the specific anti-EEA1 and

(Pavlova et al. 2022) and MPSPSR**8Y (Kondo et al.
2017), indicating that a higher affinity of LysoTracker
(an acidophilic dye) to organelles with lower pH could
also contribute to the strength of the observed signal.
Therefore, we measured levels of LAMP2, a lysosomal
membrane protein, to find that its amount appeared sig-
nificantly increased in MPSPSR?%P cells, as estimated by
both Western blotting (Fig. 3C) and fluorescent micros-
copy (Fig. 3D). These results corroborated the conclusion
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anti-Rab7 antibodies. Cells were analysed using a Leica CTR 4000
fluorescence microscope. All analyses were performed in three inde-
pendent biological replicates, and representative results were pre-
sented in the panels. Error bars represent the standard deviation of
three independent experimental replicates (in fluorescence micros-
copy experiments,> 100 cells were analysed). Asterisks (*) indicate
statistically significant differences (p < 0.05) relative to control cells

SR200P cefs,

that lysosomes are more abundant in MPSP
irrespectively of their enhanced acidification.

The results described above raised a question whether
the observed storage material, which likely includes GAGs,
is located in lysosomes or not. To test this, we performed a
colocalisation experiment in which anti-HS antibodies were
used together with (or separately from) LysoTracker Red. As
indicated in Fig. 4, while HS colocalised with lysosomes

considerably in MPS III, no such colocalisation was evident
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«Fig.7 Colocalisation of HS and EEA1 in MPSPS®?% cells (marked
as MPSPS) compared to MPS IIIB and control cells. Fibroblasts were
treated with anti-HS antibody and/or anti-EEA1 antibody. Cells were
analysed using a Leica CTR 4000 fluorescence microscope (bars in
microscopic images represent 10 pm). In quantitative analyses of
colocalisation efficiency, error bars represent standard deviation
(SD) of three independent experimental replicates (with>100 cells
analysed). Asterisks (*) indicate statistically significant differences
(p<0.05) relative to control cells, and hashtag (#) shows statistically
significant difference (p <0.05) between MPS IIIB and MPSPSR200”
cells

in MPSPSR?% fibroblasts (Fig. 4). This suggests that GAGs
are not delivered efficiently to lysosomes in the case of the
latter disease. Intriguingly, when localisation of HS in cells
was compared to that of the LAMPI protein, a colocalisa-
tion was even more effective in MPSPS®?*P than in MPS III
cells (Fig. 5). This might appear ostensibly paradoxical in
the light of a weak HS colocalisation with LysoTracker Red;
however, LAMP1 was demonstrated to occur in consider-
able quantities also in early and late endosomes (Cook et al.
2004). Therefore, the explanation of these results might be
that HS is trapped in endosomes and not effectively deliv-
ered to lysosomes during the vesicle trafficking. This could
also explain results demonstrated in Fig. 3A, where vesicles
with a storage material might represent endosomes contain-
ing accumulated substances, undelivered to lysosomes,
rather than lysosomes themselves.

Since VPS33A is involved in endosome maturation
and endosome trafficking to the lysosome (Wartosch et al.
2015; Marwaha et al. 2017; Kiimmel et al. 2022), we
assumed that if transportation of GAGs (and perhaps some
other compounds) to lysosomes is impaired in MPSPSR290°
cells due to dysfunction of this protein (according to the
tested hypothesis), one should observe accumulation of
protein(s) taking part at earlier stages of endosome for-
mation (due to a block at the later stage). The early endo-
some antigen 1 (EEA1) is a protein required for fusion of
early and late endosomes and for sorting at the stage of
the early endosome (Yap and Winckler 2022). Therefore,
we have measured levels of this protein in MPSPSR?00P
and control fibroblasts. We have observed significantly
increased amounts of EEA1 in MPSPSR?%% cells rela-
tive to controls using both Western blotting (Fig. 6A) and
fluorescent microscopy (Fig. 6B). Again, these results are
compatible with the tested hypothesis, as well as with the
previously reported results, demonstrating elevated levels
of EEA1 in fibroblasts derived from the Mediterranean
MPSPSR200P patient (Pavlova et al. 2022). Moreover, lev-
els of the Rab7 protein, which promotes late endosomal
trafficking and delivery of cargo to lysosomes (Marwaha
et al. 2017; Mulligan and Winckler 2023), were also ele-
vated in MPSPSR?%F fibroblasts (Fig. 6C, D). Accordingly,
increased levels of Rab3, a protein involved in endosome

maturation through the endolysosomal trafficking pathway
(Nagano et al. 2019), were also detected in MPSPSR200P
cells relative to control cells (Supplementary Fig. S1).

In the light of the above results, we have assessed the
colocalisation of HS with the EEA1 protein to determine if
GAGs are accumulated in endosomes of MPSPS®?%F cells
more efficiently than in control fibroblasts. In fact, the colo-
calisation signals were significantly higher in the former
cells than in the latter ones (Fig. 7) which corroborates the
tested hypothesis. Interestingly, the HS-EEA1 colocalisation
was drastically increased in MPS III cells (Fig. 7), which
might also confirm the previous hypothesis about the sec-
ondary defect of vesicular trafficking in classical MPS types
(Gaffke et al. 2023).

In the light of likely disturbed endosomal trafficking and
delivery of cargo to lysosomes in MPSPS, we measured
levels of the LC3-II and p62 proteins, molecular markers
of the autophagy process. We found an increased level
of LC3-II in MPSPS®?® fibroblasts relative to control
cells (Fig. 8A). While moderately elevated LC3-II levels
suggest activation of autophagy, a severe increase in abun-
dance of this protein corresponds rather to inhibition of the
autophagy flux (Klionsky et al. 2021). Thus, we have also
estimated levels of this protein in the presence of chloro-
quine, an inhibitor of the autophagy flux, in MPSPSR?%P o
find even higher abundance of LC3-II in MPSPSR?%% cells
(Fig. 8A). Moreover, in these cells, we observed elevated
levels of the p62 protein, whose accumulation is consid-
ered an indication of impaired flux (Fig. 8B). Therefore,
these results suggest that the autophagy process is affected
in MPSPSR?0% cells, perhaps stimulated at the early stages
but then blocked at the flux stage.

The VPS33A protein is involved in formation of the
HOPS complex, which not only controls endosome matura-
tion and trafficking to the lysosome but also is required for
vacuolar fusion and transport from the Golgi apparatus to
vacuoles (Wartosch et al. 2015; Marwaha et al. 2017; Kiim-
mel et al. 2022). Hence, we investigated also these orga-
nelles. Electron microscopy analyses indicated that although
lengths of Golgi apparatus structures were comparable in
MPSPSR?%P and control cells, their widths were smaller in
MPSPSR?%P (Fig. 9).

Since actin filaments (F-actin) are involved in endosomal
trafficking at various steps (Capitani and Baldari 2021), we
have measured levels of F-actin in MPSPS®?%" cells to find
that this protein is less abundant in these cells than in control
ones (Fig. 10A). Moreover, since the VPS33A function is
also required for proper endosome-to-cytoskeleton attach-
ment, we tested levels of a- and PB-tubulins, the proteins
forming microtubules that are engaged in different traffick-
ing steps (Fourriere et al. 2020). Using Western blotting and
fluorescent microscopy, we found that considerably higher
levels of both a- and p-tubulins occurred in MPSPSR200°
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Fig.9 Morphology of Golgi apparatus (arrow) in MPSPSR200P pendent biological replicates, and representative results are presented
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ses were made using a Tecani Spirit BioTWIN electron microscope. tion (> 100 cells were analysed). Asterisks (*) indicate statistically
Scale bar denotes 500 nm. All analyses were performed in three inde- significant differences (p < 0.05) relative to control cells
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fibroblasts relative to the control (Fig. 10B, C). Thus, we
conclude that cytoskeleton may be significantly affected in
MPSPSR?0% cells, likely being connected to the impairment
in endosomal trafficking.

Finally, we have also tested other organelles in
MPSPS®2% and control cells. We found that morphology
of mitochondria was not significantly different between
these two kinds of cells, while the investigated organelles
were more abundant in MPSPSR?" perhaps reflecting
a metabolic stress in the cells (Supplementary Fig. S2).
When investigating morphology of nuclei, no significant
differences could be detected between MPSPS®?F and
control fibroblasts (Supplementary Fig. S3). These results
suggest that the cellular and molecular disorders observed
in MPSPS®?% cells are specific to processes, structures,
and organelles involved in cellular trafficking rather than
reflecting global changes in cell functions.

Discussion

MPSPS is an ultrarare genetic disease, with a few dozen
patients described to date worldwide (Cyske et al. 2024).
The course of this disease is severe (with death occurring
usually before the age of 2 years) in patients bearing the
homozygous ¢.1492C > T (p.Arg498Trp) variant of the
VPS33A gene (Dursun et al. 2017; Kondo et al. 2017; Pav-
lova et al. 2019), called the MPSPS****Y form in this arti-
cle. However, patients with the homozygous ¢.599G > C
(p-Arg200Pro) variant express an attenuated phenotype,
corresponding to the juvenile form of the disease (Lipiniski
et al. 2022; Pavlova et al. 2019), called MPSPSR?0P here.
Despite the symptoms resembling MPS and accumulation
of GAGs, the mechanism of MPSPS appears to be sig-
nificantly different than that of classical MPS types. As
indicated above, the mutations causing MPSPS occur in
the VPS33A gene rather than in a gene encoding a lyso-
somal enzyme involved in degradation of GAGs (Dursun
et al. 2017; Kondo et al. 2017; Pavlova et al. 2019, 2022;
Lipinski et al. 2022). Nevertheless, perhaps surprisingly,
accumulation of these compounds is significant in MPSPS,
leading to the proposal of including this disease to the
MPS group (Kondo et al. 2017). On the other hand, the
molecular mechanism of GAG accumulation and further
cellular pathomechanisms remained largely unknown,
which not only makes the classification of MPSPS con-
troversial (Cyske et al. 2024) but also causes significant
difficulties in developing any potential therapy.

In this light, determining the molecular mechanism of
MPSPS appears to be important. Two hypotheses on the
possible mechanism of GAG accumulation in MPSPS, in
the presence of fully active enzymes involved in lysoso-
mal GAG degradation, have been proposed. One of them
proposes that over-acidification of lysosomes could cause
inefficient hydrolysis of various compounds in these orga-
nelles, including GAGs (Kondo et al. 2017). Another pro-
posal (Pavlova et al. 2022; Cyske et al. 2024) is based on
the involvement of the VPS33A protein (which is either
defective or deficient in MPSPS) in the endosomal traf-
ficking, as demonstrated previously (Wartosch et al. 2015;
Marwaha et al. 2017; Kiimmel et al. 2022). According
to this assumption, defective vesicular (especially endo-
cytic) transport may facilitate accumulation of undegraded
GAGs which cannot be effectively delivered to lysosomes,
where they should otherwise be hydrolysed to simple sug-
ars (Pavlova et al. 2022; Gaffke et al. 2023; Cyske et al.
2024). Since this hypothesis was proposed but not tested
yet, we aimed to investigate its plausibility by examining
cellular organelles, structures, and levels of selected pro-
teins in MPSPSR?%%F cells in comparison to control ones.
One should also note that the over-acidification and the
impaired trafficking hypotheses are not mutually exclusive,
and both mechanisms might operate simultaneously.

Results presented in this report are generally compatible
with the hypothesis assuming abnormal trafficking of GAGs,
while not excluding the over-acidification hypothesis and
resultant inefficient degradation of these compounds. Here,
we demonstrated that lysosomes were more abundant in
MPSPSR29P cells, but the distribution of the storage mate-
rial and lysosomal inclusions were different than in MPS
III cells (represented in this analysis by MPS IIIA, MPS
[1IB, and MPS IIIC fibroblasts; all classified as subtypes
of Sanfilippo disease, characterised by HS accumulation,
but caused by pathogenic variants of different genes—this
prevented a misinterpretation of results due to putative spe-
cific effects of a particular mutation). A relatively weak
colocalisation of HS with LysoTracker while considerable
colocalisation with LAMP1 suggested that a storage mate-
rial, observed in vacuolar structures in MPSPSR?9P cells,
could represent a block of vacuolar trafficking at the stage
of endosomes before fusion with lysosomes (this possibil-
ity was plausible as LAMP1 occurs in both lysosomes and
endosomes). Importantly, the EEA1 protein, operating at the
stage of early endosome, was significantly more abundant in
MPSPSR?%P fibroblasts than in control cells (this was true
for cells derived from both MPSPSR? patients described
to date; compare the report by Pavlova et al. (2022)), perhaps
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Fig. 10 Abundance of F-actin (A), a-tubulin (B, C), and p-tubulin
(D, E) and in MPSPSR*P cells (marked as MPSPS) compared
to control cells. A Electron microscopic analysis of microtubules
(arrows). A, C, E Fluorescence intensity of F-actin, a-tubulin, and
B-tubulin, respectively, in MPSPSR?®P cells compared to control
cells. Proteins were detected with using the specific anti-F-actin, anti-
a-tubulin, and anti-p-tubulin antibodies. Cells were analysed using
a Leica CTR 4000 fluorescence microscope. B, D Western-blotting

reflecting the blockage at the stage of endosome matura-
tion and endosome trafficking to the lysosome under condi-
tions of VPS33A deficiency. Moreover, increased signals of
HS-EEA1 colocalisation were evident in MPSPSR?%% cells
relative to control ones, corroborating the conclusion about
impaired endosomal trafficking of GAGs and their deficient
delivery to lysosomes. Interestingly, under the same condi-
tions, especially efficient colocalisation of HS and EEA1
was observed in MPS III cells. This may reflect a previous
proposal (Gaffke et al. 2023) that impaired vesicular traffick-
ing is one of secondary effects of GAG storage in classical
MPS types, thus, reflecting a kind of “accumulation spiral”,
where the primary storage cause defects in delivery of GAGs
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and representative results were presented in the panels. Error bars
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analysed). Asterisks (*) indicate statistically significant differences
(p <0.05) relative to control cells

to lysosomes, resulting in even more efficient accumulation
of these compounds which in turn further impairs the traf-
ficking, and so on. Hence, one might propose that quite a
similar process occurs in MPSPS; however, the abnormal
trafficking is a primarily affected process (due to VPS33A
deficiency) while GAG storage is a secondary disorder.
Nevertheless, the self-reinforcing “accumulation spiral”
could lead to quite similar effects in both classical MPS and
MPSPS; with possibly enhanced cellular disorders in the lat-
ter case due to over-acidification of lysosomes and resultant
impaired hydrolysis of various compounds.

The above interpretation may be confirmed by the finding
of elevated levels of Rab5 and Rab7 proteins in MPSPSR200P
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cells. The observed changes in morphology of Golgi appa-
ratus, as well as changes in levels of F-actin and «- and
B-tubulins (especially in the light of the elevated EEAI lev-
els and the interplay between endosomes and microtubules),
are also compatible with the hypothesis suggesting that
GAGs may accumulate in MPSPS cells because of the defi-
ciency in the amount of the VPS33A protein which cannot
support proper endosomal transport of these compounds to
lysosomes. Such an explanation is also supported by previ-
ously reported defects in glycosphingolipids endocytic traf-
ficking in cells of the Mediterranean MPSPSR?%F patient
(Pavlova et al. 2022). Moreover, results of experiments, in
which levels of the LC3-II and p62 proteins were measured
in the absence and presence of an autophagy flux inhibitor,
suggested an impairment of this process (which is largely
dependent on lysosomal functions) in MPSPSR?%F.

An additional corroboration of the hypothesis tested in
this work comes from results of studies on another disease
caused by the mutations in the VPS16 gene. Symptoms of
this disease resemble those of MPSPS, and the product
of the above mentioned gene is also involved in forma-
tion of the HOPS complex, crucial in effective endosomal
trafficking (Sofou et al. 2021; Yildiz et al. 2021). There-
fore, it appears likely that impaired endosomal delivery of
GAGs to lysosomes, in the deficiency of activity of either
VPS33A or VPS16, may cause their inefficient degrada-
tion despite activity of lysosomal hydrolases, which is the
principle of GAG accumulation and further secondary
and tertiary defects, leading to specific disease symptoms,
as speculated recently (Gaffke et al. 2023; Cyske et al.
2024). In this light, it is interesting that we observed a
decrease in the levels of VPS16 in fibroblasts derived
from the MPSPS®?%P patient.

As mentioned previously, MPSPS®**F and MPSPSR#$W
differ in symptoms; however, results presented in this
report suggest that the molecular mechanism of the disease
might be common, with a difference only in the severity
of disorders. As indicated, the product of the p.Arg200Pro
allele is less stable than the wild-type variant; thus, the
deficiency of VPS33A in this case apparently results
from decreased levels of the protein in cells. If the same
were true for the VPS33A protein (p.Arg498Trp) linked
to MPSPS MPSPSR498W. previous demonstration that this
variant is able to retain some of its functions, like interac-
tions with its known partners, VPS16 and STX17 (Kondo
et al. 2017), might still be compatible with the hypoth-
esis tested here, as low level of the protein rather than its
functional defect could be responsible for the deleterious
cellular effects. Increased acidification of lysosomes is
also another change common for both MPSPSR***W and
MPSPSR?P a5 this cellular abnormality was reported in
cells derived from patients with both relevant pathogenic
variants of VPS33A (Kondo et al. 2017, Vasilev et al. 2020;

Pavlova et al. 2022). In line with these facts, proteinuria,
joint stiffness, recurrent pulmonary infections, increased
GAG excretion, and neurological involvement are common
for both MPSPSR?%P and MPSPSR4%8W (Kondo et al. 2017;
Vasilev et al. 2020; Lipinski et al. 2022; Pavlova et al.
2022). Following this line of thought, one might expect
that the findings in the subcellular compartment levels
would also be similar. Thus, in our opinion it is reasonable
to consider the phenotype associated with the MPSPSR200P
variant as a milder form of MPSPS, otherwise severe in the
MPSPSR4®W variant, while molecular mechanisms of the
disease being the same in both variants.

A limitation of this study is availability of the biological
material from only a single patient with the p.Arg200Pro
variant. Therefore, although quite unlikely (due to compat-
ibility of our results with some results reported previously
for another patient with the same VPS33A variant; Pavlova
et al. 2022), it is still possible that some nuances of changes
in the subcellular processes might be related to individual
features of the investigated cell line. Another limitation is
the use of MPS III cells in control experiments, as only HS
is accumulated in this disease, while DS and complex mol-
ecules other than GAGs can accumulate in MPSPS because
endosomes contain many other substrates that cannot reach
the enzymes in the lysosomes. However, MPS III cells were
used mainly to compare GAG localisation between MPS
and MPSPS cells, minimising the risk of uncertainty of the
obtained results.

Conclusions

The reported results corroborate the hypothesis that the
molecular mechanism of GAG accumulation in MPSPS cells
is based on significantly decreased levels of the VPS33A
protein, leading to impaired endosomal trafficking and inef-
fective delivery of GAGs to lysosomes, while over-acidifi-
cation of lysosomes can be an independent and simultane-
ously occurring cause of the disease. The resultant impaired
GAG degradation can cause the storage of these compounds
and further cascade of the specific deleterious effects. This
mechanism could have implications for developing possible
therapeutic approaches for MPSPS, an as yet untreatable
disease.
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Figure S1. Abundance of the Rab5 protein in MPSPSR?P (marked as MPSPS) and control (the wild-
type variant) fibroblasts. Levels of Rab5 were estimated by Western blotting, with quantification
performed using densitometry. The analyses were performed in three independent biological replicates,
and representative results are presented in the panels. Error bars represent the standard deviation of three
independent experimental replicates. Asterisk (*) indicates statistically significant differences (p<0.05)
relative to control cells.
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Figure S2. Mitochondrial morphology and abundance in MPSPSR**P (marked as MPSPS) cells
compared to control cells. Panel A shows mitochondrial morphology (arrows) in MPSPSR?%® fibroblasts
compared to control cells. Analyses were made using a Tecani Spirit BlioTWIN electron microscope.
Panel B shows fluorescence intensity of mitochondria in MPSPS®*°" cells compared to control cells.
Fibroblasts were stained with MitoTracker Red. Cells were analysed using a Leica CTR 4000
fluorescence microscope. All analyses were performed in three independent biological replicates, and
representative results were presented in the panels. Error bars represent the standard deviation of three
independent experimental replicates (in electron and fluorescence microscopy experiments, >100 cells
were analysed). Asterisks (*) indicate statistically significant differences (p<0.05) relative to control
cells.
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Figure S3. Morphology of nucleus in MPSPS®?%P (marked as MPSPS) fibroblasts compared to control
cells. Analyses were made using a Tecani Spirit BloTWIN electron microscope. Scale bars denote 2 pum.
The analyses were performed in three independent biological replicates, and representative results are
presented in the electron micrographs. Error bars represent the standard deviation (>100 cells were
analysed). No statistically significant differences (p>0.05) were detected relative to control cells.
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ABSTRACT

Mucopolysaccharidosis-plus syndrome (MPS plus or MPSPS) is an ultrarare inherited
metabolic disease, caused by mutations in the VPS334 gene. Like in different types of
mucopolysaccharidosis (MPS), glycosaminoglycan (GAG) storage in cells of patients is
evident. However, unlike MPS, the genetic defects in MPSPS cause impairment in the VPS33A
protein level rather than inactivation of lysosomal hydrolases responsible for GAG degradation.
Recent works demonstrated that low abundance of mutated VPS33A causes defective
endosomal trafficking, resulting in poor delivery of GAGs (and perhaps also other compounds)
to lysosomes, preventing their effective turnover. Here, we tested the hypothesis that
impairment of protein degradation machineries, proteasomes by genistein (5,7-dihydroxy-3-(4-
hydroxyphenyl)-4H-1-benzopyran-4-one) and endoplasmic-reticulum-associated protein
degradation (ERAD) by ambroxol (4-((2-amino-3,5-dibromophenyl)methylamino)
cyclohexan-1-ol), might result in elevation of levels of the mutated, partially active VPS33A
and restoration of endosomal trafficking. Using MPSPS patient-derived fibroblasts, we
demonstrated that treatment with genistein and ambroxol resulted in elevation of the mutant
VPS33A protein level, as well as in improvement or correction of various previously reported
cellular defects, including GAG levels, endosomal markers, and cytoskeleton elements. In the
light of these results, and since both genistein and ambroxol were previously demonstrated to
be safe when used in relatively high amounts, we propose that the use of these compounds, and
especially their combination, can be considered as a potential therapeutic approach in MPSPS,

which is currently an incurable disease.

KEY WORDS: Mucopolysaccharidosis-plus (MPSPS), VPS33A protein, endosomal

trafficking, therapeutic approach, ambroxol, genistein
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1. Introduction

Mucopolysaccharidoses (MPS), belonging to lysosomal storage disorders (LSDs), are
a group of inherited, progressive diseases caused by a complete deficiency or drastically
reduced activity of lysosomal enzymes responsible for the degradation of glycosaminoglycans
(GAGs), unbranched complex carbohydrate chains (Nagpal et al. 2022). Undegraded GAGs
gradually accumulate within lysosomes, progressively impairing cellular and tissue functions
and, over time, the function of the entire organism (Freeze et al. 2015). The activities of GAG-
degrading enzymes are highly interdependent, with each enzyme initiating its function only
after the preceding one has completed its activity. Consequently, the deficiency of even a single
enzyme disrupts the entire degradation pathway. Thirteen types and subtypes of MPS are
currently distinguished, classified based on the partially or completely non-functional enzyme

involved (Parenti et al. 2015; Trovao de Queiroz et al. 2016; Wisniewska et al. 2022).

The recently described mucopolysaccharidosis-plus syndrome (MPS plus or MPSPS,
the latter abbreviation will be used further in this paper) is among the rarest forms of MPS. To
date, only a few dozen cases of MPSPS have been reported worldwide (Faraguna et al. 2022;
Lipinski et al. 2022; Cyske et al. 2024a), thus it is an ultrarare disease. Unlike other MPS
diseases, MPSPS is caused by mutations in the VPS334 gene whose product is not directly
involved in GAG degradation (Cyske et al. 2024a). In fact, accumulation of GAGs, specifically
heparan sulfate (HS) and dermatan sulfate (DS), occurs in MPSPS, while no reduction in the
activity of any known lysosomal enzyme has been demonstrated (Kondo et al. 2017; Dursun et
al. 2017; Pavlova et al. 2019; Vasilev et al. 2020). The VPS33A4 gene product (the VPS33A
protein) is a polypeptide involved in autophagy and endocytosis processes (Wartosch et al.
2015; Sofronova et al. 2022). This protein interacts with membrane-tethering protein
complexes, HOPS and CORVET. Both of these complexes are involved in the regulation of
membrane fluxes, necessary for lysosome biogenesis and for the processes of autophagy,

endocytosis and phagocytosis (Balderhaar and Ungermann 2013; van der Beek et al. 2019).

The symptoms of MPSPS patients closely resemble those of patients with Hurler
syndrome (a severe form of MPS I) (Vasilev et al. 2020). The term "plus" refers to the presence
of additional symptoms beyond those commonly observed in MPS, including congenital heart
defects, renal dysfunction, and hematopoietic abnormalities (Faraguna et al. 2020). Majority of

described MPSPS patients came from Yakutia (Republic of Sakha) and Turkey (Kondo et al.
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2017; Dursun et al. 2017), one from the Southern European/Mediterranean region (Pavlova et
al. 2022), and one from Poland (Lipinski et al. 2020). Only two pathogenic variants of VPS334,
causing MPSPS, have been reported to date. The ¢.1492C>T (p.Arg498Trp) variant has been
identified in the homozygous state in patients originating from Yakutia and Turkey (Kondo et
al. 2017; Dursun et al. 2017; Faraguna et al. 2022), whereas the ¢.599G>C (p.Arg200Pro)
variant has likewise been detected in a homozygous configuration in two patients from the
Mediterranean region and Poland (Pavlova et al. 2022; Cyske et al. 2024a). Comparative
analysis of the clinical manifestations in individuals with MPSPS indicated that the latter
variant is associated with a milder, juvenile-onset form of the disease, in contrast to a severe
phenotype linked to the former variant (Pavlova et al. 2019; Lipinski et al. 2020; Pavlova et al.
2022).

Studies on the biochemical mechanism of MPSPS demonstrated functional similarities
between both pathogenic variants of VPS33A. The affected gene products revealed
significantly decreased abundance in cells, irrespective of the presence of either Arg200Pro
(Pavlova et al. 2022) or Arg498Trp (Terawaki et al. 2025) amino acid alteration. Moreover, both
these VPS33A variants retained their biochemical activities (Pavlova et al. 2022; Terawaki et
al. 2025), strongly suggesting that the considerably lowered levels of the protein, rather than its
impaired biochemical function, is responsible for the observed pathogenic effects. Very recent
reports provided the basis for understanding molecular pathomechanism of MPSPS. Namely,
VPS33A deficiency may cause defects in endosomal trafficking, thus preventing effective
transportation of GAGs into lysosomes, where they should be degraded (Cyske et al. 2025;
Terawaki et al. 2025). In addition, over-acidification of lysosomes was noted in cells bearing
the p.Arg498Trp variant of VPS33A (Kondo et al. 2017), suggesting that this defect might
further impair GAG degradation. Accumulation of GAGs initiates a cascade of secondary and
tertiary changes in cells, leading to further dysfunctions of tissues and organs, and development

of specific symptoms (Gaftke et al. 2023; Cyske et al. 2025).

MPSPS is currently an incurable disease. The only proposal of potential therapeutic
approach reported to date consists of the suggestion of the use of triclabendazole (5-chloro-6-
(2,3-dichlorophenoxy)-2-(methylthio)-1H-benzimidazole), a compound which is able to down
regulate efficiency of transcription of genes coding core proteins which interact with GAGs to
form proteoglycans (Terawaki et al. 2025). Since GAGs are attached to the core proteins, one
might suspect that decreased production of these proteins should in turn result in reduction of

the abundance of GAGs. Despite some efficacy of the use of triclabendazole in MPSPS was

5
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demonstrated (Terawaki et al. 2025), we assumed that such an indirect way of reducing GAG
levels can be auxiliary rather than primary treatment. Therefore, we aimed to find drug(s) which
could correct primary molecular defects in MPSPS cells. Since the major problem in these cells
appears to be low abundance of the mutant VPS33A protein due to its enhanced proteolytic
degradation (Pavlova et al. 2022; Terawaki et al. 2025), our intention was to impair this process.
However, since MPSPS is an inherited disease, any potential pharmacological treatment of
patients should be lifelong. This implies that the inhibition of protein degradation in MPSPS
must by relatively gentle to avoid severe adverse effects (caused by plausible impaired decay
of many other proteins), especially during many years of the therapeutic procedure. In this light,
we hypothesized that two compounds, genistein (5,7-dihydroxy-3-(4-hydroxyphenyl)-4H-1-
benzopyran-4-one) and ambroxol (4-((2-amino-3,5-dibromophenyl)methylamino)cyclohexan-
1-ol), might be potentially effective drugs. Apart from many other potentially beneficial
activities of these compounds, like antioxidative and anti-inflammatory properties, as well as
autophagy stimulation (Dhanve et al. 2023; Cyske et al. 2024b; Ponugoti et al. 2024; Borah et
al. 2025; Goswami et al. 2025; Pierzynowska et al. 2025), genistein was demonstrated to inhibit
proteasomal degradation through modulating protein ubiquitination (Pierzynowska et al. 2020)
and ambroxol was shown to reduce the endoplasmic stress and endoplasmic-reticulum-
associated protein degradation (ERAD) (Bendikov-Bar et al. 2011; Dhanve et al. 2023).
Moreover, both genistein (Kim et al. 2013; Ghosh et al. 2021) and ambroxol (Ponugoti et al.
2024) were demonstrated to be safe in a long-time clinical use, with ambroxol being a registered
drug. Therefore, in this work we tested efficacy of genistein and ambroxol in correction of
cellular defects observed previously in MPSPS. As a biological model, fibroblasts derived from
an MPSPS patient, homozygous for the ¢.599G>C (p.Arg200Pro) variant of VPS334, were used

along with control fibroblasts.

2. Materials and methods

2.1. Cell lines and culture conditions

This investigation utilized a fibroblast cell line derived from dermal tissue, isolated from

a patient diagnosed with MPSPS, being homozygous for the ¢.599G>C (p.Arg200Pro) variant

of the VPS334 gene. This patient had been previously characterized in the literature (Lipinski

et al. 2022). As a control, a dermal fibroblast line obtained from a healthy donor of matched sex

and comparable age was employed. Ethical approval for the study was granted by the Bio-
6
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Ethical Committee of the Children’s Memorial Health Institute in Warsaw, Poland (approval

no. 23/KBE/2020).

Cell cultures were maintained in Gibco Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with 10% fetal bovine serum (FBS) and an Antibiotic-Antimycotic solution
(Thermo Fisher Scientific), under standard incubation conditions (37°C, 5% CO., and 95%
relative humidity). When indicated, genistein and/or ambroxol were added to final
concentrations of 50 uM and 100 uM, respectively, as demonstrated previously for reductions
of proteasomal (Pierzynowska et al. 2020) and ERAD activities (Bendikov-Bar et al. 2011) at
these levels of the investigated molecules. Chloroquine was added to final concentration of 10

UM in some experiments.

2.2. Cell Viability Assay

To evaluate the effects of genistein (50 uM), ambroxol (100 uM), and their combination on
cell viability, cells (3 x 10° per well) were seeded into 96-well plates and allowed to adhere
overnight under standard conditions. The following day, cells were treated for 24 h with either
genistein, ambroxol, both compounds simultaneously, or appropriate controls. Control groups
included cells treated with an equivalent volume of DMSO (vehicle control for genistein) or

untreated cells (control for ambroxol and combination treatments).

After treatment, 25 pl of MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) solution (4 mg/ml) was added to each well, followed by a 3-h incubation at 37°C.
Formazan crystals formed in viable cells were solubilized in 100 pul of DMSO. Absorbance was
measured at 570 nm with a reference wavelength of 660 nm using the Perkin Elmer EnSpire

2300 Multilabel Multimode Plate Reader.

Each experimental condition was performed in at least three independent biological

replicates. Results were analyzed using one-way ANOVA in GraphPad Prism software.

2.3. Western-blotting

Fibroblasts (5 x 10° cells) were seeded onto 10 cm culture dishes and incubated
overnight under standard conditions (see Section 2.1). The next day, cells were treated with

DMSO (0.1%, as a solvent control), genistein (50 puM), ambroxol (100 uM) or their
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combination. After 24-h incubation, cell lysates were prepared as previously described (Rintz

et al. 2023). The lysate was divided into two fractions for protein analysis.

One fraction was used for automated Western blotting employing the WES system
(Simple Western; ProteinSimple, San Jose, CA, USA), which utilizes capillary electrophoresis.
Proteins (including Rab5, Rab7, VPS33A, and VPS16) were separated using the 12-230 kDa
separation module (#SM-W003) and detected in-capillary using specific primary antibodies:
anti-Rab5 (#3547, Cell Signaling), anti-Rab7 (D95F2, #9367, Cell Signaling), anti-VPS33A
(#16896-1-AP, ProteinTech), and anti-VPS16 (#17776-1-AP, ProteinTech). Detection was
performed using either the Anti-Mouse (#DM-002) or Anti-Rabbit (#DM-001) detection
module, in accordance to the manufacturer’s protocol. The Total Protein module (#DM-TP01)
was employed as a loading control. Note that in this automated, capillary electrophoresis-based
system, the same loading control module (Total Protein) was used for all samples (to detect

different specific proteins).

The remaining fraction was analyzed using conventional Western blotting. Proteins
EEA1 and LC3 were separated by SDS-PAGE, transferred to a PVDF membrane, and blocked
with 5% non-fat dry milk in PBST (PBS with 0.1% Tween-20). Membranes were incubated
overnight at 4°C with primary antibodies: anti-EEA1 (#3288S, Cell Signaling) and anti-LC3
(G-4, #sc-398822, Santa Cruz Biotechnology). After two washes in PBST, membranes were
incubated for 2 h at room temperature in the dark with HRP-conjugated secondary antibodies
(anti-rabbit: #A0545; anti-mouse: #AP124P; Sigma-Aldrich). As a loading control, B-actin was
detected using anti-B-actin—peroxidase antibody (mouse monoclonal; #A3854 Sigma-Aldrich).
After blocking with 5% non-fat dry milk in PBST, membrane was incubated with anti-B-actin
antibody for 1 h. Protein bands were visualized by chemiluminescence following incubation

with horseradish peroxidase (HRP) substrate and exposure to X-ray film.

2.4. Detection of heparan sulphate levels by dot-blotting

Cellular levels of heparan sulfate (HS) were quantified using dot blot analysis, as
previously described (Gaffke et al. 2023). Briefly, fibroblast lysates were prepared using a
Tissue Protein Extraction Reagent (T-PER; #78510 Sigma). Protein extracts were applied to a
PVDF membrane (#IPFL00010, Millipore) using a dot-blot apparatus (Bio-Rad, Hercules, CA,
USA). Following application, membranes were blocked with 5% (w/v) non-fat dry milk in

PBST (PBS with 0.1% Tween-20) and incubated overnight at 4°C with a primary anti-HS

8
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antibody (mouse monoclonal, #NBP2-23523, Novus). After washing with PBST, membranes
were incubated for 2 hour at room temperature with an HRP-conjugated anti-mouse secondary
antibody (#A9044, Sigma-Aldrich). Signal detection was performed using a chemiluminescent
HRP substrate (Merck, Darmstadt, Germany), followed by exposure to X-ray film. Signal
intensities were quantified using QuantityOne software, and the results were normalized to total

protein content, assessed by Ponceau S staining.

2.5. Fluorescence microscopy

A total of 4 x 10* cells were seeded onto 12-well culture plates containing sterile
coverslips and incubated overnight under standard conditions (see Section 2.1). The next day,
cells were treated with DMSO (0.1%, as a solvent control), genistein (50 uM), ambroxol (100
uM) or their combination. After 24-h incubation, cells were stained with LysoTracker (#L7528,
Thermo Fisher), or CellMask™ Green Actin Tracking Stain (#A57243, Thermo Fisher) for 1 h.
Subsequently, cells were fixed using 2% paraformaldehyde in the presence of 0.1% Triton X-

100 and mounted with DAPI-containing medium.

Alternatively, after overnight incubation, cells were fixed with 2% paraformaldehyde
for 15 min, rinsed with PBS, and permeabilized with 0.1% Triton X-100 for additional 15 min.
Following five PBS washes, cells were blocked with 5% bovine serum albumin (BSA) for 1 h
at room temperature. Primary antibodies, either individually or in combination for
colocalization studies, were then applied and incubated overnight at 4°C. The antibodies used
included: anti-heparan sulfate (#¥NBP2-23523, Novus), anti-LAMP1 (#46843, Cell Signaling),
anti-LAMP2 (#49067S, Cell Signaling), anti-EEA1 (#3288S, Cell Signaling), anti-Rab7
(D95F2, #9367, Cell Signaling), anti-Rab5 (#3547, Cell Signaling), anti-VPS16 (#17776-1-AP,
ProteinTech) and anti-VPS33A (#16896-1-AP, ProteinTech). Following incubation, cells were
washed five times with PBS and incubated for 2 h at 4°C in the dark with the appropriate
fluorophore-conjugated secondary antibodies (anti-rabbit and/or anti-mouse; #4413S and
#4408S, Cell Signaling), depending on the primary antibody combination used. After a final
series of five PBS washes, coverslips were mounted onto glass slides using ProLong™ Gold
Antifade Mountant with DAPI (#P36935, Invitrogen). Fluorescence imaging was performed
using an Olympus IX83 microscope, with data acquisition and analysis conducted via the

software provided by the manufacturer.
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To assess the intracellular colocalization of HS with either LysoTracker Red or
investigated proteins, a combined staining protocol was employed, integrating elements from
the two previously described methods. Fibroblasts (4 x 10*) were seeded onto 12-well plates
containing sterile coverslips and incubated overnight under standard culture conditions (see
Section 2.1). The next day, cells were treated with DMSO (0.1%, as a solvent control), genistein
(50 uM), ambroxol (100 uM) or their combination. After 24-h incubation, cells were incubated
with LysoTracker Red (#L7528, Thermo Fisher) for 1 h, after which they were fixed using 2%
paraformaldehyde and permeabilized with 0.1% Triton X-100. After five washes with PBS,
cells were blocked with 5% bovine serum albumin (BSA) for 1 hour. Subsequently, cells were
incubated for 2 h at 4°C anti-heparan sulfate (#NBP2-23523, Novus). In the case of
colocalization of HS with different proteins, the above mentioned antobody was combined with
anti-LAMP1 (#46843, Cell Signaling), anti-LAMP2 (#49067S, Cell Signaling), anti-EEA1
(#3288S, Cell Signaling) and anti-VPS33A (#16896-1-AP, ProteinTech). After primary
antibody incubation, fibroblasts were washed five times with PBS and incubated with
secondary antibodies (anti-rabbit and anti-mouse; #4413S and #4408S, Cell Signaling) for 1 h
at 4°C in the dark. Following another series of five PBS washes, coverslips were mounted onto
glass slides using ProLong™ Gold Antifade Mountant with DAPI (#P36935, Invitrogen).
Fluorescence imaging was performed using an Olympus fluorescence microscope.
Colocalization analysis was conducted using the CellSens 4.3 software, in accordance with the

methodology described earlier (Adler and Parmryd 2013).

2.6. Statistical analysis

Biochemical analyses were performed using samples from a minimum of three
independent experiments. Microscopy-based analyses were conducted by evaluating at least
100 individual cells per condition. Quantitative data are presented as mean =+ standard deviation
(SD). Statistical significance was assessed using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. Differences were considered statistically significant at

p<0.05.
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3. Results and discussion

3.1. Safety of genistein and ambroxol to MPSPS cells and effects of these compounds on
abundance of VPS334 and VPS16 proteins

To investigate the potential usefulness of genistein and ambroxol in treatment of MPSPS,
we have used fibroblasts derived from a patient being a homozygote in the V'/PS334 pathogenic
variant ¢.599G>C (p.Arg200Pro), and a control fibroblast line, as described previously (Cyske
et al. 2025). The concentrations of tested compounds (50 uM genistein and 100 uM ambroxol)
were chosen on the basis of previous reports indicating partial inhibition of proteasome and
ERAD activities by these small molecules (Bendikov-Bar et al. 2011; Pierzynowska et al.
2020).

For any pharmacological treatment of patients with inherited diseases, it is crucial to
determine safety of tested compounds, as in such cases, a livelong therapy should be expected.
Therefore, despite previously demonstrated safety of both genistein and ambroxol in clinical
trials with patients suffering from other diseases (Kim et al. 2013; Ghosh et al. 2021; Ponugoti
et al. 2024), we tested the viability of MPSPS cells cultured in the presence of these compounds.
Using the MTT test, we confirmed that genistein at 50 pM and ambroxol at 100 uM did not

significantly affect viability of investigated fibroblast lines (Figure 1A).

Since the rationale of this study was to elevate levels of the p.Arg200Pro variant of VPS33A
and assess effects of such an increase in the abundance of this protein, its levels were determined
in control cells and in MPSPS fibroblasts either untreated or treated with genistein and/or
ambroxol. As demonstrated in Figure 1B, abundance of VPS33A was over 4-fold decreased in
MPSPS cells relative to control cells, however, treatment of MPSPS fibroblasts with genistein,
ambroxol or both compounds resulted in significantly increased levels of the tested protein. The
most effective increase was observed for the mixture of genistein and ambroxol, although even
in this case, normalization of the VPS33A level was not achieved, reaching about 75% of the
control value (Figure 1B). These results were confirmed by fluorescence microscopy study,
where VPS33 A was detected using a specific antibody. Again, treatment with a combination of
50 uM genistein and 100 uM ambroxol was the most effective in increasing the level of
VPS33A (Figure 2). These results strongly suggest that genistein and ambroxol elevate levels
of the p.Arg200Pro variant of VPS33A due to reduction of activity of proteasomes or ERAD,
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respectively, as such biological effects of these compounds were demonstrated previously

(Bendikov-Bar et al. 2011; Pierzynowska et al. 2020).

Interestingly, decreased levels of the VPS16 protein, which interacts with VPS33A, were
also observed previously in MPSPS cells (Cyske et al. 2025). We have confirmed that
observation, while indicating that treatment of MPSPS fibroblasts with genistein and ambroxol
results in increasing abundance of VPS16. This was demonstrated in experiments with the use
of Western-blotting (Figure 1C) and fluorescence microscopy (Figure 3). Both VPS33A and
VPS16 proteins are components of the HOPS and CORVET complexes, which are involved in
endocytosis (Balderhaar and Ungermann 2013). Therefore, as the investigated proteins

functionally interact, they might influence each other's levels.

3.2. Genistein and ambroxol improve GAG metabolism in MPSPS cells

Accumulation of GAGs is one of the most pronounced biochemical defects observed in
MPSPS cells (Kondo et al. 2017). Therefore, effects of treatment of MPSPS fibroblasts with
genistein and/or ambroxol on GAG levels and localization were tested. HS was investigated as
an exemplary GAG known to accumulate in MPSPS (Kondo et al. 2017), and its levels were
estimated by dot-blotting (Figure 4) and fluorescence microscopy (Figure 5, with quantitative
analysis shown in Figure 6A). We found that while HS was significantly (about 3-4 times) more
abundant in MPSPS cells than in control fibroblasts, treatment with 50 uM genistein and 100
UM ambroxol caused a considerable decrease or even normalization of levels of this GAG
(Figures 4-6). However, when MPSPS cells were also treated with 10 uM chloroquine, an
inhibitor of the autophagosomal-lysosomal system, high abundance of HS was still observed,
irrespective of the presence or absence of genistein and ambroxol (Figure 4B). These results
demonstrate that degradation of HS in MPSPS cells under conditions of partially restored
abundance of VPS33A, due to actions of genistein and ambroxol, occurs through the lysosomal

pathway.

Fluorescence microscopy analyses using LysoTracker Red dye, which binds specifically to
lysosomes, revealed significantly higher fluorescence intensity in MPSPS cells, as well as
a significantly increased number of lysosomes in MPSPS cells, compared to control cells
(Figure 5, with quantitative analysis shown in Figure 6B). These observations suggest that

lysosomes are affected in MPSPS. The use of genistein (50 M), ambroxol (100 uM), and a
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mixture of these compounds resulted in reduction of lysosome numbers, while the combination

of both compounds was the most effective in reducing fluorescence intensity (Figure 6B).

To confirm improved transportation of GAGs into lysosomes in MPSPS cells treated with
genistein and ambroxol, we have performed colocalization experiments. Using fluorescence
microscopy and specific anti-HS antibody and LysoTracker Red, we found that treatment with
genistein and ambroxol resulted in significantly enhanced colocalization of HS with lysosomes
in MPSPS (Figure 5, with quantitative analysis shown in Figure 6C). Moreover, enhanced
colocalization signals of HS and LAMP2 protein, specific for lysosomes, were detected in
MPSPS fibroblasts in the presence of 50 uM genistein and 100 uM ambroxol relative to
untreated MPSPS cells (Figure 7).

Previous study demonstrated that GAGs appear to be trapped in endosomes, due to
dysfunctional trafficking (Cyske et al. 2025). Indeed, significantly more pronounced
colocalization of HS and the endosomal protein EEA1 in MPSPS cells relative to control ones
was evident (Figure 8). However, treatment of MPSPS fibroblasts with 50 uM genistein and
100 uM ambroxol normalized this parameter which was then undistinguishable from that
measured in control cells (Figure 8), strongly suggesting that under such conditions the
endosomal trafficking is considerably improved. This conclusion was corroborated by another
experiment, in which colocalization of HS with the LAMP1 protein in MPSPS cells was
determined. LAMP1 occurs in both lysosomes and in early and late endosomes (Cook et al.
2024). Hence, increased colocalization of HS and LAMP1 in MPSPS relative to control cells,
together with decreasing of this parameter after treatment with genistein and amboxol (Figure
9) is compatible with the proposal that impaired endosomal trafficking in MPSPS cells,
resulting in defective transportation of GAGs which are stuck in endosomes, can be restored by

treatment with genistein and ambroxol which cause elevation of the VPS33A levels.

3.3. Improving levels of endosomal marker proteins in MPSPS cells by treatment with

genistein and ambroxol

Previous reports pointed to impaired endosomal trafficking in MPSPS cells mostly on the
basis of elevated levels of endosomal marker proteins, like EEA1, Rab7 and Rab5 (Pavlova et
al. 2022; Cyske et al. 2025). EEA1 (early endosome antigen 1) participates in the processes of
early endosome sorting and fusion of early and late endosomes (Yap and Winckler 2022). Rab7
takes part in late endosomal trafficking and it is required for efficient delivery of cargo to
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lysosomes (Marwaha et al. 2017; Mulligan and Winckler 2023). Rab5 operates at the stage of
maturation of endosomes during the trafficking (Nagano et al. 2019). Therefore, increased
abundance of these proteins indicates defects in the above mentioned process and problems

with delivery of cargo to lysosomes.

Using Western-blotting and fluorescence microscopy techniques, we have confirmed that
elevated levels of EEA1 (Figures 8 and 10), Rab7 (Figures 11 and 12) and Rab5 (Figures 13
and 14) occur in MPSPS fibroblasts relative to control cells. Nevertheless, addition of 50 uM
genistein and 100 uM ambroxol to MPSPS cell cultures either normalized (in the case of EEA1
and Rab7) or improved (in the case of Rab5) abundance of endosomal marker proteins (Figures
8 and 10-14). These results confirmed again that by elevating levels of the p.Arg200Pro variant
of VPS33A, genistein and ambroxol can significantly improve endosomal trafficking which
promotes effective lysosomal degradation of GAGs (and perhaps other compounds), otherwise

stuck in endosomes of MPSPS cells.

3.4. Changes in the actin cytoskeleton in MPSPS cells and effects of genistein and ambroxol

Although absolute levels of B-actin did not vary significantly between MPSPS and control
fibroblasts (Figure 10), it was demonstrated recently that the organization of cytoskeleton was
impaired in the mutant cells, as estimated by ineffective formation of F-actin filaments (Cyske
et al. 2025). Here, we confirmed this cellular deficiency, but also demonstrated that cultivation
of MPSPS cells in the presence of 50 uM genistein and 100 uM ambroxol could restore normal
morphology of these structures (Figure 15). Therefore, it appears that defective endosomal
trafficking might indirectly result also in formation of abnormally changed actin cytoskeleton,
which could be corrected by genistein and ambroxol. This explanation seems plausible as F-
actin (actin filaments) could be demonstrated to be involved in various steps of endosomal
trafficking (Capitani et al. 2021), thus, a considerable interplay between them in MPSPS cells
appears likely.

3.5. The autophagy marker LC3-1I in MPSPS cells

It was demonstrated recently that levels of the autophagy marker, the form II of the LC3
protein (called LC3-II), is elevated in MPSPS caused by the ¢.599G>C (p.Arg200Pro) variant
of VPS334 (Cyske et al. 2025), while the autophagy process appeared unchanged in cells
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bearing the homozygous ¢.1492C>T (p.Arg498Trp) variant (though it was significantly
impaired in cells of VPS33A4 knock-out mice) (Terawaki et al. 2025). Since both genistein and
ambroxol were reported previously as autophagy stimulators (Pierzynowska et al. 2018; Choi

et al. 2018), we investigated if these compounds can modulate levels of the autophagy marker.

Using Western-blotting, we found that 50 uM genistein and 100 uM ambroxol considerably
elevated levels of LC3-II in MPSPS cells bearing the ¢.599G>C (p.Arg200Pro) allele of
VPS334 in a homozygous configuration, suggesting that autophagy is efficiently stimulated in
these cells (Figure 16). Since lysosomal degradation is crucial for eliminating the storage
material from MPSPS cells (see Section 3.2), we suggest that stimulation of autophagy by
genistein and ambroxol might be an additional advantage in treatment of the disease by these

compounds.

4. Conclusions

Genistein and ambroxol have been demonstrated to elevate levels of the p.Arg200Pro
variant of VPS33A (most probably through reduction of proteasomal and ERAD activities)
which are otherwise severely lowered in MPSPS cells. This increase in VPS33A abundance
leads to improved endosomal trafficking and more effective delivery of cargo (including GAGs)
to lysosomes, allowing efficient degradation of the storage material. Moreover, secondary
cellular defects, like disturbed formation of actin microfilaments (F-actin), can be normalized
after treatment with genistein and ambroxol. Autophagy stimulation by these compounds might
be an additional advantage, leading to more efficient elimination of accumulated GAGs (and
perhaps other macromolecules). Despite some limitations of this study, including the use of
only a cellular model and employing fibroblasts bearing only one of two known pathogenic
variants of V'SP334 causing MPSPS (due to poor availability of biological material arising from
an extremely low number of patients), results presented in this work indicate that the use of
genistein and ambroxol (especially a mixture of these molecules) might be effective in
eliminating cellular defects occurring in MPSPS. Therefore, we suggest that further studies
focused on assessing efficacy of this therapeutical approach in in vivo tests with animal
model(s) and in clinical trials are substantiated, especially because safety of long-term use of

both genistein and ambroxol was previously confirmed in trials with patients.
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FIGURE LEGENDS

Figure 1. Relative viability of MPSPS fibroblasts (A) and abundance of VPS33A (B) and
VPS16 (C) proteins in these cells, either untreated or treated with 0.1% DMSO (solvent for
genistein), 50 uM genistein (G50), 100 uM ambroxol (AMB100) or a mixture of these two
compounds (G50+AMB100) for 24 h. The viability of cells (A) was assessed in the MTT test,
and levels of proteins (B and C) were estimated by Western-blotting (representative results are
shown in upper parts of panels; total protein module was used as a loading control), with
quantification performed using densitometry (lower panel). The quantitative results are
presented as mean values from 3 independent experiments, with error bars indicating SD. The
mean value obtained for control cells was considered as 100% (A) or 1 (B and C), and other
values reflect these values. Statistically significant differences (p<0.05) are indicated by
asterisks (*) - relative to control cells; hashtags (#) - to untreated MPSPS cells, dollar
symbols ($) - to MPSPS cells treated with genistein; and ampersand (&) - to MPSPS cells

treated with ambroxol.

Figure 2. Abundance of the VPS33A protein in control and MPSPS fibroblasts either
untreated or treated with 0.1% DMSO (solvent for genistein), 50 uM genistein (G50), 100 uM
ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100) as estimated by
fluorescence microscopy using VPS33A-specific antibody (representative results are shown in
upper panel; bars represent 10 um), with quantification performed using a software provided
by the microscope manufacturer (lower panel). At least 100 cells were analyzed in each
experimental variant. The quantitative results are presented as mean values from 3
independent experiments, with error bars indicating SD. The mean value obtained for control
cells was considered as 1, and other values reflect this value. Statistically significant
differences (p<0.05) are indicated by asterisks (*) - relative to control cells; hashtags (#) - to
untreated MPSPS cells, dollar symbol ($) - to MPSPS cells treated with genistein; and
ampersand (&) - to MPSPS cells treated with ambroxol.

Figure 3. Abundance of the VPS16 protein in control and MPSPS fibroblasts either untreated
or treated with 0.1% DMSO (solvent for genistein), 50 uM genistein (G50), 100 uM
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ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100) as estimated by
fluorescence microscopy using VPS33A-specific antibody (representative results are shown in
upper panel; bars represent 10 um), with quantification performed using a software provided
by the microscope manufacturer (lower panel). At least 100 cells were analyzed in each
experimental variant. The quantitative results are presented as mean values from 3
independent experiments, with error bars indicating SD. The mean value obtained for control
cells was considered as 1, and other values reflect this value. Statistically significant
differences (p<0.05) are indicated by asterisks (*) - relative to control cells; hashtags (#) - to
untreated MPSPS cells, dollar symbol ($) - to MPSPS cells treated with genistein; and
ampersand (&) - to MPSPS cells treated with ambroxol.

Figure 4. Levels of heparan sulfate (HS) in control and MPSPS fibroblasts either untreated
(A) or treated with 0.1% DMSO (solvent for genistein), 50 uM genistein (G50), 100 uM
ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100) (B); in addition,
in some experiments, chloroquine (ChQ) was added to 10 uM. The HS abundance was
estimated by dot-blotting (representative results are shown), with quantification performed
using densitometry (panels with columns). The quantitative results are presented as mean
values from 3 independent experiments, with error bars indicating SD. The mean values
obtained for either control cells (upper panel) or untreated MPSPS cells (lower panel) were
considered as 1, and other values reflect these values. In panel B, the horizontal line
represents the value obtained for control (healthy) cells, as assessed in the experiment shown
in panel A. Statistically significant differences (p<0.05) are indicated by asterisks (*) - relative
to control (A) or untreated MPSPS (B) cells; hashtags (#) - to untreated MPSPS cells, dollar
symbol ($) - to MPSPS cells treated with genistein; and ampersand (&) - to MPSPS cells

treated with ambroxol.

Figure 5. Levels of heparan sulfate (HS), abundance of lysosomes (LYSO), and their
colocalization in control and MPSPS fibroblasts either untreated or treated with 0.1% DMSO
(solvent for genistein), 50 uM genistein (G50), 100 uM ambroxol (AMB100) or a mixture of
these two compounds (G50+AMB100) as estimated by fluorescence microscopy using HS-

specific antibody and Lyso-Tracker. Representative results are shown; bars represent 10 pum.
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Figure 6. Quantification of heparan sulfate (HS) levels (A), abundance lysosomes’ (B), and
their colocalization (C) in control and MPSPS fibroblasts either untreated or treated with
0.1% DMSO (solvent for genistein), 50 uM genistein (G50), 100 uM ambroxol (AMB100) or
a mixture of these two compounds (G50+AMB100), estimated by fluorescence microscopy as
shown in Figure 5. The analyses were performed using a software provided by the microscope
manufacturer. At least 100 cells were analyzed in each experimental variant. The quantitative
results are presented as mean values from 3 independent experiments, with error bars
indicating SD. Statistically significant differences (p<0.05) are indicated by asterisks (*) -
relative to control cells; hashtags (#) - to untreated MPSPS cells, dollar symbol ($) - to
MPSPS cells treated with genistein; and ampersand (&) - to MPSPS cells treated with

ambroxol.

Figure 7. Colocalization of heparan sulfate (HS) and LAMP?2 in control and MPSPS
fibroblasts either untreated or treated with 0.1% DMSO (solvent for genistein), 50 uM
genistein (G50), 100 uM ambroxol (AMB100) or a mixture of these two compounds
(G50+AMBI100) as estimated by fluorescence microscopy using HS- and LAMP2-specific
antibodies (representative results are shown in upper panel; bars represent 10 um), with
quantification performed using a software provided by the microscope manufacturer (lower
panel). At least 100 cells were analyzed in each experimental variant. The quantitative results
are presented as mean values from 3 independent experiments, with error bars indicating SD.
Statistically significant differences (p<0.05) are indicated by asterisks (*) - relative to control
cells; hashtag (#) - to untreated MPSPS cells, dollar symbol ($) - to MPSPS cells treated with

genistein; and ampersand (&) - to MPSPS cells treated with ambroxol.

Figure 8. Abundance of the EEA1 protein and its colocalization with heparan sulfate (HS) in
control and MPSPS fibroblasts either untreated or treated with 0.1% DMSO (solvent for
genistein), 50 uM genistein (G50), 100 uM ambroxol (AMB100) or a mixture of these two
compounds (G50+AMB100) as estimated by fluorescence microscopy using EEA1- and HS-
specific antibodies (representative results are shown in upper panel; bars represent 10 um),
with quantification performed using a software provided by the microscope manufacturer
(lower panels). At least 100 cells were analyzed in each experimental variant. The quantitative

results are presented as mean values from 3 independent experiments, with error bars
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indicating SD. Statistically significant differences (»<0.05) are indicated by asterisks (*) -
relative to control cells; hashtag (#) - to untreated MPSPS cells, dollar symbol ($) - to
MPSPS cells treated with genistein; and ampersand (&) - to MPSPS cells treated with

ambroxol.

Figure 9. Colocalization of heparan sulfate (HS) and LAMP1 in control and MPSPS
fibroblasts either untreated or treated with 0.1% DMSO (solvent for genistein), 50 uM
genistein (G50), 100 uM ambroxol (AMB100) or a mixture of these two compounds
(G50+AMB100) as estimated by fluorescence microscopy using HS- and LAMP1-specific
antibodies (representative results are shown in upper panel; bars represent 10 pum), with
quantification performed using a software provided by the microscope manufacturer (lower
panel). At least 100 cells were analyzed in each experimental variant. The quantitative results
are presented as mean values from 3 independent experiments, with error bars indicating SD.
Statistically significant differences (p<0.05) are indicated by asterisks (*) - relative to control
cells; hashtag (#) - to untreated MPSPS cells, dollar symbol ($) - to MPSPS cells treated with
genistein; and ampersand (&) - to MPSPS cells treated with ambroxol.

Figure 10. Abundance of the EEA1 protein in control and MPSPS fibroblasts either untreated
or treated with 0.1% DMSO (solvent for genistein), 50 uM genistein (G50), 100 uM
ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100) as estimated by
Western-blotting (representative results are shown in upper panel; B-actin was used as a
loading control), with quantification performed using densitometry (lower panel). The
quantitative results are presented as mean values from 3 independent experiments, with error
bars indicating SD. The mean value obtained for control cells was considered as 1, and other
values reflect this value. Statistically significant differences (p<0.05) are indicated by
asterisks (*) - relative to control cells; hashtags (#) - to untreated MPSPS cells, dollar symbol
($) - to MPSPS cells treated with genistein; and ampersand (&) - to MPSPS cells treated with

ambroxol.
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Figure 11. Abundance of the Rab7 protein in control and MPSPS fibroblasts either untreated
or treated with 0.1% DMSO (solvent for genistein), 50 uM genistein (G50), 100 uM
ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100) as estimated by
Western-blotting (representative results are shown in upper panel; total protein module was
used as a loading control), with quantification performed using densitometry (lower panel).
The quantitative results are presented as mean values from 3 independent experiments, with
error bars indicating SD. The mean value obtained for control cells was considered as 1, and
other values reflect this value. Statistically significant differences (p<0.05) are indicated by
asterisks (*) - relative to control cells; hashtags (#) - to untreated MPSPS cells, dollar symbol
($) - to MPSPS cells treated with genistein; and ampersand (&) - to MPSPS cells treated with

ambroxol.

Figure 12. Abundance of the Rab7 protein in control and MPSPS fibroblasts either untreated
or treated with 0.1% DMSO (solvent for tested compounds), S0 uM genistein (G50), 100 uM
ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100) as estimated by
fluorescence microscopy using Rab7-specific antibody (representative results are shown in
upper panel; bars represent 10 um), with quantification performed using a software provided
by the microscope manufacturer (lower panel). At least 100 cells were analyzed in each
experimental variant. The quantitative results are presented as mean values from 3
independent experiments, with error bars indicating SD. The mean value obtained for control
cells was considered as 1, and other values reflect this value. Statistically significant
differences (p<0.05) are indicated by asterisks (*) - relative to control cells; hashtags (#) - to
untreated MPSPS cells, dollar symbol ($) - to MPSPS cells treated with genistein; and
ampersand (&) - to MPSPS cells treated with ambroxol.

Figure 13. Abundance of the Rab5 protein in control and MPSPS fibroblasts either untreated
or treated with 0.1% DMSO (solvent for tested compounds), 50 uM genistein (G50), 100 uM
ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100) as estimated by
Western-blotting (representative results are shown in upper panel; total protein module was
used as a loading control), with quantification performed using densitometry (lower panel).
The quantitative results are presented as mean values from 3 independent experiments, with

error bars indicating SD. The mean value obtained for control cells was considered as 1, and
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other values reflect this value. Statistically significant differences (p<0.05) are indicated by
asterisks (*) - relative to control cells; hashtag (#) - to untreated MPSPS cells, dollar symbol
($) - to MPSPS cells treated with genistein; and ampersand (&) - to MPSPS cells treated with

ambroxol.

Figure 14. Abundance of the Rab5 protein in control and MPSPS fibroblasts either untreated
or treated with 0.1% DMSO (solvent for genistein), 50 uM genistein (G50), 100 uM
ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100) as estimated by
fluorescence microscopy using Rab5-specific antibody (representative results are shown in
upper panel; bars represent 10 um), with quantification performed using a software provided
by the microscope manufacturer (lower panel). At least 100 cells were analyzed in each
experimental variant. The quantitative results are presented as mean values from 3
independent experiments, with error bars indicating SD. The mean value obtained for control
cells was considered as 1, and other values reflect this value. Statistically significant
differences (p<0.05) are indicated by asterisks (*) - relative to control cells; hashtag (#) - to
untreated MPSPS cells, dollar symbol ($) - to MPSPS cells treated with genistein; and
ampersand (&) - to MPSPS cells treated with ambroxol.

Figure 15. Actin microfilaments (F-actin) in control and MPSPS fibroblasts either untreated
or treated with 0.1% DMSO (solvent for tested compounds), 50 uM genistein (G50), 100 uM
ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100) as estimated by
fluorescence microscopy using actin-specific antibody (representative results are shown in
upper panel; bars represent 10 um), with quantification of fluorescence signals performed
using a software provided by the microscope manufacturer (lower panel). At least 100 cells
were analyzed in each experimental variant. The quantitative results are presented as mean
values from 3 independent experiments, with error bars indicating SD. The mean value
obtained for control cells was considered as 1, and other values reflect this value. Statistically
significant differences (p<0.05) are indicated by asterisks (*) - relative to control cells; and

hashtag (#) - to untreated MPSPS cells.
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Figure 16. Abundance of the LC3-II protein in control and MPSPS fibroblasts either
untreated or treated with 0.1% DMSO (solvent for tested compounds), 50 uM genistein
(G50), 100 uM ambroxol (AMB100) or a mixture of these two compounds (G50+AMB100)
as estimated by Western-blotting (representative results are shown in upper panel; 3-actin was
used as a loading control), with quantification performed using densitometry (lower panel).
The quantitative results are presented as mean values from 3 independent experiments, with
error bars indicating SD. The mean value obtained for control cells was considered as 1, and
other values reflect this value. Statistically significant differences (p<0.05) are indicated by
asterisks (*) - relative to control cells; hashtags (#) - to untreated MPSPS cells, dollar symbol
($) - to MPSPS cells treated with genistein; and ampersand (&) - to MPSPS cells treated with

ambroxol.
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