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Streszczenie

Hiperhomocysteinemia to patologiczny stan organizmu w ktérym dochodzi do akumulacji
homocysteiny we krwi. Hiperhomocysteinemia wynika z niedoboru kwasu foliowego i witamin
Bs, Bi2, lub mutacji w genach kodujacych enzymy metabolizujace homocysteing.
Homocysteina jest metabolizowana do cyklicznego tioestru - tiolaktonu homocysteiny
szczegdlnie w organizmach z defektami genetycznymi wystepujacymi w enzymach
metabolizmu homocysteiny lub niedoborem witamin z grupy B. Tiolakton homocysteiny jest
wysoce reaktywny i1 poprzez modyfikacje e-aminowej grupy lizyny w reakcji zwanej

N-homocysteinylacjg wplywa na strukture i zaburzenie funkcji modyfikowanego bialka.

Wykazano, ze hiperhomocysteinemia jest ryzykiem wielu choréb w tym chordb
neurodegeneracyjnych. Choroba Alzheimera jest gtowna przyczyna otgpienia umystowego
u osob starszych. Glowne przyczyny rozwoju tej choroby to akumulacja amyloidu beta oraz
fosforylowanego bialka tau. Jednocze$nie u chorych wykazano aktywacje szlaku sygnatowego
mTOR, ktory hamuje proces autofagii. W procesie autofagii usuwane sg uszkodzone organelle
komoérkowe oraz biatka w tym nagromadzony amyloid beta i fosforylowany tau. Molekularny

mechanizm aktywacji mTOR oraz zahamowania autofagii nie zostat w petni poznany.

Badania wskazuja, ze w modzgach oséb cierpigcych na chorobe Alzheimera poziom
homocysteiny jest podwyzszony oraz obnizona jest aktywno$¢ enzymow hydrolizujacych
tiolakton homocysteiny - paraoksonazy 1 oraz hydrolazy bleomycyny. Dodatkowo wykazano,
ze hiperhomocysteinemia prowadzi do aktywacji mTOR oraz zahamowania autofagii. Pomimo
licznych badah mechanizm dziatania hiperhomocysteinemii na rozwdj choroby Alzheimera nie

zostal w pelni poznany.

Celem niniejsze] rozprawy doktorskiej byta analiza wplywu defektow genetycznych
w metabolizmie tiolaktonu homocysteiny na chorobe Alzheimera poprzez epigenetyczny
mechanizm regulacji ekspresji mTOR oraz procesu autofagii w nowych mysich modelach

choroby Alzheimera.



Abstract

Accumulation of homocysteine in our body is known as hyperhomocysteinemia. It results from
insufficient dietary intake of vitamin Bs, Biz, folic acid or mutations in homocysteine
metabolism related genes. Accumulated homocysteine is metabolized to thioester
homocysteine thiolactone. Homocysteine thiolactone is highly reactive and modifies e-amino
group of a protein Lys residue in a reaction known as N-homocysteinylation. Protein

N-homocysteinylation can affect protein structure and impair protein function.

Hyperhomocysteinemia is a risk factor for many diseases, including neurodegenerative diseases
such as Alzheimer's disease, the leading cause of dementia in the elderly. Alzheimer's disease
is caused by accumulation of amyloid beta and phosphorylated tau proteins and is characterized
by upregulation of the mTOR signaling pathway, which leads to autophagy inhibition.
Autophagy is a multi-step process in which damaged organelles and proteins, including amyloid
beta and phosphorylated tau, are removed. Molecular mechanisms of mTOR activation and

autophagy inhibition remain to be fully elucidated.

Homocysteine level is elevated while the activity of homocysteine metabolism related enzymes
such as paraoxonase 1 and bleomycin hydrolase are lowered in brains of Alzheimer’s disease
patients. In addition, hyperhomocysteinemia leads to mTOR activation and autophagy
inhibition. The mechanism by which hyperhomocysteinemia leads to Alzheimer’s disease is

still not fully understood.

The overall goal of the present thesis was to examine mechanisms by which genetic deficiencies
in homocysteine thiolactone metabolism can lead to Alzheimer's disease, focusing on an
epigenetic mechanism of mTOR activation and autophagy inhibition in novel mouse models of

Alzheimer's disease.



1.Wprowadzenie

1.1 Homocysteina

Homocysteina (Hcy) jest niebialkowym aminokwasem, bedacym uniwersalnym produktem
posrednim szlakow metabolicznych dwoch aminokwasdéw: metioniny oraz cysteiny. Roznica
strukturalna budowy Hcy w porownaniu do metioniny to brak grupy metylowej. Natomiast
w porownaniu do struktury cysteiny, Hcy wyr6znia si¢ posiadaniem dodatkowej grupy
metylenowej (1, 2). Metionina, dostarczana w pokarmie i uwolniona w procesie trawienia
biatek, jest wykorzystywana do biosyntezy nowych biatek lub syntezy S-adenozylo-metioniny
(SAM), uniwersalnego donora grup metylowych wykorzystywanych w reakcjach metylacji.
W ramach tych reakcji, SAM jest przeksztalcany do S-adenozylo-homocysteiny, ktora
nastepnie ulega reakcji hydrolizy do Hcy oraz adenozyny. Syntaza metioniny, ktorej
kofaktorem jest witamina B> wykorzystujaca 5-10-metylenotetrahydrofolian jako donor grup
metylowych przeprowadza proces remetylacji Hcy do metioniny. Remetylacja metioniny
zachodzi rowniez przy udziale metylotrasnferazy betainowo-homocysteinowej, w ktorej

donorem grup metylowych jest betaina.

W watrobie, nerkach, trzustce oraz w jelicie cienkim Hcy ulega dwuetapowej reakcji
transsulfurylacji do cysteiny. W pierwszym etapie homocysteina aczy si¢ z seryng w reakcji
katalizowanej przez syntaze [-cystationiny (ang. cystathionine B-synthase, Cbs), ktorej
kofaktorem jest witamina Bs. W drugim etapie, powstata cystationina jest przeksztalcana do

cysteiny oraz a-ketomaslanu w reakcji katalizowanej przez y-liaz¢ cystationiny.

Ze wzgledu na podobienstwo strukturalne do metioniny, Hcy jest substratem syntetazy
metionylo-tRNA w reakcji syntezy aminoacylo adenylanu lecz nie w reakcji aminoacylacji
tRNA. Mechanizm korekcyjny syntetazy metionylo-tRNA, w wyniku ktérego z Hcy~AMP
powstaje cykliczny tioester - tiolakton homocysteiny (HTL), zapobiega wbudowaniu Hcy do
syntetyzowanego biatka. HTL jest usuwany poprzez enzymatyczng hydrolize do Hcy
w reakcjach katalizowanych przez trzy tiolaktonazy: hydrolaze bleomycyny (ang. Bleomycin
hydrolase, Blmh), paraoskonaz¢ 1 (ang. Paraoxonase 1, Ponl) i1 biatko podobne do hydrolazy
biphenylu (ang. Biphenyl hydrolase like, Bphl) oraz poprzez wydalanie z moczem (1).
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1.2 Hiperhomocysteinemia

Akumulacja Hey we krwi (>15uM) zwana hiperhomocysteinemig (HHcy) to patologiczny stan
organizmu, ktory jest czynnikiem ryzyka wielu chordb. Podwyzszony poziom Hcy wynika
z mutacji wystgpujacych w genach kodujacych enzymy zwigzane z metabolizmem Hcy na
drodze remetylacji i transsulfurylacji, niedoborem witamin Bs, Bi2, niedoborem kwasu
foliowego lub dietg bogatag w metionine. Wykazano, ze HHcy przyczynia si¢ do rozwoju wielu
chorob w tym: raka (3), uktadu krazenia (4), udaru (5), oczu (6), komplikacji ciazy (7) czy
chorob neurodegeneracyjnych w tym choroby Alzheimera (AD) (8, 9).

Wykazano, ze obnizenie poziomu HHcy u pacjentéw w mlodym wieku z opoznieniem
umyslowym oraz wysokim poziomem Hcy przyczynia si¢ do poprawy stanu zdrowia tych
pacjentow (10). Inne dane wskazuja, ze obnizenie poziomu Hcy poprzez suplementacje
witaminami z grupy B (program FACIT trail) spowalnia: zanik pamigci, upos$ledzenie
sensomotorycznej szybkosci, problemy z przetwarzaniem wiadomosci oraz zaburzenia funkcji
poznawczych (11). W innej probie badawczej (VITACOG) wykazano, ze 2-letnia terapia
witaminami z grupy B przyczynia si¢ do zahamowania atrofii mézgu w rejonie istoty szarej
(region moézgu podatny na rozwdj choroby Alzheimera) oraz utraty funkcji poznawczych
poprzez obnizenie poziomu Hey u pacjentdéw, u ktérych na poczatku badania byt podwyzszony
poziom Hcey (12, 13). Pomimo licznych badan doktadny mechanizm dziatania HHcy na rozwdj

chor6b neurodegeneracyjnych nie zostat jednak poznany.

1.3 Tiolakton homocysteiny

HTL powstaje w reakcji korekcyjnej wynikajacej poprzez btgdne rozpoznanie Hcy przez
syntetaz¢ aminoacylo-tRNA. Syntetaza tRNA rozpoznaje aminokwas, ktory przeksztatcany jest
do aminoacyloadenylanu, bedacego produktem posrednim reakcji aminoacylacji, ktory
nastepnie jest przenoszony na tRNA. Istnieja dwa mechanizmy korekcyjnie zapobiegajace
btednie rozpoznanemu aminokwasu wprowadzenie do sekwencji biatka. Pierwsza reakcja
korekcyjna (pre-transfer) polega na hydrolizie btgdnie powstalego aminoacyloadenylanu.

Druga reakcja korekcyjna (post-transfer) polega na hydrolizie btgdnie zaladowanego tRNA.

Syntetaza metionylo-tRNA, leucyno-tRNA oraz izolecyno-tRNA btednie rozpoznaja Hey ze
wzgledu na strukture podobna do metioniny, leucyny i izoleucyny (14). W wyniku blednie
rozpoznane] Hcy powstaje adenylan homocysteiny (Hcy~AMP), ktory w ramach reakcji
korekcyjnej jest usuwany. W procesie tym, boczny tancuch tiolowy wypiera AMP
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z aktywowanej grupy karboksylowej Hcy tworzac tiolakton homocysteiny — cykliczny tioester
(15). Badania wykazaly, ze powstawanie HTL zachodzi we wszystkich zywych organizmach
w tym u ludzi oraz, ze jest to jedyny poznany mechanizm biosyntezy tiolaktonu (14,16—18).
W osoczu zdrowych organizmow, HTL wystepuje w zakresie od ponizej nanomolarnego do
nanomolarnego. W moczu poziom ten jest ok. 100 krotnie wyzszy co wskazuje, ze usuwanie
HTL nastepuje w nerkach (19). Kilkudziesieciu krotne podwyzszone poziomy HTL sg skutkiem
mutacji w genach kodujacych enzymy metabolizujace homocysteing lub hydrolizujace

tiolakton homocysteiny.

Wykazano, ze podwyzszone poziomy HTL sg toksyczne zarowno w badaniach in-vitro jak i in-
vivo. Ludzkie komoérki $rodbtonka (ang. human umbilical vein endothelial cells, HUVEC:)
traktowane HTL w stezeniu 50-200 uM przez 24 h wkraczaly na proces apoptozy (20). Inne
badania wskazuja, ze HTL indukuje apoptozg, stres siateczki $rodplazmatycznej czy szlak
adaptacyjnej odpowiedzi na stres (ang. unfolded protein response, UPR) w trofoblastach,
komorkach promielodialncyh oraz komoérkach nablonkowych siatkowki (21-23). Wykazano
réwniez, ze HTL blokuje fosforylacj¢ kinazy syntazy glikogenu 3 (ang. Glycogen synthase
kinase 3, GSK-3) oraz kinazy p70-S6k aktywowanych przez kinaz¢ aktywowane mitogenami
(ang. mitogen-activated protein kinases, MAPK) (24, 25). Dodatek HTL do diety powoduje
rozw0j miazdzycy u pawianow i szczurow (26, 27). Dootrzewnowe wstrzykniecie toksycznych
dawek HTL powoduje drgawki oraz $mier¢ myszy i szczurow (28-30). Wykazano, ze myszy

z deficytem Ponl lub Blmh sg bardziej wrazliwe na toksyczne dawki HTL (31, 32).

1.4 Reakcja N-homocysteinylacji

Po powstaniu HTL energia z bezwodnikowego wigzania Hcy~AMP zostaje zachowana
w wewnatrzczasteczkowym wigzaniu tioestrowym tiolaktonu. W warunkach fizjologicznych
HTL jest wysoce reaktywny i modyfikuje e-aminowe grupy lizyny w reakcji zwanej
N-homocysteinylacja. Skutkuje to wprowadzeniem Hcy do biatka i utworzeniem N-Hcy-biatek

(33, 34). Ilos¢ zmodyfikowanych lizyn jest zalezna od st¢zenia HTL.

W 1997 roku postawiono hipoteze toksycznosci HHcey (33, 34) wskazujaca, ze konwersja Hey
do HTL a nastgpnie N-homocysteinylacja biatek inicjuje zmiany patologiczne poprzez
zaburzenie szlakow metabolicznych. N-Hcy-biatka z czasem mogg akumulowaé

1 aktywowac procesy chorobotworcze, odpowiedZ autoimmunologiczng, toksyczno$¢ komorek,
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stres oksydacyjny, stres siateczki $rodplazmatycznej oraz biedne faldowanie, agregacje

i tworzenie form amyloidowych biatek (33-36).

1.5 N-Hcy-bialka

[lo§¢ N-Hcy-biatka powstatego w reakcji N-homocysteinylacji jest zalezna od stezenia HTL.
[lo$¢ zmodyfikowanych lizyn w czgsteczce biatka jest zalezna od ilosci lizyn, struktury oraz
wielko$ci modyfikowanego biatka (35, 37, 38). Okolo pi¢cio krotnie wyzsze poziomy N-Hcy-
biatek zostaly wykazane u pacjentéow z mutacjami w genie CBS lub reduktazy
metylenotetrahydrofolianu (ang. Methylenetetrahydrofolate reductase, MTHFR) (39).
Podwyzszone poziomy N-Hcy-biatek wykazano rowniez u myszy z deficytem Cbs, Ponl oraz

Blmh (1, 2).

1.6 Paraoksonaza 1

Ponl jest zewnatrzkomorkowym enzymem syntetyzowanym w watrobie. Wystepuje gtownie
w krwiobiegu jako sktadnik frakcji lipoprotein o wysokiej gestosci (HDL) (40). W mniejszych
ilosciach wystepuje w watrobie, nerkach, jelicie grubym oraz moézgu (41). Nazwa enzymu
wzigta si¢ od jednej z jego aktywnosci, detoksyfikacji paraoksonu — fosforanu organicznego.
Podzniejsze badania z uzyciem kultur komérkowych wykazaty aktywno§¢ HTazy (hydrolizy

HTL do Hcy) (42).

Aktywnos$¢ PONI jest determinowana przez naturalnie wystepujacg zmienno$¢ genetyczng
(43). Wykazano, ze osoby posiadajace genotyp zwiagzany z wyzsza aktywnosciag PON1 szybciej
hydrolizuja HTL w surowicy krwi co skutkuje akumulacja Hcy 1 mniejsza iloscig N-Hcy-biatek
(42). U myszy, Ponl wykazuje wlasciwos$ci chronigce przed rozwojem miazdzycy wywotane
przez diet¢ wysokotluszczowg oraz zwigzang z polimorfizmem genu apolipoproteiny E (42,
43). Wiasciwosci te moga wynika¢ z funkcji antyoksydacyjnych enzymu lub zdolnos$ci

hydrolizy HTL.

Zaobserwowano, ze aktywnos¢ PONI1 jest nizsza u ludzi cierpigcych na chorobe Alzheimera
w pordwnaniu do zdrowych pacjentéw (44, 45). U pacjentdw z tagodnymi zaburzeniami funkcji
poznawczych, aktywno$¢ PONI jest skorelowana z zaburzeniami funkcji poznawczych,

szybkoscig przetwarzania informacji oraz probleméw z mowg (48).
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Immunobrawienie Ponl w mysim modelu AD (Tg2576) wykazato kolokalizacje enzymu ze
ztogami amyloidu beta (AB) (49). Badania m6zgéw myszy z deficytem genu Ponl wykazaly
podwyzszony poziom biatka klasteryny transportujacego amyloid beta oraz zaburzenia
procesoOw zwigzanych z homeostazg mézgu co wskazuje, ze Ponl odgrywa wazng role

w prawidlowym funkcjonowanie mézgu poprzez zahamowanie akumulacji AP (50).

1.7 Hydrolaza bleomycyny

Blmh jest wewnatrzkomorkowa proteza cysteinowa, ktdra oprocz hydrolizy HTL, deaminuje
lek przeciwnowotworowy — bleomycyne (51). Wystepuje gtownie w jadrach, migsniach
szkieletowych, trzustce oraz m6zgu. U myszy z deficytem Blmh na diecie wysokometioninowej

wykazano wigksze poziomy HTL wydalanego w moczu w poréwnaniu do myszy typu dzikiego

31).

Badania mozgéow myszy Blmh”~ wykazaly zaburzenia plastycznoéci synaps, podziatdw
komoérkowych, metabolizmu energetycznego czy dynamiki cytoszkieletu w poréwnaniu do
myszy typu dzikiego (52). Deficyt Blmh prowadzi do astroglejozy (53) i akumulacji HTL
w mozgu myszy co wskazuj¢ na role¢ Blmh w utrzymaniu homeostazy mézgu (32). Blmh
uczestniczy w przetwarzaniu prekursorowego biatka amyloidu (ang. amyloid precursore
protein, APP) do AP jak i w przetwarzaniu N-konca biatka huntingtyny ulegajacego
zaburzeniom w chorobie Huntingtona (54). W mozgach ludzkich, BLMH wystepuje
w neuronach kory nowej oraz w dystroficznych neurytach blaszek starczych (55). U ludzi z AD
zaobserwowano obnizong aktywno$¢ BLMH (56). Niektore badania wskazuja, ze polimorfizm
genu BLMH (substytucja 1433V) jest powigzany ze zwigkszonym ryzykiem zachorowania na
AD (56, 57).

1.8 Syntaza f-cystationiny

Cbs jest pierwszym enzymem na drodze przeksztalcania Hcy w cysteing na drodze
transsulfurylacji. Syntetyzowany jest w mdzgu, watrobie 1 trzustce. Aktywno$¢ enzymu jest
zalezna od witaminy Be oraz od polimorfizmu genetycznego. Obnizona aktywnos$¢ CBS u ludzi
prowadzi do akumulacji Hcy co nastgpnie skutkuje zmianami miazdzycowych oraz
op6znieniem umystowym objawiajacym si¢ problemami z nauka czy nizszym poziomem

ilorazu inteligencji (58, 59).

14



Myszy z deficytem genu Cbs wykazuja zaburzenia funkcji poznawczych, problemy z uczeniem
si¢ oraz zaburzenia pamigci (60, 61). W poréwnaniu do myszy typu dzikiego, myszy
z deficytem Cbs wykazuja podwyzszony poziom 5-lipoksygenazy, ktéra jest podwyzszona
u ludzi z AD (63). Dodatkowo w zakrecie zebatym hipokampu myszy Chs” wykazano
podwyzszony poziom AP oraz fosforylowanego biatka tau jak i dwukrotnie wigksza

neurodegeneracje neuronow (64).

1.9 Kinaza serynowo-treoninowa mTOR

Ssaczy cel rapamycyny (ang. mammalian target of rapamycin, mTOR) peini wazng role
w prawidtowym funkcjonowaniu organizmu poprzez kontrolowanie: podzialdw i roznicowania
komorek, translacji, transkrypcji, metabolizmu energetycznego, odpowiedzi na stres,
degradacji bialek oraz procesu autofagii (64, 65). Aktywacja mTOR jest zalezna od wielu
czynnikow takich jak: dostepno$¢ czynnikéw wzrostu i hormonoéw, glodu, stanu

energetycznego komorki, wirusow oraz innych zewnatrzkomorkowych czynnikow stresu.

mTOR wystepuje w dwoch kompleksach biatkowych mTORC1 i mTORC2, ktére réznig si¢
petnionymi funkcjami, oraz biatkami tworzacymi kompleksy (64, 66). W sktad mTORC1
wchodzi kinaza mTOR, mLST8/GBLm Raprot, Pras40. Kompleks mTORCI1 reguluje
autofagie, podziaty komérkowe, wzrost komorek poprzez aktywacje kinazy rybosomalnej S6
oraz bialka wigzacego eukariotyczny czynnik inicjacji translacji 4E (4E-BPI1), ktore
odpowiadaja za translacj¢ mRNA 1 syntez¢ bialek rybosomalnych. Miara aktywnosci
kompleksu mTORC1 jest fosforylacja seryny 2448 biatka mTOR. W sktad kompleksu
mTORC2 wchodzg nastepujace biatka: mTOR, Rictor, mSinl, mLST8, oraz Protor. Kompleks
ten odpowiada za organizacj¢ cytoszkieletu komorki. Miarg aktywnosci kompleksu mTORC2

jest fosforylacja seryny 2481 biatka mTOR (68).

Deregulacja szlaku sygnalowego mTOR jest przyczyng wielu choréb w tym stwardnienia
guzowatego, zespotu tamliwego chromosomu X oraz choroby Alzheimera (68, 69).
U pacjentow z AD wykazano podwyzszony poziom mTOR oraz podwyzszony poziom
fosforylowanej kinazy rybosomalnej S6 w porownaniu do os6b zdrowych (70, 71). Badania
posmiertne mozgow wykazaty rowniez, ze poziom fosforylacji kinazy rybosomalnej S6 jest

pozytywnie skorelowany z iloscig fosforylowanego biatka tau (71).

Badania z mysimi modelami Alzheimera wskazuja, ze wyzsze poziomy mTOR sg skorelowane

z iloScig amyloidu beta (71). Wykazano roéwniez, ze w mysich modelach stwardnienia
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guzowatego schorzenia powigzanego z opoOznieniem umyslowym, autyzmem i epilepsja

podwyzszone poziomy mTOR wptywaja negatywnie na proces nauki (73).

1.10 Autofagia

Autofagia z greckiego oznacza samo zjadanie si¢. Wyrdznia si¢ 3 typy autofagii:
makroautofagia, mikroautofagia i autofagia zalezna od chaperonow. Kazdy typ autofagii
prowadzi do proteolitycznej degradacji wybranych sktadnikow komoérki wewnatrz lizosomow

(74). Najlepiej poznanym typem autofagii jest makroautofagia (zwana dalej autofagia).

Proces autofagii rozpoczyna si¢ od izolacji fragmentu membrany =ze siateczki
srédplazmatycznej, aparatu Golgiego lub endosomu. Proces wydzielania fragmentu membrany
zwanego fagoforem jest regulowany przez biatka ULK 1, FIP200 oraz biatka z rodziny genow
zwigzanych z autofagia (ang. autophagy related gene, Atg) - Atgl3, AtglO1 a jego dalsze
formowanie przez Bekling 1 (ang. Beclin-1 Becn-1), Atgl4, VPS15 i VPS34 (74, 75).
Zainicjowany fagofor rozszerza si¢ i otacza agregaty biatkowe, rybosomy czy zuzyte organelle
przeznaczone do degradacji. W procesie transportu do fagoforu selektywnie wybranych biatek
przeznaczonych do degradacji kluczowa role odgrywa biatko p62, oraz lekki tancuch 3 biatka
zwigzanego z mikrotubulami (ang. Microtubule-associated protein light chain 3, LC3).
Cytozolowa forma biatka LC3 (LC3-I), ulega przecigciu przez biatko AtgdB a nastgpnie
potaczeniu z fosfatydyloetanolaming regulowanym przez biatka Atg7, Atg3 oraz kompleks
ztozony z biatek Atgl2-Atg5-Atgl6L. Zmodyfikowana forma LC3 (LC3-II) faczy si¢
Z zewngtrzng oraz wewnetrzng blong fagoforu i oddziatuje z biatkiem p62. Po zlaczeniu sie obu
koncoéw fagoforu powstaje autofagosom, ktéry nastgpnie taczy si¢ z lizosomem tworzac
autolizosom. W autolizosomie dochodzi do proteolitycznej degradacji dostarczonej zawartosci
z autofagosom (77). Produkty degradacji zostaja ponownie uzyte do wytwarzania organelli lub

do proceséw metabolizmu komoérkowego.

Inicjacja procesu autofagii jest odwrotnie skorelowana z aktywnoscia mTORCI1 (78).
Aktywacja mTORCI1 prowadzi do zahamowania tworzenia si¢ fagoforu poprzez oddziatywanie
na kompleks biatek ULK1, Atgl3, Atgl101 1 FIP200 a w rezultacie do zahamowania kolejnych
etapow autofagii (79). Wykazano, ze zaburzenia procesu autofagii odgrywaja role w wielu
chorobach neurodegeneracyjnych w tym chorobie Parkinsona, Huntingtona czy Alzheimera.
Zahamowanie autofagii przyczynia si¢ do nagromadzenia amyloidu beta oraz tau, ktore

stanowig przyczyng rozwoju AD (80).
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1.10 Demetylaza histonowa Phf8

Demetylaza histonowa PHF8 (ang. plant homeodomain finger 8, PHFS8) reguluje ekspresje
genow poprzez usuwanie grup metylowych z modyfikacji histonowych: H4K20mel,
H3K9mel/me2 oraz H3K27me2 (81-84). PHF8 posiada dwie funkcjonalne domeny: JmjC,
ktora katalizuje usuwanie grup metylowych z lizyn oraz domeng¢ biatkowg o strukturze palca
cynkowego (ang. PHD finger) odpowiadajaca za rozpoznawanie tych trzech metylowanych

lizyn w sekwencji histonow (85).

Mutacje genu PHF8 powoduja zaburzenia rozwoju twarzoczaszki charakteryzujace si¢
rozszczepem wargi i/lub podniebienia, nadmiernym dystansem migdzy parzystymi narzgdami
(hipertolyzm), matoglowiem, wydtuzong twarza, opadaniem powiek oraz tagodna asymetrig
twarzy (86—88). Mutacje genu PHFS8 powoduja rdzny stopien uposledzenia umystowego, ktory
objawia si¢ problemami z uczeniem i pamigcia (89). Wyciszenie ekspresji genu PhfS
w kulturach komoérkowych prowadzi do zaburzenia cyklu komoérkowego oraz zaburzenia
procesu réznicowania neuronow (81, 89). Deficyt genu PAf8 u Danio rerio aktywuje apoptoze
komorek nerwowych a u nicieni powoduje problemy z lokomocja (80, 82). Myszy z deficytem
Phf8 wykazuja zaburzenia dhlugotrwalego wzmocnienia synaptycznego (ang. long-term
potentiation, LTP) problemy z uczeniem i pamigciag. Wykazano, Zze zmiany te spowodowane sg
nadmierng aktywacja szlaku sygnatowego mTOR, ktérego wzmozona ekspresja jest zalezna od
wystepowania na miejscu startu transkrypcji modyfikacji H4K20mel (85). Badania wykazaty,
ze H4K20mel jest pozytywnym regulatorem transkrypcji. Wystepuje gtownie w obszarze
sekwencji genow, ktore ulegaja transkrypcji 1 jest powigzany z rozluZznieniem chromatyny,

ktéra utatwia proces transkrypcji (91).

1.11 Choroba Alzheimera

Choroba Alzheimera to neurodegeneracyjna postepujaca z wiekiem choroba, ktora jest gldéwna
przyczyna otepienia umystowego u osob starszych. Jest ona spowodowana akumulacja
amyloidu beta oraz fosforylowanego tau (92). Charakterystyczne objawy tej choroby to
zaburzenia pamigci 1 funkcji poznawczych, problemy z logicznym 1 przestrzennym mysleniem
czy problemy z mowg 1 poruszaniem oraz zmianami nastroju (93). Rozpoznano genetyczne jak
1 nie genetyczne czynniki ryzyka rozwoju AD. Gtownym nie genetycznym czynnikiem ryzyka
jest wiek. Wazna role pelni rowniez styl Zzycia, dieta, pte¢, czynniki $rodowiskowe,

wyksztalcenie oraz inne przebyte choroby (94). Mutacje w genach kodujacych prekursorowe
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biatko amyloidu, preseniling 1 1 2 (PSENI, PSEN2) sa przyczynami rozwoju
rodzinnego/sporadycznego typu AD, ktérego oznaki kliniczne pojawiaja si¢ przed 65 rokiem
zycia (95). Wariant €4 genu apolipoproteiny E stanowi natomiast gtéwny genetyczny czynnik

rozwoju AD u 0s6b powyzej 65 roku zycia. (95, 96).

1.12 Mechanizm rozwoju choroby Alzheimera — APP i amyloid beta

Gtowne przyczyny rozwoju AD to akumulacja amyloidu beta oraz fosforylowanego biatka tau.
Amyloid beta powstaje na skutek enzymatycznej obrobki transmembranowego biatka APP.
Istnieja dwa szlaki obrobki APP: prowadzacy do powstania AP (amyloidogenny), w ktorym
kompleks B-sekretazy przecina APP prowadzac do powstania BCTF APP oraz uwalniajac
rozpuszczalny fragmentu APP (sAPP). W szlaku nie prowadzacym do powstawania amyloidu
beta, biatko APP jest przecinane w innym miejscu przez kompleks a-sekretazy co prowadzi do

uwolnienia dhuzszego rozpuszczalnego fragmentu APP (sAPPa) oraz powstania aCTF APP.

Kolejny etap przeksztalcania znajdujacego si¢ w btonie komorkowej aCTF APP oraz BCTF
APP jest przeprowadzany przez kompleks y-sekretazy. Cigcie aCTF APP uwalnia fragment
o dhugosci 83 nukleotydow, ktory jest nastgpnie szybko hydrolizowany. Ci¢cie PCTF APP
prowadzi natomiast do powstania amyloidu beta o dtugosci ok. 39-43 aminokwaséw. (98). Ze
wzgledu na hydrofobowe witasciwosci, AP ulega szybko oligomeryzacji, ktore w pozniejszych
etapach formujg si¢ w bardziej toksyczne widkna 1 blaszki starcze, ktore sg niepodatne na
hydrolizg (98, 99). Nagromadzenie si¢ oligomeréw oraz wtokien AP skutkuje zaburzeniami

dziatania synaps czy obumieraniem neuronow (100, 101).

1.13 Mysi model choroby Alzheimera - SxXFAD

Na przestrzeni kilkunastu ostatnich lat powstato wiele mysich modeli AD. W modelu 5xFAD
(Tg6799) wprowadzono wszystkie mutacje powodujgce rodzinny/sporadyczny typ choroby
Alzheimera (103). W obrebie miejsca cigcia APP przez - i y-sekretaze wprowadzono mutacje
szwedzka (K670N/M671L), florydzka (I716V), i londynska (V7171). Mutacja szwedzka
powoduje zwigkszong produkcja AP o dlugosci 40 i 42 aminokwasow (104). Natomiast
2 pozostale mutacje w genie APP jak i mutacje M146L 1 L286V w genie PSENI prowadza do
zwiekszenia produkcji AP o dtugosci 42 aminokwasow (105-107).

W modelu 5xFAD akumulacja AP rozpoczyna si¢ w drugim miesigcu zycia. Natomiast

pierwsze blaszki starcze pojawiajg si¢ w szostym miesigcu zycia. Astroglejoza 1 mikroglejoza

18



pojawiajg si¢ w drugim miesigcu zycia. Neurony zaczynaja obumiera¢ wraz z pojawieniem si¢
ztogow amyloidu beta. Degeneracja synaps wystepuje od dziewiatego miesigca zycia. Pierwsze
objawy zmian behawioralnych — zaburzenia pamigci przestrzennej pojawiaja si¢ okresie
czwartego 1 pigtego miesigca zycia. Natomiast problemy z naukg zaburzenia socjalne oraz

zaburzenia ruchowe pojawiajg si¢ w dziewigtym miesigcu zycia (102, 107).

1.14 Komo6rkowy model choroby Alzheimera- N2a-APPswe

W celu stworzenia in-vitro modelu AD do mysich komdrek neuroblastomy wprowadzono
zmutowany ludzki gen APP zawierajacy mutacje szwedzka (K670N/M671L) prowadzacy do

nadprodukcji amyloidu beta o dlugosci 40 1 42 aminokwasow.
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2. Cel pracy

Glownym celem rozprawy doktorskiej bylo poznanie mechanizmu dzialania

hiperhomocysteinemii indukowanej genetycznie i1 dietetycznej oraz wptywu tiolaktonaz

homocysteiny na markery choroby Alzheimera. Gléwny cel pracy zostat zrealizowany poprzez

realizacj¢ ponizszych celow szczegotowych:

1.

Analiza wplywu deficytu Ponl lub Blmh, wieku oraz diety wysokometioninowej na funkcje
poznawcze u myszy SXxFAD.

Analiza wptywu deficytu Ponl lub Blmh, wieku oraz diety wysokometionionwej na
akumulacj¢ amyloidu beta w mozgach myszy 5xFAD.

Analiza wplywu metabolitéw homocysteiny, deficytu Ponl, Blmh lub Cbs na akumulacje
amyloidu beta w transgenicznych komorkach neuroblastomy mysiej N2a-APPswe ze
zmutowanym ludzkim APP.

Analiza wplywu deficytu Ponl, Blmh, lub Cbs, wieku oraz diety wysokometioninowej na
demetylaze histonowa Phf8, H4K20mel, szlak sygnalowy mTOR oraz proces autofagii
w mozgach myszy.

Analiza wptywu metabolitow homocysteiny, deficytu Ponl, Blmh lub Cbs na demetylaze
histonowa Phf8, H4K20mel, szlak sygnalowy mTOR oraz proces autofagii mysich
komorkach neuroblastomy N2a oraz w mysich komorkach neuroblastomy ze zmutowanym

ludzkim APP - N2a-APPsye.
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3. Skrotowy opis prac naukowych wchodzacych w sklad rozprawy doktorskiej

3.1 Depletion of Paraoxonase 1 (Ponl) Dysregulates mTOR, Autophagy, and Accelerates
Amyloid Beta Accumulation in Mice
Cells 2023, 12(5), 746

PONI petni wazna funkcj¢ ochronng w wielu chorobach tym chorobach ukladu krazenia
poprzez whasciwosci antyoksydacyjne oraz hydroliz¢ HTL. Obnizona aktywnos¢ PONI jest
obserwowana u 0sob chorujacych na AD. Dane z mysich modeli wskazuja, ze Ponl wystepuje
w obrgbie blaszek starczych AP oraz oddziatuje z klasteryng, ktora transportuje AP z krwi do
moézgu. Dane wskazuja, ze PONI1 pelni wazng role w utrzymaniu prawidlowego
funkcjonowania mozgu. Jednak mechanizm ochronnego dziatania PON1 na homeostaze mozgu

nie zostal w pelni poznany.

W niniejszej pracy w celu lepszego poznania mechanizmu dziatania ochronnego Ponl w AD
wykonano analizy behawioralne, akumulacji AB, zmian ilo§ciowych kinazy mTOR, markerow
procesu autofagii, demetylazy histonowej Phf8 oraz modyfikacji H4K20mel w nowym mysim
modelu AD - Ponl”5xFAD skonstruowanym przez Prof. Hieronima Jakubowskiego. Uzyskane
wyniki na mozgach myszy oraz zaproponowany mechanizm regulacji mTOR/procesu autofagii
przez demetylaze histonowa Phf8/H4K20mel zostaly potwierdzone in vitro przy uzyciu mysiej

linii komorkowej N2a-APPgye.

Nowy mysi model AD - Ponl”"5xFAD zostal otrzymany poprzez krzyzowanie myszy Ponl™”
z myszami 5XFAD. W celu okres§lenia wptywu deficytu Ponl na zmiany behawioralne
w rocznych myszach Ponl”"5XFAD oraz Ponl™*5xFAD wykonano test zaciskania tylnych
konczyn (ang. hindlimb clasping test), test chodzenia po krawedzi (ang. ledge test) oraz test
aktywnosci w cylindrze (ang. cylinder test). We wszystkich przeprowadzonych testach myszy
z deficytem Ponl uzyskiwaty podobne wyniki do myszy z grupy kontrolnej. Wskazuje to, ze

deficyt Ponl nie powoduje neurodegeneracji oraz zaburzen czuciowo-ruchowych.

Przeprowadzone eksperyment z wykorzystaniem metody western blot wykazaly Aie
statystycznie nizszy poziom demetylazy histonowej Phf8 oraz istotnie statystycznie wyzszy
poziom H4K20mel w 5 i 12 miesiecznych mézgach myszy Ponl”5xFAD w poréwnaniu do
grupy kontrolnej Ponl**5xFAD na diecie standardowej jak i wysokometioninowej (dieta
HHcy). Dodatkowo wykazalismy, ze dieta HHcy prowadzi do istotnego statystycznie obnizenia
ilosci Phf8 oraz istotnego statystycznie podwyzszenia ilo$ci modyfikacji H4K20mel u myszy

Ponl**5xFAD w poréownaniu do myszy Ponl"*5xFAD na diecie standardowej. Nie
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zaobserwowaliSmy istotnego statystycznie wptywu diety HHcy na zmiany Phf8 oraz

H4K20mel u myszy Ponl”"5xFAD.

Poniewaz Phf8 reguluje ekspresj¢ mTOR poprzez H4K20mel wykonali§my analizy western
blot dla catkowitej ilosci biatka mTOR oraz jego formy fosforylowanej na serynie 2448
(pmTOR). Wykazali$my istotnie statystycznie wyzsze poziomy mTOR i pmTOR u myszy
Ponl”5xFAD w poréwnaniu do grupy kontrolnej Ponl**5xFAD na diecie standardowej jak
1 HHcy. Dieta HHcy prowadzita do istotnego statystycznie podniesienia poziomu mTOR
i pmTOR u myszy Ponl**5xFAD w poréwnaniu do myszy Ponl™*5xFAD na diecie
standardowej. Natomiast dieta HHcy u myszy Ponl”"5xFAD podwyzszala tylko istotnie

statystycznie poziom mTOR.

Poniewaz fosforylacja mTOR na serynie 2448 wptywa na zahamowanie procesu autofagii
w nastgpnych eksperymentach przeanalizowano wptyw deficytu Ponl oraz diety HHcy na
3 markery autofagii: Becn-1, Atg5 oraz Atg7 bedacymi regulatorami fadowania autofagosomu
(ang. regulator autophagy assembly). Wykazalismy, ze poziomy markeréw autofagii sg istotnie
statystycznie nizsze w mozgach myszy Ponl”5xFAD w poréwnaniu do grupy kontrolnej
Ponl**5xFAD na diecie standardowej jak i HHcy. Jedynie poziom Atg7 nie ulegal istotnie
statystycznej zmianie u myszy Ponl”"5xFAD na diecie HHcy w poréwnaniu do myszy Ponl”

5xFAD na diecie standardowe;.

Analizy western blot dla APP wykazaly istotny wplyw genotypu oraz diety HHcy na

zwigkszenie ilosci tego bialka.

W celu weryfikacji czy omowione zmiany ilo§ciowe na poziomie biatka wynikajg ze zmian
transkrypcyjnych zastosowano metode ilosciowego PCR w czasie rzeczywistym (rt-qPCR).
Przeprowadzone eksperymenty wykazaly, Zze zmiany ilo$ciowe na poziomie biatka sa

skorelowane ze zmianami w ekspresji mRNA analizowanych genow.

W celu potwierdzenia obserwowanych zmian w moézgach myszy oraz przeprowadzenia
kolejnych eksperymentéw w badaniach wykorzystano mysig lini¢ komorkowa N2a-APPgye,

z wprowadzonym zmutowanym ludzkim genem APP.

Do wyciszenie ekspresji genu Ponl metoda interferencji RNA wykorzystano dwa siRNA
celujagce w mRNA Pon . Nastgpnie uzywajac metody western blot wykazaliSmy, Zze wyciszenie
ekspresji Ponl prowadzi do istotnie statystycznego obnizenia ilosci Phf8 oraz markerow

autofagii: Becn-1, Atg5, Atg7 oraz jednoczesnego istotnie statystycznego podwyzszenia
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poziomow mTOR, pmTOR, H4K20mel oraz APP. Uzyskane wyniki potwierdzajg obserwacje

przeprowadzone in vivo.

W celu weryfikacji czy wyciszenie ekspresji Ponl prowadzi do podwyzszenia ilosci mTOR
poprzez zmiany wigzania H4K20mel do genu m7TOR wykonaliSmy eksperymenty
immunoprecypitacji chromatyny zwigzanej z H4K20mel potaczonej z analiza rt-qPCR.
Wykazalismy, ze wyciszenie ekspresji Ponl prowadzi do istotnego statystycznie wiekszego
wystepowania H4K20mel na miejscu startu transkrypcji (ang. transcription start site, TSS)
genu mTOR, powyzej TSS (-160 par zasad, pz) oraz ponizej TSS (+320 pz). Uzyskane wyniki
wskazuja, ze wyciszenie ekspresji genu Ponl poprzez epigenetyczny mechanizm regulacji

ekspresji genow prowadzi do zwiekszonej ilosci mTOR.

Zastosowanie immunofluorescencyjnego barwienia AP w komorkach N2a-APPgwe po
wyciszeniu ekspresji genu Ponl pozwolito okresli¢ efekt deficytu Ponl na akumulacje AP.
Analizy wykazaly, ze wyciszenie ekspresji genu Ponl prowadzi do istotnie statystycznej
agregacji AP w porownaniu do prob kontrolnych (z ekspresja genu Ponl). Zmiany te
charakteryzowaty si¢ istotnie statystycznie wigksza powierzchnig zajmowang przez sygnaty,
istotnie statystycznie wigkszym $rednim rozmiarem pojedynczego sygnatu oraz istotnie

statystycznie wigkszg intensywnoscig §wiecenia sygnatow.

Poniewaz wczeéniej wykazano, ze u myszy Ponl” dochodzi do agregacji HTL oraz N-Hcy-
biatek przeprowadzono immunobarwienie A po traktowaniu komoérek N2a-APPgwe tymi
metabolitami. Wykazali$my, ze traktowanie komorek HTL w stezeniu 20 1 200 uM skutkuje
istotnie statystycznie wiekszg powierzchnig sygnalu oraz istotnie statystycznie wigkszym
srednim rozmiarem pojedynczego sygnalu w poréwnaniu do proby kontrolnej. W przypadku
traktowania 10 1 20 uM N-Hcy-bialkiem odnotowaliSmy jedynie istotnie statystycznie wigksza
powierzchni¢ sygnalu w poroéwnaniu do proby kontrolnej. Uzyskane wyniki wskazuja, ze
agregacja AP po wyciszeniu ekspresji genu Ponl moze wynika¢ z akumulacji HTL lub N-Hcy-
biatek.

Analizy AR wykonane metoda dot blot na 5 i 12 miesiecznych mozgach myszy Ponl*5xFAD
oraz Ponl”5xFAD wykazaly, ze deficyt Ponl oraz dieta HHcy prowadza do istotnie

statystycznej wiekszej ilosci A w mozgach myszy.

Podsumowujac wykazali$my, ze Ponl odgrywa wazng rol¢ w prawidlowym funkcjonowaniu

mozgu oraz chroni przed akumulacjg AP. Wykazali$my, ze w mozgach mysz Ponl”5xFAD
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dochodzi do obnizenia ekspresji mRNA oraz ilosci biatka demetylazy histonowej Phf8 oraz
wybranych markeréw autofagii. Jednoczesnie wykazalismy, ze dochodzi do akumulacji APP
oraz mTOR, ktérego ekspresja jest zalezna od H4K20mel. WykazaliSmy réwniez, ze
akumulacja AP jest zalezna od diety HHcy oraz genotypu myszy. Zaobserwowane zmiany
w mozgach myszy zostaly potwierdzone in vitro poprzez wyciszenie ekspresji genu Ponl oraz
traktowanie komorek metabolitami (HTL, N-Hcy-bialka), ktorych poziomy sa podwyzszone
w myszach Ponl”". Finalnie zaproponowali$my ochronny mechanizm dziatania Pon1 hamujacy
agregacje AP wynikajaca z deregulacji mTOR/autofagii poprzez akumulacje H4K20mel na
TSS genu mTOR.

3.2 Homocysteine Metabolites Inhibit Autophagy and Elevate Amyloid Beta by Impairing
Phf8/H4K20mel-dependent Epigenetic Regulation of mTOR in Cystathionine
B-Synthase-Deficient Mice

J Inherit Metab Dis. 2023;1-17 DOI: 10.1002/jimd.12661

Obnizona aktywno$¢ CBS wynikajagca z mutacje genu CBS prowadzi do podwyzszenia
poziomu Hcy i jej metabolitéw oraz wywoluja zmiany patologicznego uktadu nerwowego.
Pacjenci z mutacjami w genie CBS wykazuja opdznienie umystowe, problemy z nauka,
obnizony iloraz inteligencji oraz zmiany w zachowaniu. Doktadny mechanizm, ktory prowadzi

do wyzej wymienionych zmian nie zostat w peini poznany.

W niniejszej pracy wykazaliSmy wplyw deficytu genu Cbs na akumulacje AP poprzez
deregulacje Phf8/H4K20mel, mTOR oraz procesu autofagii.

Przeprowadzone eksperyment z wykorzystaniem metody western blot wykazaly istotnie
statystycznie nizszy poziom demetylazy histonowej Phf8 oraz istotnie statystycznie
podwyzszony poziom H4K20mel w 9 tygodniowych oraz 1 rocznych mézgach myszy Chs™
w poréwnaniu do myszy Chs™". Wykazalismy, ze wiek myszy nie miat istotnego statystycznie

wplywu na poziom Phf8, natomiast wptywat na obnizenie poziomu H4K20mel.

Poniewaz Phf8 poprzez demetylacje H4K20mel reguluje ekspresje¢ m7TOR, wykonaliSmy
analizy western blot dla catkowitej i1losci biatka mTOR oraz jego formy ufosforylowanej na
serynie 2448. Analizy mTOR wykazaty istotnie statystycznie wyzszy poziom mTOR
u mtodszych myszy Chs”" w poréwnaniu do grupy kontrolnej. Natomiast w obu grupach
wiekowych zaobserwowali$my istotnie statystycznie wyzszy poziom pmTOR u myszy Chs™
w poréwnaniu do grupy kontrolnej Chs™. Jednoczesnie odnotowalismy istotny wptywu wieku

na poziom mTOR w obu genotypach myszy.
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Poniewaz fosforylacja mTOR na serynie 2448 jest zwigzana z zahamowaniem procesu
autofagii w nastgpnych analizach przeanalizowaliSmy wptyw deficytu Cbs na markery
autofagii: Becn-1, Atg5, Atg7 oraz p62 bedacymi regulatorami tadowania autofagosomu.
Wykazali$my istotne statystycznie obnizenie poziomoéw Becn-1, Atg5 i Atg7 oraz istotne
statystycznie podwyzszenie poziomu p62 u myszy Chs” w poréwnaniu do grupy kontrolnej
Cbs™". Jednoczesnie zaobserwowaliémy obniZenie iloéci markeréw autofagii wraz z wiekiem

myszy.

Analizy western blot wykazaly istotny statystycznie wptyw genotypu Chs” oraz wieku na

podwyzszenie poziomu APP w mdzgach myszy.

W celu weryfikacji czy deficyt Cbs prowadzi do neurodegeneracji wykonali$my analizy dwoch
markerow neurodegeneracji, ktore sg podwyzszone w AD. Wykonane eksperymenty wykazaty,
ze marker aktywacji astrocytow - Gfap (ang. Glial fibrillary acidic protein, Gfap) oraz marker
uszkodzenia neurondéw - Nfl (ang. Neurofilament light chain, Nfl) sa istotnie statystycznie
podwyzszone u 1 rocznych myszy Chs” w poréwnaniu do myszy kontrolnych. U myszy

9 tygodniowych nie zaobserwowali$my istotnych statystycznie zmian obu markerow.

W celu weryfikacji czy omdwione zmiany ilo§ciowe na poziomie biatka wynikaja ze zmian
transkrypcyjnych zastosowano metode ilosciowego PCR w czasie rzeczywistym.
Przeprowadzone analizy wykazaty, ze zmiany ilo§ciowe na poziomie biatka sg skorelowane ze

zmianami w ekspresji mRNA testowanych genow.

W celu potwierdzenia obserwowanych zmian w mozgach myszy oraz przeprowadzenia
kolejnych eksperymentéw w badaniach wykorzystano mysig lini¢ komorkowa N2a oraz N2a-

APPswe, z wprowadzonym zmutowany ludzki transgenem APP.

Do wyciszenie ekspresji genu Cbs metoda interferencji RNA wykorzystano dwa siRNA
regulujgce mRNA Cbs. Uzywajac metody western blot wykazali$my, ze wyciszenie ekspresji
Cbs w linii komoérkowej N2a-APPsywe prowadzi do istotnego statystycznie obnizenia ilosci Phf8
oraz markerow autofagii: Beclin-1, Atg5, Atg7 oraz jednoczesnego istotnie statystycznego

podwyzszenia mTOR, pmTOR, H4K20me1 oraz APP.

Analizy rt-qPCR wykazaty, ze wyciszenie ekspresji genu Chs w komorkach N2a-APPsye,
zmienia ekspresj¢ wybranych gendw, ktéra jest skorelowana z iloScia danego bialka.
Jednocze$nie uzyskane wyniki potwierdzaja wyniki z eksperymentéw przeprowadzonych na

mozgach myszy.
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Poniewaz wykazano, ze u myszy Chs”~ poziomy Hey, HTL oraz N-Hcy-biatek sa podwyzszone,
niemozliwe jest okreslenie czy tylko jeden z tych metabolitow powoduje wyzej wymienione
zmiany w mozgach myszy. PodjeliSmy probe rozwigzania tego problemu poprzez oddzielne
traktowanie komorek N2a tymi metabolitami. Analizy western blot wykazaly, ze traktowanie
komorek Hey, HTL oraz N-Hcy-biatkiem obniza poziom Phf8 oraz hamuje proces autofagii.
Jednoczesénie, zastosowane metabolity podwyzszajg ilosci H4K20mel, mTOR, pmTOR oraz

App. Zastosowane metabolity Hcy wykazaty analogiczne efekty dzialania na omawiane biatka.

W celu potwierdzenia, ze wyciszenie ekspresji Cbs prowadzi do podwyzszenia mTOR poprzez
zmiany wigzania H4K20mel do genu m7TOR wykonalismy eksperymenty immunoprecypitacji
chromatyny zwigzanej z H4K20mel polaczonej z analizg rt-qPCR. Wykazalismy, ze
wyciszenie ekspresji Chs prowadzi do istotnego statystycznie wigkszego wigzania H4K20mel
na TSS, powyzej TSS (-160 pz) oraz ponizej TSS (+320 pz) genu mTOR. Jednocze$nie
wykazali$my, ze wyciszenie genu Chs prowadzilo do istotnie statystycznie wigkszej akumulacji
H4K20mel na miejscu TSS genu mTOR w porownaniu do fragmentu powyzej i ponizej TSS.
Uzyskane wyniki wskazuja, ze wyciszenie ekspresji genu Cbhs poprzez epigenetyczny

mechanizm regulacji ekspresji genow prowadzi do zwigkszonej ilosci mTOR.

Analogiczne eksperymenty immunoprecypitacji chromatyny zostaly wykonane dla komorek
N2a po traktowaniu Hey, HTL oraz N-Hcy-biatkami. 20 1 200 uM st¢zenie HTL oraz 200 uM
stezenie Hey prowadzito do istotnie statystycznego wigkszego wystepowania H4K20mel na
trzech testowanych miejscach genu mTOR w poréwnaniu do proby kontrolnej. 20 uM stezenie
Hcy prowadzito do istotnie statystycznego wickszego wystepowanie H4K20mel na TSS oraz
ponizej TSS genu mTOR. W przypadku fragmentu powyzej TSS obserwowalismy jedynie
wigksza tendencje wystgpowania H4K20mel w porownaniu do proby kontrolnej. 20 pM
stezenie N-Hcy-biatek prowadzilo do istotnie statystycznego wiekszego wystgpowania
H4K20mel na TSS oraz ponizej TSS genu mTOR. Dla 10 uM stezenia N-Hcy-biatka

odnotowali$my jedynie tendencj¢ wzrostowa na TSS oraz powyzej TSS.

Zastosowanie immunofluorescencyjnego barwienia AP w komoérkach N2a-APPgswe po
wyciszeniu ekspresji genu Cbs pozwolito okresli¢ efekt deficytu Cbs na akumulacje AP.
Analizy wykazaly, ze wyciszenie ekspresji genu Chs prowadzi do agregacji A w porownaniu
do prob kontrolnych (z ekspresja genu Cbs). Zmiany te charakteryzowaty sie istotnie

statystycznie wigkszym $rednim rozmiarem pojedynczego sygnatu.
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W celu weryfikacji czy Hecy, HTL, N-Hcy-biatka, ktérych poziomy sa podwyzszone u myszy
Cbs™" wplywaja na akumulacje AP wykonano analogiczne testy immunofluorescencyjnego
barwienia AB. Analizy wykazaly, ze wszystkie metabolity prowadza do akumulacji Af.
W przypadku traktowania HTL oraz Hcy w stg¢zeniach 20 1 200 uM obserwowano istotnie
statystycznie wigkszg powierzchni¢ sygnaléw oraz istotnie statystycznie wiekszy S$redni
rozmiar pojedynczego sygnalu w poréwnaniu do proby kontrolnej. Traktowanie komorek
N-Hcy-bialkiem skutkowalo jedynie istotnie statystycznie wigksza powierzchnig sygnatow

w porownaniu do proby kontrolne;j.

W celu wykazania, ze samo obnizenie poziomu Phf8 prowadzi do akumulacji AB poprzez
deregulacj¢ mTOR oraz procesu autofagii, wykonano eksperymenty z wyciszong ekspresja

genu Phf8 w komodrkach N2a-APPgye.

Metoda western blot wykazaliSmy, ze obnizenie poziomu Phf8 prowadzi do istotnie
statystycznego podwyzszenia poziomow H4K20mel, mTOR oraz pmTOR. Jednocze$nie
obserwowali$my istotne statystycznie obnizenie poziomOw Atg5S oraz Atg7. Natomiast
poziomy Becn-1 oraz APP nie ulegaly istotnym statystycznie zmianom po wyciszeniu ekspresji

genu Phf8 w porownaniu do prob kontrolnych.

WykazaliSmy, ze wyciszenie ekspresji genu Phf8 prowadzilo do istotnej akumulacji AP
przeprowadzonej przy uzyciu immunofluorescencyjnego barwienia AB. Wyciszenie ekspresji
genu Phf8 skutkowato istotnie statystycznie wiekszg powierzchnig sygnaléw oraz istotnie

statystycznie wigksza intensywnoscig §wiecenia sygnatu w poréwnaniu do prob kontrolnych.

Podsumowujac wykazaliSmy, ze Cbs oraz Phf8 odgrywaja wazng role w prawidlowym
funkcjonowaniu mozgu oraz chronig przed neuropatia zapobiegajac akumulacji Ap.
Wykazali$my, ze u myszy Chs”~ dochodzi do obnizenia ekspresji mRNA oraz ilosci biatka
demetylazy histonowej Phf8 i wybranych markerow autofagii. Jednocze$nie wykazalismy, ze
dochodzi do akumulacji App oraz mTOR, ktorego ekspresja jest zalezna od H4K20mel.
Wykazalismy rowniez, ze deficyt Cbs w myszach jednorocznych prowadzil do
neurodegeneracji, na co wskazuje akumulacja Gfap 1 Nfl. Wykazali$my, ze wyciszenie ekspresji
genu Cbhs poprzez zahamowanie autofagii oraz zwigkszong synteze APP prowadzi do
akumulacji AP. Traktowanie Hcy, HTL oraz N-Hcy-biatkami, ktore sa podwyZszone u myszy
Cbs” wptywaty w ten sam sposob na A, mTOR, autofagie, Phf8 oraz H4K20mel. Uzyskane
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wyniki wskazujg, ze w przypadku wyciszenia genu PhfS akumulacja AP jest skutkiem

deregulacji mTOR oraz procesu autofagii.

Finalnie zaproponowali§my mechanizm prowadzacy do rozwoju AD poprzez agregacje AP
wynikajacg z deregulacji mTOR/autofagii. Zmiany te sg konsekwencja obnizenia ilosci Phf8
co prowadzi do akumulacji H4K20mel na TSS genu mTOR. Mechanizm ten jest indukowany
przez akumulacj¢ Hey, HTL oraz N-Hcy-bialka, co jest skutkiem obnizenia czy braku ekspresji

genu Cbs.

3.3 Deletion of the Homocysteine Thiolactone Detoxifying Enzyme Bleomycin Hydrolase,
in Mice, Causes Memory- and Neurological Deficits and Worsens Alzheimer’s Disease
Related Behavioral and Biochemical Traits in the SxXFAD Model of Alzheimer’s Disease

BLMH pelni wazng funkcje w utrzymaniu homeostazy mozgu poprzez hydrolize HTL do Hcy.
Aktywno$¢ BLMH jest obnizona u ludzi chorujacych na AD. Dodatkowo Blmh bierze udziat
w procesowaniu APP oraz AB. Myszy z deficytem Blmh wykazujg zmiany behawioralne oraz
astroglejoze mozgu, ktora jest cechg charakterystyczna u osob z AD. Analizy proteomiczne
moézgdw myszy Blmh” wykazaty zaburzenia wielu szlakéw waznych dla homeostazy mézgu.
Doktadny mechanizm, ktoéry prowadzi do rozwoju AD w skutek deregulacji Blmh nie zostat

jednak w petni poznany.

W niniejszej pracy w celu zbadania mechanizmu dziatania ochronnego Blmh w AD wykonano
analizy behawioralne, akumulacji AP, zmian ilosciowych kinazy mTOR, markeréw procesu
autofagii, demetylazy histonowej Phf8 oraz H4K20mel w nowym mysim modelu AD - Blmh
“5XFAD skonstruowanym przez Prof. Hieronima Jakubowskiego, Blmh'*5xFAD oraz

w myszach Blmh™ i Blmh™'*

. Uzyskane wyniki na mézgach myszy oraz zaproponowany przez
nas mechanizm regulacji mTOR/procesu autofagii przez demetylazg Phf8/H4K20mel zostaty

potwierdzone in vitro przy uzyciu mysiej linii komorkowej N2a-APPgye.

Nowy mysi model AD - Blmh”5xFAD zostal otrzymany poprzez krzyzowanie myszy Blmh™
z myszami 5XFAD. W celu okreslenia wptywu deficytu Blmh na zmiany behawioralne
w rocznych myszach Blmh”"5xFAD i Bimh™*5xFAD, oraz 2 i 4 miesiecznych myszach Blmh™
1 myszach typu dzikiego wykonali$my test rozpoznawania nowego obiektu (ang. novel object
recognition test, NOR), test zaciskania tylnych konczyn (ang. hindlimb clasping test), test

chodzenia po krawedzi (ang. ledge test) oraz test aktywnosci w cylindrze (ang. cylinder test).
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W tescie NOR wykazalismy, ze 4 miesigczne myszy Blmh” na diecie standardowej i HHcy oraz
4 miesigczne myszy typu dzikiego na diecie HHcy nie rozpoznaja nowego obiektu.
W przypadku grup 2 miesigcznych, oba genotypy myszy na obu dietach spgdzaty istotnie
statystycznie wigcej czasu przy nowym obiekcie. Wyniki wskazuja, ze zaburzenia funkcji

poznawczych oraz pamigci krotkotrwatej postepuja wraz z wiekiem u myszy Blmh™".

Test zaciskania tylnych konczyn oraz test chodzenia po krawegdzi wykazaty ze genotyp jak
1 dieta wptywaja na proces neurodegeneracji. Dieta HHcy wywolywala wigkszy efekt
neurodegeneracji u myszy Blmh™" niz u myszy Blmh”", co sugeruje, ze za ten efekt
odpowiedzialna jest akumulacja metabolitow wspdlnych dla deficytu Blmh i HHcy, t.j. HTL
oraz N-Hcy biatka.

Test NOR przeprowadzony na mysim modelu AD, Blmh”"5xFAD oraz Bimh™*5xFAD wykazat,
ze myszy z deficytem Blmh na obu typach diety wykazuja zaburzenia funkcji poznawczych
1 pamigci krotkotrwatej objawiajacej si¢ niezdolno$cig do rozpoznania nowego obiektu.
Jednoczesnie zastosowanie diety HHcy u myszy Blmh™*5xFAD nie wptywato na zaburzenia

funkcji poznawczych i pamigci krotkotrwate;.

W tescie zaciskania tylnych konczyn wykazalismy, ze deficyt Blmh wplywa w istotnym stopniu
na proces neurodegeneracji. Dodatkowo zaobserwowaliSmy, ze dieta HHcy wywotywata
wickszy efekt neurodegeneracji u myszy BImh**5xFAD niz u myszy Blmh™ 5xFAD. W tescie
aktywnos$ci w cylindrze wykazaliSmy, ze deficyt B/mh 1 dieta HHcy wplywaja w istotnym

stopniu na proces neurodegeneracji.

Przeprowadzone eksperymenty z wykorzystaniem metody western blot wykazaly istotnie
statystycznie nizszy poziom demetylazy histonowej Phf8 oraz istotnie statystycznie
podwyzszony poziom H4K20mel w 2 i 4 miesiecznych mézgach myszy Blmh” w poréwnaniu
do grupy kontrolnej na diecie standardowej. Dodatkowo wykazali$my, ze dieta HHcy prowadzi
do istotnego statystycznie obnizenia ilosci PhfS w 2 miesiecznych myszach Blmh”

w poréwnaniu do myszy Blmh™*

. Nie zaobserwowalismy istotnego wptywu diety HHcy na
zmiany Phf8 oraz H4K20mel u 4 miesiecznych myszy Blmh” w poréwnaniu do myszy typu
dzikiego. Analogiczne efekty deficytu Blmh oraz diety HHcy zostaly wykazane na 5 i 12

miesiecznych mozgach myszach Blmh”"5xFAD oraz Blmh™5xFAD.

Poniewaz Phf8 kontroluje ekspresje mTOR poprzez H4K20mel wykonali$my analizy western
blot dla catkowitej ilosci biatkka mTOR oraz jego formy ufosforylowanej na serynie 2448.
WykazaliSmy istotnie statystycznie wyzsze poziomy mTOR 1 pmTOR u 2 1 4 miesigcznych
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myszy Blmh”~w poréwnaniu do grupy kontrolnej Blmh™* na diecie standardowej. Natomiast
dieta HHcy prowadzita do istotnego statystycznie podniesienia poziomu pmTOR tylko u 4

miesiecznych myszy Blmh”w poréwnaniu do grupy kontrolnej.

Poniewaz fosforylacja mTOR na serynie 2448 wptywa na zahamowanie procesu autofagii
w nastepnych analizach sprawdzili§my wptyw deficytu Blmh oraz zastosowania diety HHcy na
trzy markery autofagii: Becn-1, Atg5 oraz Atg7. WykazaliSmy, ze poziomy markerow autofagii
sa istotnie statystycznie obnizone w 2 i 4 miesiecznych mézgach myszy Blmh”* w poréwnaniu
do grupy kontrolnej Blmh*" na diecie standardowej. Dodatkowo zaobserwowali$my istotny
statystycznie efekt diety HHcy na obnizenie ilosci Becn-1 w 2 miesiecznych myszach Blmh™”

w poréwnaniu do myszy Blmh*'".

Analogiczne eksperymenty przeprowadzone na 5 i 12 miesiecznych mézgach myszy Blmh”
5xFAD oraz Blmh**5xFAD wykazaty, ze deficyt Blmh prowadzi do istotnego statystycznie
zwigkszenia ilo§ci mTOR 1 pmTOR u myszy na diecie standardowej (z wytaczeniem mTOR
dla 5 miesigcznych myszy). Dieta HHcy wywolywata jedynie istotne statystyczne
podwyzszenie pozioméw mTOR i pmTOR u 5 miesiecznych myszy Blmh”5xFAD.

Jednoczesnie wykazaliSmy istotne statystycznie obnizenie ilo$ci AtgS, Atg7 oraz Becn-1
(z wytaczeniem Becn-1 dla 5 miesiecznej grupy) w 5 i 12 miesigcznych myszach Blmh”5xFAD
na diecie standardowej w poréwnaniu do grupy kontrolnej. Jednoczes$nie zaobserwowalismy
istotny statystycznie wptyw diety HHcy na obnizenie Becn-1 u 12 miesiecznych Blmh”5xFAD
oraz obnizenie Atg5 u 5 i 12 miesiecznych Blmh”"5XxFAD w poréwnaniu do grupy kontrolne;.
Dodatkowo zaobserwowali$my istotnie statystycznie podwyzszone poziom p62 w 5 1 12
miesiecznych myszach Blmh”5xFAD na diecie standardowej w porownaniu do myszy
BImh™*5xFAD. Natomiast dieta HHcy prowadzita do istotnej statystycznej akumulacji p62
jedynie w 5 miesiecznych myszach Blmh™"5xFAD.

W przypadku analiz App wykazalismy, ze deficyt Blmh oraz dieta HHcy prowadza do istotnie

statystycznie podwyzszenia poziomu tego biatka w porownaniu do myszy Blmh™™*

APP dla myszy Blmh”"5xFAD oraz Blmh**5xFAD na diecie standardowej wykazaty, Ze

. Analizy

inaktywacja Blmh prowadzi do akumulacji APP. Dieta HHcy wywotywala jedynie efekt
akumulacji APP w 5 miesigcznych myszach Blmh” 5xFAD.

W celu potwierdzenia obserwowanych zmian w mozgach myszy oraz przeprowadzenia
kolejnych eksperymentow w badaniach wykorzystano mysig lini¢ komoérkowa N2a-APPsye

z wprowadzonym zmutowanym ludzkim transgenem APP.
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Do wyciszenie ekspresji genu Blmh metoda interferencji RNA wykorzystano dwa siRNA
celujace w mRNA Blmh. Uzywajac metody western blot wykazali$my, ze wyciszenie ekspresji
Blmh prowadzi do istotnego statystycznie obnizenia ilosci Phf8 oraz markeréw autofagii: Becn-
1, Atg5, Atg7 bedacymi regulatorami tadowania autofagosomu, Lc3-I, Lc3-II oraz
jednoczesnego istotnego statystycznie podwyzszenia poziomow mTOR pmTOR, H4K20mel,

p62 oraz APP.

W celu weryfikacji czy omoéwione zmiany ilo§ciowe na poziomie biatka wynikajg ze zmian
transkrypcyjnych zastosowano metode ilosciowego PCR w czasie rzeczywistym (rt-qPCR).
Przeprowadzone analizy wykazaty, ze zmiany ilo§ciowe na poziomie biatka sg skorelowane ze

zmianami w ekspresji mRNA testowanych genow.

Poniewaz wykazano, ze u myszy Blmh” poziomy HTL oraz N-Hcy-biatek sa podwyzszone
niemozliwe jest okreslenie, ktory z tych metabolitow powoduje wyzej wymienione zmiany
w moézgach myszy. PodjeliSmy probe rozwigzania tego problemu poprzez oddzielne
traktowanie komorek N2a-APPsye tymi metabolitami. Analizy western blot wykazaty, ze
traktowanie komoérek HTL oraz N-Hcy-biatkami istotnie statystycznie obniza ilo$ci Phf8, Atg5,
Atg7 i Been-1. Stosunek Lc3-II/1 okreslany jako miara strumienia autofagii (ang. autophagy
flux) byl istotnie statystycznie obnizony jedynie po traktowaniu HTL. Jednocze$nie,
zastosowane metabolity prowadza do istotnego statystycznie podwyzszenia mTOR oraz
pmTOR (z wylaczeniem HTL 20 pM). Dodatkowo wieksze stezenie HTL 1 N-Hcy-biatek
istotnie statystycznie podwyzszaty poziomy H4K20mel oraz p62. W przypadku APP nie
odnotowalismy jedynie istotnego statystycznie podwyzszenia poziomu APP po traktowaniu 10
uM N-Hcy-biatkiem. Uzyskane wyniki wskazuja, ze deficyt Blmh poprzez akumulacj¢e HTL
oraz N-Hcy-biatek prowadzi do zmian ilosciowych Phf8, H4K20mel, APP, mTOR oraz

markerow autofagii.

W celu potwierdzenia, ze wyciszenie ekspresji B/mh prowadzi do zwigkszenia ilosci mTOR
poprzez zmiany wigzania H4K20mel do genu m7OR wykonaliSmy eksperymenty
immunoprecypitacji chromatyny zwigzanej z H4K20mel potaczonej z analizg rt-qPCR.
WykazaliSmy, ze wyciszenie ekspresji B/mh prowadzi do istotne] statystycznie akumulacji
H4K20mel na TSS, powyzej TSS (-160 pz) oraz ponizej TSS (+320 pz) genu mTOR.
Jednoczesnie istotnie statystyczng wieksza ilos¢ zwigzanego H4K20mel zaobserwowali$my na
miejscu TSS w poréwnaniu do pozycji powyzej i ponizej TSS. Uzyskane wyniki wskazuja, ze
wyciszenie ekspresji genu Blmh poprzez epigenetyczny mechanizm regulacji ekspresji genow
prowadzi do zwigkszonej ilo§ci mTOR.
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Analogiczne eksperymenty immunoprecypitacji chromatyny zostaty wykonane dla komoérek
N2a-APPgye po traktowaniu HTL oraz N-Hcy-biatkami. 200 pM stezenie HTL prowadzito do
istotnie statystycznie wickszego wigzania H4K20mel do trzech testowanych miejsc genu
mTOR w poréwnaniu do proby kontrolnej. 20 uM stezenie N-Hcy-biatek 1 20 uM stezenie HTL
prowadzito do istotnie statystycznie wickszego wigzania H4K20mel do miejsca ponizej TSS
oraz na TSS. W przypadku 10 uM stezenia N-Hcy-bialek obserwowano jedynie tendencje
wzrostowa na TSS genu mTOR.

Zastosowanie immunofluorescencyjnego barwienia AP w komorkach N2a-APPswe po
wyciszeniu ekspresji genu Blmh pozwolito okresli¢ efekt deficytu Blmh na akumulacj¢ Ap.
Analizy wykazaly, ze wyciszenie ekspresji genu Blmh prowadzi do agregacji A w poréwnaniu
do prob kontrolnych (z ekspresja genu Blmh). Zmiany te charakteryzowaly si¢ istotnie
statystycznie wigksza powierzchnig zajmowang przez sygnaly oraz istotnie statystycznie

wiekszym $rednim rozmiarem pojedynczego sygnatu.

Analogiczne eksperymenty immunobarwienia zostaly wykonane po traktowaniu komorek N2a-
APPsywe dwoma stezeniami HTL oraz N-Hcy-biatkami. Wykazali$my, ze traktowanie komorek
HTL w stezeniu 20 1 200 uM skutkuje istotnie statystycznie wieksza powierzchnig sygnatu A3
oraz istotnie statystycznie wigkszym $rednim rozmiarem pojedynczego sygnatu w poréwnaniu
do proby kontrolnej. W przypadku traktowania N-Hcy-biatkiem w stgzaniu 10 i 20 puM
wykazaliSmy jedynie istotnie statystycznie wigksza powierzchni¢ sygnatu w poréwnaniu do
proby kontrolnej. Uzyskane wyniki wskazuja, Zze agregacja AP po wyciszeniu ekspresji genu

Blmh moze by¢ rezultatem akumulacji HTL lub N-Hcy-biatek.

W celu analizy czy deficyt Blmh oraz dieta HHcy prowadza do agregacji A wykonano analizy
western blot na mozgach myszy Blmh”5xFAD oraz Blmh™*5xFAD. Eksperymenty wykonano
w 3 frakcjach biatkowych: rozpuszczalnej w lizujacym buforze radioimmunoprecypitacyjnycm
(ang. Radio-Immunoprecipitation Assay Buffer, RIPA), frakcji rozpuszczalnej w 2% siarczanie
dodecylu sodu (ang. sodium dodecyl sulfate, SDS) oraz frakcji rozpuszczalnej w 70% kwasie
mréwkowym. Analizy dla 5 miesigcznych myszy wykazaty istotne statystycznie wigksze ilosci
AB we frakcji RIPA i SDS w mézgach myszy Blmh”’"5xFAD w poréwnaniu do grupy
Blmh*"*5xFAD na diecie standardowej. Dieta HHcy nie skutkowata istotnym statystycznie
zwickszeniem akumulacji AR w obu genotypach myszy. 12 miesieczne myszy Blmh”5xFAD
na diecie HHcy wykazaly istotnie statystycznie wigkszg agregacje AP we wszystkich frakcjach
w poréwnaniu do myszy Blmh™"5xFAD na diecie HHcy. Dodatkowo dieta HHcy u myszy
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Blmh**5xFAD prowadzita do akumulacji AP we wszystkich 3 frakcjach w poréwnaniu do

myszy Blmh*/*5xFAD na diecie standardowe;.

W celu wykazania, ze samo obnizenie poziomu Phf8 (bez manipulacji ekspresji genu Blmh)
prowadzi do akumulacji AP poprzez deregulacje mTOR oraz procesu autofagii, wykonano

eksperymenty z wyciszong ekspresja genu Phf8 w komoérkach N2a-APPgye.

Metodg western blot wykazaliSmy, ze obnizenie poziomu Phf8 prowadzi do istotnego
statystycznie podniesienia poziomoéw H4K20mel, mTOR oraz pmTOR. Jednoczes$nie
obserwowali$my istotne statystycznie obnizenie ilosci Atg5 oraz Atg7. Poziom Becn-1 oraz
APP nie ulegaly zmianom po wyciszeniu ekspresji genu PhfS w porownaniu do préb

kontrolnych.

Wykazalismy, ze wyciszenie ekspresji genu Phf8 prowadzito do istotnej akumulacji Ap poprzez
zastosowanie techniki immunofluorescencyjnego barwienia AP. Wyciszenie ekspresji genu
Phf8 skutkowato istotnie statystycznie wigkszg powierzchnig sygnatow oraz intensywnos$cia

sygnatu.

Podsumowujac wykazali§my, ze Blmh odgrywa wazng rol¢ w prawidlowym funkcjonowaniu
mozgu oraz chroni przed akumulacja AB. OdkryliSmy, ze deficyt Blmh prowadzi do obnizenia
ekspresji mRNA oraz ilosci biatka demetylazy histonowej Phf8 i wybranych markerow
autofagii. Jednocze$nie wykazalismy, ze dochodzi do akumulacji APP oraz mTOR, ktorego
ekspresja jest zalezna od H4K20mel. WykazaliSmy rowniez, ze akumulacja A jest zalezna od
diety HHcy oraz genotypu myszy. Zaobserwowane zmiany w mozgach myszy zostaly
potwierdzone in vitro poprzez wyciszenie ekspresji genu Blmh oraz traktowanie komorek
metabolitami (HTL, N-Hcy-biatka), ktorych poziomy sa podwyzszone w myszach Blmh™.
Wykazalismy, ze wyciszenie ekspresji Phf8 prowadzi do akumulacji AR, H4K20mel, mTOR
pmTOR oraz obnizenia Atg5 i1 Atg7. Uzyskane wyniki nie wykazaly wplywu wyciszenia
ekspresji Phf8 na APP co sugeruje, ze w tym wypadku akumulacja A wynika z zahamowania

procesu autofagii.

Finalnie zaproponowali$my mechanizm prowadzacy do rozwoju AD poprzez akumulacje AP
wynikajaca z deregulacji mTOR/autofagii. Zmiany te sa konsekwencja obnizenia ilosci Phf8
co prowadzi do wigkszego wigzania H4K20mel na TSS genu mTOR. Zaproponowany

mechanizm jest indukowany przez HTL, N-Hcy-biatka oraz wyciszenie ekspresji genu Blmh.
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4. Whnioski koncowe

Na podstawie uzyskanych wynikow zaproponowano mechanizm wptywu deficytu Cbs, Blmh
lub Ponl oraz diety wysokometioninowej (HHcy) na akumulacj¢ AP poprzez zaburzenia
Phf8/H4K20mel wptywajace na szlak sygnalowy mTOR i proces autofagii oraz poprzez
niezalezng od Phf8 stymulacje ekspresji APP (Ryc. 1).

Dieta HHcy, deficyt Cbs, Bimh, Ponl

| :/ PMHTL, PN-Hey Deficyt Phf8
APP | |
l J Phf8 =>| MHAK20mel
| AHAK20mel-mTOR = PmTOR
A Amyloid B | <= | L Autofagia | < 1pmTOR
v R

Neurodegeneracja i zaburzenia funkcji poznawczych

Ryc.1 Zaproponowany mechanizm wplywu deficytu Blmh, Ponl lub Cbs oraz diety HHcy na proces

neurodegeneracji oraz zaburzenia funkcji poznawczych.

Wnhioski szczegotowe:

1. WykazaliSmy, ze deficyt Blmh oraz dieta wysokometioninowa wywotuja neurodegeneracje
oraz zaburzenia funkcji poznawczych u myszy. Inni badacze wykazali, ze deficyt Cbs wywotuje

neurodegeneracj¢ oraz zaburzenia funkcji poznawczych u myszy i ludzi.

2. Deficyt Blmh, Ponl lub Cbs oraz dieta wysokometioninowa podnosza ilos¢ APP i AP

w mozgach myszy.

3. Deficyt Blmh, Ponl lub Cbs oraz dieta wysokometioninowa powoduja podobne zmiany
biochemiczne (wzrost poziomu HTL, N-Hcy-biatek oraz Hcy,), prowadzace do obniZenia ilosci
demetylazy histonowej Phf8, akumulacji H4K20mel, co prowadzi do aktywacji mTOR
1 zahamowania procesu autofagii w mozgach myszy. Obnizenie ekspresji Phf8 rowniez

powoduje wzrost akumulacji AP poprzez aktywacje szlaku H4K20mel->mTOR->autofagia.

34



5. Wykaz skrotow i rycin

AP — amyloid beta

AD — choroba Alzheimera

Atg — geny zwigzane z autofagia

APP — prekursorowe biatko amyloidu

Blmh — hydrolaza bleomycyny

Becn-1- Beklina 1

Bphl - biatko podobne do hydrolazy biphenylu
Cbs — syntaza B-cystationiny

Dieta HHcy- dieta wysokometioninowa

Gfap — kwasne biatko wtokienkowe

Hcy — homocysteina

HHcy — hiperhomocysteinemia

HTL — tiolakton homocysteiny

Lc3 - lekki tancuch 3 biatka zwigzanego z mikrotubulami
mTOR- ssaczy cel rapamycyny

Nfl- tancuch lekki neurofilamentu

NOR - test rozpoznawania nowego obiektu
pmTOR — fosforylowane biatko mTOR na serynie 2441
Phf8 — demetylaza histonowa PHF8

Ponl — paraoskonaza 1

PSEN1 — Presenilina 1

Pz — par zasad

RIPA- lizujacy bufor radioimmunoprecypitacyjny
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RT-gPCR - reakcja tancuchowa polimerazy w czasie rzeczywistym
SAM - S-adenozylo-metionina
SDS — siarczan dodecylu sodu

TSS — miejsce startu transkrypcji

Ryc. 1 strona 34
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Abstract: Paraoxonase 1 (PON1), a homocysteine (Hcy)-thiolactone detoxifying enzyme, has been associated
with Alzheimer’s disease (AD), suggesting that PON1 plays an important protective role in the brain. To study
the involvement of PON1 in the development of AD and to elucidate the mechanism involved, we generated

a new mouse model of AD, the Pon1~/-xFAD mouse, and examined how Pon1 depletion affects mTOR
signaling, autophagy, and amyloid beta (AB) accumulation. To elucidate the mechanism involved, we
examined these processes in N2a-APP;. cells. We found that Ponl depletion significantly downregulated
Phf8 and upregulated H4K20me1; mTOR, phospho-mTOR, and App were upregulated while autophagy
markers Bclnl, Atg5, and Atg7 were downregulated at the protein and mRNA levels in the brains of Pon1-/-
5XFAD vs. Pon1*/*5xFAD mice. Pon1 depletion in N2a-APPse cells by RNA interference led to downregulation
of Phf8 and upregulation of mTOR due to increased H4K20mel-mTOR promoter binding. This led to
autophagy downregulation and significantly increased APP and AP levels. Phf8 depletion by RNA
interference or treatments with Hcy-thiolactone or N-Hcy-protein metabolites similarly increased AB levels
in N2a-APPgy. cells. Taken together, our findings define a neuroprotective mechanism by which Pon1
prevents AB generation.

Keywords: APP; amyloid beta; Pon1~/~5xFAD mouse model; N2a-APPg. cells; Pon1; homocysteine
thiolactone; Phf8; H4K20mel; mTOR; autophagy

Introduction

Paraoxonase 1 (PON1), named for its ability to hydrolyze and inactivate the organophosphate paraoxon, is
synthesized exclusively in the liver, circulates in the blood as a component of high-density lipoproteins (HDL) [1],
and is present in many organs, including the brain [2]. In addition to protecting from organophosphate toxicity [3],
PON1 protects against atherosclerosis induced by a high-fat diet [4] or ApoE depletion [5] in mice. Large-scale
human studies showed that high arylesterase activity of PON1 protects from cardiovascular disease (CVD) in
patients with coronary artery disease undergoing elective diagnostic coronary angiography [6,7] and in patients
with chronic kidney disease [8], while low homocysteine thiolactonase activity of PON1 was associated with worse
longterm mortality [9]. In the PREVEND prospective study involving 6902 participants, PON1 activity predicted
CVD events [10]. The cardioprotective function of PON1 can be due both to its antioxidative function [4,6,11] and
the ability to detoxify homocysteine (Hcy)thiolactone [12—-15], thereby attenuating lipid peroxidation, oxidative
protein modification, and protein N-homocysteinylation.

PON1 has also been implicated in Alzheimer’s disease (AD) [16,17], which can be expected given that AD
has a significant vascular component [18]. For example, PON1 activity is lower in AD and dementia patients
compared with healthy controls [19-22]
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and correlates with the severity of AD-related cognitive decline [23]. In patients with mild cognitive impairment,
PON1 activity predicted global cognition, verbal episodic memory, and attention/processing speed [24]. In mice,
ApoE-"-Pon1-/- animals, which have severe carotid atherosclerosis [5], showed AD markers and impaired
vasculature in their brains at 14 months, although it was not clear whether brain pathology was caused by ApoE-/-,
Pon17~, or both knockouts [25]. In a mouse model of AD (Tg2576), immunohistochemical fluorescence signals for
Ponl protein in various regions of the brain were found to surround AB plaques but could not be colocalized to
any brain cell type [26].

Deletion of the Ponl gene in mice impairs the metabolic conversion of Hcy-thiolactone to Hcy, increases
brain Hcy-thiolactone levels, and makes the animals overly sensitive to the neurotoxicity of Hcy-thiolactone
injections [12]. Studies of Pon1-/- mouse brain proteome demonstrated that Pon1 interacts with diverse cellular
processes, such as energy metabolism, anti-oxidative defenses, cell cycle, cytoskeleton dynamics, and synaptic
plasticity, that are essential for brain homeostasis [27]. Clusterin (CLU or APQOJ), involved in the transport of amyloid
beta (AB) from plasma to brain in humans (reviewed in [28]), is carried on a distinct HDL subspecies that contains
three major proteins: PON1, CLU, and APOA1 [29]. Notably, levels of Clu (Apol) are significantly elevated in the
plasma of Pon1-/-vs. Pon1*’* mice [30]. These findings suggest that Pon1 plays a key role in brain homeostasis,
possibly protecting from AB accumulation.

The present work was undertaken to examine the effects of Pon1 depletion on AP levels in a novel model
of AD, the Pon17"5xFAD mouse, generated in the present study and to elucidate the mechanism involved. Because
dysregulated mTOR signaling and autophagy have been implicated in AB accumulation in Alzheimer’s disease
[31,32], and H4K20me1l demethylation by PHF8 is important for maintaining homeostasis of mTOR signaling [33],
we studied how these processes are affected by Ponl depletion in the mouse neuroblastoma N2a-APPswe cells
and Pon17"5xFAD mice. We also examined how changes in these processes affect the behavioral performance of
Pon17/-5xFAD mice.

2. Materials and Methods
2.1. Mice

Pon1-/- [4] mice (kindly provided by Diane M. Shih) and 5xFAD mice [34] (The

Jackson Laboratory, Bar Harbor, Maine, USA) on the C57BL/6J background were housed and bred at the New Jersey
Medical School Animal Facility. 5XxFAD mice overexpress the K670N/M671L (Swedish), 1716V (Florida), and V7171
(London) mutations in human APP (695), and M146L and L286V mutations in human PS1 and accumulate high
levels of AB42 beginning around 2 months of age [35] (https://www.alzforum.org/researchmodels/5xfad-b6sjl)
(accessed 27 December 2022). The Pon1-/- mice were crossed with 5xFAD animals to generate Pon1-/-5xFAD mice
and their Pon1*/*5xFAD sibling controls. Mouse Pon1 genotype was established by PCR of tail clips DNA using the
Ponl forward primer pl (50-TGGGCTGCAGGTCTCAGGACTGA-3%), Ponl exon 1 reverse primer p2 (59-
ATAGGAAGACCGATGGTTCT-39), and neomycin cassette reverse primer p3 (5°TCCTCGTGCTTTACGGTATCG-39) [4].
The Ponl genotype was also confirmed by RTqPCR assays, which did not detect any Pon1 mRNA in the brains of
Pon1--5xFAD mice but showed robust expression of Pon1 mRNA in the brains of their Pon1*/*5xFAD siblings.

The 5xFAD genotype was established using human APP and PS1 primers (hAPP forward 50°-
AGAGTACCAACTTGCATGACTACG-3° and reverse 50-ATGCTGGATAACTGCC TTCTTATC-3%, hPS1 forward 50-
GCTTTTTCCAGCTCTCATTTACTC-3%and reverse 5°-

AAAATTGATGGAATGCTAATTGGT-39). The mice were fed a standard rodent chow diet (LabDiet 5010, Purina Mills
International, St. Louis, MO, USA).

Water supplemented with 1% methionine was used to induce hyperhomocysteinemia [12,27]. The high
Met diet increases plasma total Hcy levels 5.6- and 10.4-fold in Pon1-/- (from 8.5 to 48 uM) and Pon1*/* mice (from
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7.4 to 77 uM) [27]. Animal procedures were approved by the Institutional Animal Care and Use Committee at the
New Jersey Medical School.

2.2. Brain Protein Extraction

Mice were euthanized by CO; inhalation; the brains were collected and frozen on dry ice. Frozen brains
were pulverized with dry ice using a mortar and pestle and stored at -80 °C. Proteins were extracted from the
pulverized brains (50 £ 5 mg; 30 £+ 3 mg brain was used for AR analyses) using RIPA buffer (4 v/w, containing
protease and phosphatase inhibitors) with sonication (Bandelin SONOPLUS HD 2070) on wet ice (three sets of five
1-s strokes with 1 min cooling interval between strokes). Brain extracts were clarified by centrifugation (15,000x
g, 30 min, 4 -C) and clear supernatants containing 8—12 mg protein/mL were collected (RIPA-soluble fraction).
Protein concentrations were measured with BCA kit (Thermo Fisher Scientific, Waltham, MA, USA).

For AB analyses, pellets remaining after protein extraction with RIPA buffer were reextracted by brief
sonication in 2% SDS, centrifuged (15,000 g, 15 min, room temperature), and the supernatants collected again
(SDS-soluble fraction). The SDS-extracted pellets were then extracted by sonication in 70% formic acid (FA),
centrifuged, and the supernatants were collected (the FA-soluble fraction) [35].

2.3. AB Quantification

AB was quantified using a dot blot assay [36]. Briefly, brain protein extracts (1 pL) were spotted onto the
nitrocellulose membranes and dried (37 *C, 1 h). The membranes were washed with TBST buffer (RT, 15 min) and
blocked with 5% BSA in TBST buffer (RT, 1 h). Blocked membranes were washed three times with TBST buffer (10
min each) and incubated with monoclonal anti-AB antibody (CS #8243; 4 - C, 16 h). Membranes were then washed
three times with TBST buffer (10 min each) and incubated with goat horseradish peroxidase-conjugated anti-rabbit
IgG secondary antibody. Positive signals were detected using Western Bright Quantum-Advansta K12042-D20 and
GeneGnome XRQ NPC chemiluminescence detection system. Signal intensity was assessed using the Gene Tools
program from Syngene.

2.4. Cell Culture and Treatments

Mouse neuroblastoma N2a-APPswe cells, harboring a human APP transgene with the K670N and M671L
Swedish mutations [37] were grown (37 °C, 5% CO,) in DMEM/F12 medium (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 5% FBS, nonessential amino acids, and antibiotics (MilliporeSigma, Saint Louis, MO,
USA).

After cells reached 70-80% confluency, the monolayers were washed twice with PBS and overlaid with
DMEM medium without methionine (Thermo Scientific), supplemented with 5% dialyzed fetal bovine serum (FBS)
(MilliporeSigma) and non-essential amino acids. L-Hcy-thiolactone (20 and 200 uM) (MilliporeSigma) or N-Hcy-
protein (10 and 20 uM), prepared as described in ref. [38], were added, and the cultures were incubated at 37 °C
in a 5% CO,atmosphere for 24 h.

For gene silencing, siRNAs targeting the Pon1 (Cat. # s71950 and s71951) or Phf8 gene (Cat. # s115808,
and s115809) (Thermo Scientific) were transfected into cells maintained in Opti-MEM medium by 48-h
Lipofectamine RNAiIMax (Thermo Scientific) treatments. Cellular RNA for RT-gPCR analysis was isolated as
described in Section 2.5. For protein extraction, RIPA buffer (MilliporeSigma) was used according to the
manufacturer’s protocol.
2.5. Western Blots

Proteins were separated by SDS-PAGE on 10% gels (20 pg protein/lane) and transferred to a PVDF
membrane (Bio-Rad) for 20 min at 0.1 A, 25 V using the Trans Blot Turbo Transfer System (Bio-Rad). After blocking
with 5% bovine serum albumin in TBST buffer (1 h, room temperature), the membranes were incubated with
monoclonal anti-Ponl (ab126597, Abcam, Cambridge, MA, USA), anti-Phf8 (Abcam, ab36068), anti-H4K20me1l
(Abcam ab177188), anti-mTOR (Cell Signaling Technology, Davnvers, MA, USA, CS #2983), anti-pmTOR Ser2448
(CS, #5536), anti-Atg5 (CS, #12994), anti-Atg7 (CS, #8558), anti-Beclin-1 (CS, #3495), anti-Gapdh (CS, #5174), or
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anti-App (Abcam, ab126732) overnight at 4 - C. Membranes were washed three times with TBST buffer, for 10 min
each, and incubated with goat anti-rabbit IgG secondary antibody conjugated with horseradish peroxidase.
Positive signals were detected using Western Bright Quantum-Advansta K12042-D20 and GeneGnome XRQ NPC
chemiluminescence detection system. Band intensity was calculated using the Gene Tools program from Syngene.

2.6. RNA Isolation, cDNA Synthesis, RT-gPCR Analysis

Total RNA was isolated using Trizol reagent (MilliporeSigma). cDNA synthesis was conducted using Revert
Aid First cDNA Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. Nucleic acid
concentration was measured using NanoDrop (Thermo Fisher Scientific). RT-qPCR was performed with SYBR Green
Mix and CFX96 thermocycler (Bio-Rad, Hercules, CA, USA). The 2-22% method was used to calculate the relative
expression levels [39]. Data analysis was performed with the CFX Manager™ Software, Microsoft Excel, and
Statistica. RT-gPCR primer sequences are listed in Table S1.

2.7. Chromatin Immunoprecipitation Assay

For CHIP assays we used CUT&RUN Assay Kit #86652 (Cell Signaling Technology, Danvers, MA, USA)
following the manufacturer’s protocol. Each ChIP assay was repeated three times. Briefly, for each reaction, we
used 100,000 cells. Cells were trypsinized and harvested, washed 3x in ice-cold PBS, and bound to concanavalin
A-coated magnetic beads for 5 min, at RT. Cells were then incubated (4 h, 4 °C) with 2.5 pg of anti-PHF8 antibody
(Abcam, ab36068) or anti-H4K20me1l antibody (Abcam, ab177188) in the antibody-binding buffer plus digitonin
that permeabilizes cells. Next, cells were treated with pAG-MNase (1 h, 4 °C), washed, and treated with CaCl, to
activate DNA digestion (0.5 h, 4 ° C). Cells were then treated with the stop buffer and spike-in DNA was added for
each reaction for signal normalization, and incubated (10-30 min, 37 °C). Released DNA fragments were purified
using DNA Purification Buffers and Spin Columns (CS #14209) and quantified by RT-gPCR using primers targeting
the promoter, upstream, and downstream regions of the mTOR gene (Table S1). Rabbit (DA1E) mAb IgG XP° Isotype
Control included in the CUT&RUN kit did not afford any signals in the RT-gPCR assays targeting mTOR.

2.8. Confocal Microscopy, Ag Quantification in N2a-APPswe Cells

Mouse neuroblastoma N2a-APPswe cells were cultured in Millicell EZ SLIDE 8-well glass slides (Merck,
Darmstadt, Germany). After treatments, cells were washed 3 times with PBS for 10 min. Cells were fixed with 4%
PFA (MilliporeSigma) (37 °C, 15 min), washed3 times with PBS buffer, permeabilized with 0.1% Triton X-100
solution (RT, 20 min), blocked with 0.1% BSA (RT, 1h), and incubated with anti-AB antibody (CS #8243; 4 -C, 16 h).
Cells were then washed 3 times with PBS and stained with secondary antibody Goat Anti-Rabbit IgG H&L (Alexa
Fluor®488) (Abcam, ab150077; RT, 1 h) to visualize and quantify AB. DAPI (Vector Laboratories, Newark, CA, USA)
was used to visualize nuclei. Fluorescence signals were monitored by using a Zeiss LSM 880 confocal microscope
with a 488 nm filter for the Alexa Fluor® 488 (AB) and 420-480 nm filter for DAPI, taking a z stack of 20-30 sections
with an interval of 0.66 um and a range of 15 um. Zeiss Plan-Apochromat X40/1.2 Oil differential interference
contrast objective were used for imaging. Images were quantified with the Imagel Fiji 2.9.0 software (NIH,
Bethesda, MD, USA).

2.9. Behavioral Testing
2.9.1. Hindlimb Test

The hindlimb clasping test is used to assess neurodegeneration in mouse models [40]. For this test, mice
were suspended by the base of the tail and videotaped for 10 s. Three separate trials were taken over three
consecutive days. Hindlimb clasping was scored from 0 to 3: 0 = hindlimbs splayed outward and away from the
abdomen; 1 = one hindlimb retracted inwards towards the abdomen for at least 50% of the observation period; 2
= both hindlimbs partially retracted inwards towards the abdomen for at least 50% of the observation period; and
3 = both hindlimbs completely retracted inwards towards the abdomen for at least 50% of the observation period.
Hindlimb clasping scores were added together for the three separate trials.
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2.9.2. Ledge Test

The ledge test is used to assess motor deficits in rodent models of CNS disorders [41]. Typically, mice walk
along the ledge of a cage and try to descend back into the cage. Three separate trials were taken for each mouse.
The ledge test was scored from 0 to 3 points: 0 = a mouse walked along the ledge without slipping and lowered
itself back into the cage using paws; 1 = the mouse lost its footing during walking along the ledge but otherwise
appeared coordinated; 2 = the mouse did not effectively use its hind legs and landed on its head rather than paws
when descending into the cage; and 3 = the mouse fell of the ledge or was shaking and/or barely moving.

2.9.3. Cylinder Test

The cylinder test is used to assess sensorimotor function in rodent models of CNS disorders. A mouse is
placed in a transparent 500 mL plastic cylinder. The number of times the mouse rears up and touches the cylinder
wall during a period of 3 min is counted. A rear is defined as a vertical movement with both forelimbs off the floor
so that the mouse is standing only on its hindlimbs. At the end of 3 min, the mouse was removed and placed back
into its home cage. Because spontaneous activity in the cylinder is affected by repeated testing, resulting in
reduced activity over time, mice were tested only once in their lifetime.

2.10. Statistical Analysis

The results were calculated as mean * standard deviation. A two-sided unpaired t test was used for
comparisons between two groups of variables; p < 0.05 was considered significant. Statistical analysis was
performed using Statistica, Version 13 (TIBCO Software Inc., Palo Alto, CA, USA, http://statistica.io) (accessed 2
November 2022).

3. Results

3.1. Pon1l Depletion Downregulates the Expression of Histone Demethylase Phf8 and Increases the H4K20mel
Epigenetic Mark in Mouse Brain

To determine if Pon1 interacts with Phf8, we quantified Phf8 protein in the brains of Pon1-/-5xFAD mice
and their Ponl*/*5xFAD sibling controls by Western blotting. We also examined the effects of
hyperhomocysteinemia (HHcy), induced by providing 1% methionine in drinking water, on the Pon1—Phf8
interaction. Pictures of Western blots are shown in Figures 11 and 2B, while quantification of individual proteins is
illustrated by corresponding bar graphs in Figures 1 and 2 for 5-month-old and 12-month-old mice, respectively.
We found that Phf8 protein was significantly downregulated in the brains of Pon1-/-5xFAD mice vs. Pon1*/*5xFAD
sibling controls in animals fed with a standard chow diet (5-month-old: from 1.0 £ 0.1 to 0.68 + 0.15, Pgenotype = 2 %
10-3, Figure 1A; 12-month-old: from 1.0 £ 0.2 t0 0.65 + 0.12, Pgenotype = 1 x 10, Figure 2A). Reduced expression of
Phf8 in Pon1-/-5xFAD vs. Pon1*/*5xFAD brains was also observed in mice fed with the HHcy diet (from 0.76 + 0.11
10 0.60 % 0.10, Pgenotype = 0.001; Figure 1A).

50


http://statistica.io/
http://statistica.io/

=

(B)

G}

=
w

25 2.5
i =0.030 3
=1x107 PEOE " 2x10°
p=2x10° o ; c20{ p=2x107 P=oXo i
3 10 _p=0.001 ] | 3
2 g 15 | @ 1.5
1 ]
% E 1.0 z 1.0
£05 g~ % :
0.5 0.5
0.0 0.0 0.0
Std diet Met diet Std diet Met diet Std diet Met diet
OPonl+/+5xFAD [ Ponl-/-5xFAD O Ponl+/+5xFAD [ Pon1l-/-5xFAD O Ponl+/+5xFAD [ Ponl-/-5xFAD
(D) (E) (F)
25 p= 1x10°6 1.5 1.5
Eo 800 _ ~ _ 5
£ 20 B0 . p=1x10* ‘ p=3x10*
° -
$is '§ 1.0 p =0.021 T 10 NS
gx 8 e . 3 —L
3 < =
0 1.0 i Y
'E 3 0.5 & 0.5
20.5
0.0 0.0 - + 0.0
Std diet Met diet Std diet Met diet Std diet Met diet
O Ponl+/+5xFAD [ Pon1-/-5xFAD OPonl+/+5xFAD [ Ponl-/-5xFAD OPonl+/+5xFAD [ Ponl-/-5xFAD
(G) (H) (1) oSS )
15 25 H4K20me1 [— ]
s p = 0.005 MR [ mwmresre—esrews) ]
- p=1x10"7 1 x 10~ - 2.0 o8 B pmTOR [ |
T 1.0 » 3 P= T Atg7 |
3 #=0.024 215 871 !
() —_—= 7 (Y] Atgs | J
E A i E 10 t Beln1 | : -]
2os &
0.5 APP [ o o e e e e |
Gapdh | ]
0.0 0.0 o o o O
5 2 Aa a > &
std diet Met diet std diet Met diet (,*Sé e 0 o s""i'@
& > & &
CPonl+/+5xFAD [ Ponl-/-5xFAD C1Pon1+/+5xFAD [ Ponl-/-5xFAD QO“ 27 g e o

Figure 1. Ponl depletion affects the expression of histone demethylase Phf8, histone H4K20mel epigenetic mark, mTOR, pmTOR,

autophagy-related proteins, and App in the Pon1~/-5xFAD mouse brain. (A—H) 5-month-old mice: One-month-old Pon1~/~5xFAD mice and
Pon1*/*5xFAD sibling controls fed with HHcy high Met diet (1% Met in drinking water) or control diet for 4 months were used in experiments.
Each genotype/diet group included 8—10 mice of both sexes. Bar graphs illustrating Western blot quantification of the following brain
proteins are shown: Phf8 (A), H4K20mel (B), mTOR (C), pmTOR (D), BcInl (E), Atg5 (F), Atg7 (G), and App (H). Representative pictures of
Western blots are shown in panel (1). Gapdh protein was used for normalization. Data are averages of three independent experiments.

HHcy diet significantly downregulated Phf8 expression in the brains of Pon1*/*5xFAD mice (t0 0.76 = 0.11, Pgiet= 6
x 10-°). In contrast, Phf8 expression in the brains of Pon1-"-5xFAD mice was essentially not affected by the HHcy

diet (0.60 £ 0.19 vs. 0.68 + 0.15,Pgiet = 0.099) (Figure 1A). The histone H4K20me1l epigenetic mark was significantly

upregulated in Pon1-/-5xFAD vs. Pon1**5xFAD brains (5-month-old: 1.74-fold, Pgenotype = 1 x 107, Figure 1B; 12-

monthold: 1.41-fold, Pgenotype = 1 x 10-%, Figure 2). Upregulated expression of H4K20mel in 5-month-old

Pon1--5xFAD vs. Pon1*/*5xFAD brains was also observed in mice fed with the HHcy diet (from 1.58 + 0.27 to 1.87

+ 0.24, Pgenotype = 0.030; Figure 1B).HHcy diet significantly upregulated H4K20me1 levels in 5-month-old Pon1*/*

mice (1.6-fold, Pgiet = 6 x 10-°) but not in Pon17/~animals (1.74- vs. 1.87-fold, Pgiet= 0.275; Figure 1B).
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Figure 2. Pon1 depletion affects the expression of histone demethylase Phf8, histone H4K20mel epigenetic mark, mTOR, autophagy, and

App in the brains of 12-month-old Pon1~/~5xFAD mice. After weaning at 1 month, Pon1~/~5xFAD mice and Pon1*/*5xFAD sibling controls
were fed with a standard diet for 11 month. Each genotype group included 10-12 mice of both sexes. (A) Bar graphs illustrate Western blot
quantification of the indicated brain proteins. (B) Pictures of Western blots. (C) Bar graphs showing RT-qPCR quantification of mRNA for
Pon1, Phf8, mTOR, autophagy-related proteins, and App. Gapdh mRNA levels was used as a reference for quantification. As expected, Ponl

was absent in the Pon1~/~5xFAD mice.

3.2. Ponl Depletion Upregulates mTOR and Inhibits Autophagy in Mouse Brain

Because Phf8/H4K20mel regulate mTOR signaling, we next examined the effects of Pon1 depletion on
levels of mTOR and its active form, phosphorylated at Ser2448 (pmTOR). We found that mTOR protein was
significantly upregulated in the brains of Pon17/-5xFAD vs. Pon1*/*5xFAD mice (5-month-old: 1.69-fold, Pgenotype = 2
x 10-1°, Figure 1C; 12-month-old: 1.39-fold, Pgenotype = 4 x 10->, Figure 2A). Upregulated expression of mTOR in
Pon17/-5xFAD vs. Pon1*/*5xFAD brains was also observed in mice fed with the HHcy diet (from 1.43 + 0.18 to 1.97
+0.19, Pgenotype = 2 x 10->; Figure 1C).

HHcy diet significantly upregulated mTOR protein expression in Pon1”/-5xFAD mice (1.97 + 0.19 vs. 1.69 +
0.12, Pgier= 0.003) and Pon1*/*5xFAD animals (1.43 = 0.18 vs. 1.00 * 0.09, Pgie:= 5 x 10-°) (Figure 1C).

Because mTOR is activated by phosphorylation, we quantified mTOR phosphorylated at Ser2448 (pmTOR).
We found that pmTOR was also significantly upregulated in the brains of Pon17-5xFAD vs. Pon1*/*5xFAD mice (5-
month-old: 1.69-fold, Pgenotype = 2 x 10-°, Figure 1C; 12-month-old: 1.86-fold, Pgenotype = 3 x 10-%, Figure 2A).
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Upregulated expression of pmTOR in Pon17/-5xFAD vs. Pon1*/*5xFAD brains was also observed in mice fed with the
HHcy diet (1.95 + 0.17 vs. 1.56 * 0.26, Pgenotype = 0.002) (Figure 1D). HHcy diet significantly elevated pmTOR levels
in Pon1*/*5xFAD mice (1.56 + 0.26 vs. 1.00 # 0.18, Pgiet = 4 x 10-°) but not in Pon1-/-5xFAD mice (1.95 + 0.17 vs.
1.87 +0.30, Pgie: = 0.528 (Figure 1D). Overall, the effects of the Pon1-/-genotype on mTOR and pmTOR levels were
attenuated by the HHcy diet (Figure 1C,D). These findings indicate that Ponl depletion upregulated pmTOR to a
similar extent as mTOR, suggesting that the Pon17/~genotype affects mTOR signaling mostly at the level of mTOR
protein expression.

Because mTOR is a major regulator of autophagy, we quantified autophagy-related proteins in Pon17~
5xFAD mice. We found that the regulators of autophagosome assembly, Bclnl, Atg5, and Atg7, were significantly
downregulated in the brains of Pon17/-5xFAD vs. Pon1*/*5xFAD sibling controls (by 22—35%, Pgenotype = 1 x 107 t0 1
x 10~ Figure 1E-G; 12-month-old: by 24—-37%, Pgenotype = 2 x 10-°to 3 x 10-*, Figure 2A). The HHcy diet significantly
decreased BcInl, Atg5, and Atg7 expression in 5-month-old Pon1**5xFAD mice (by 23—28%, Pgier= 2 x 10->t0 2 x
10-°). In 5-month-old Pon17/-5xFAD mice, the ~ HHcy diet also significantly decreased BcIn1 (0.68 vs. 0.80, Pgiet =
0.003) and Atg5 levels (0.66 vs. 0.74, P4t = 0.008); however, Atg7 levels were essentially not affected by the HHcy
diet in Pon17/"5xFAD mice (0.63 + 0.05 vs. 0.65 # 0.05, Pgiet= 0.714). Overall, the effects of the Pon1-/-genotype on
the brain Bcln1, Atg5, and Atg7 levels were attenuated by the HHcy diet (Figure 1E-G). These findings indicate that
autophagy was impaired by the Pon17/~genotype.

3.3. Ponl Depletion Upregulates APP Protein Expression in Mouse Brain

We found that APP protein was significantly elevated in the brains of Pon1--5xFAD mice vs. Pon1*/*5xFAD
sibling controls in mice fed with a standard diet (5-month-old: 1.42-fold, Pgenotype = 2 x 10-%; Figure 1H; 12-month-
old: 1.39-fold, Pgenotype = 3 x 10-%, Figure 2A). Upregulated expression of APP protein in 5-month-old Pon1-/-5xFAD
vs. Pon1*/*5xFAD brains was also observed in mice fed with the HHcy diet (from 1.76 + 0.08 to 1.92 # 0.10, Pgenotype
= 0.005; Figure 1H).

Met diet increased APP protein levels in the brains of 5-month-old Pon1**5xFAD mice (1.76-fold, Pgiet= 1
x 10-3) and, to a lesser extent, in Pon17/"5xFAD animals (1.35-fold, from 1.42 to 1.92, Pgiet= 4 x 10-7) (Figure 1H).

3.4. Ponl Gene Exerts Transcriptional Control on the Expression of Phf8, mTOR, Autophagy-Related Proteins, and
APP in Pon17-5xFAD Mice

To determine if the observed changes in the protein levels of Phf8, mTOR, autophagy related proteins, and
APP are caused by the transcriptional effects of the Pon17-genotype, we quantified the corresponding mRNAs by
RT-gPCR. We found that Phf8 mRNA was significantly downregulated in the brains of Pon1-/-5xFAD mice vs.
Pon1**5xFAD sibling controls in animals fed with a standard chow diet (5-month-old: from 1.00 + 0.15 to 0.66 *
0.09, Pgenotype = 1 x 104, Figure S1A; 12-month-old: from 1.00 + 0.16 to 0.76 * 0.13, Pgenotype = 4 x 10-*, Figure 2C).
HHcy did not affect the effects of the Pon1 genotype on Phf8 mRNA: reduced expression of Phf8 in the brains of
5-month-old Pon1-/-5xFAD vs. Pon1**5xFAD mice was observed in mice fed with the Met diet (from 0.63 + 0.27
10 0.37 £ 0.23, Pgenotype = 0.048; Figure S1A).

HHcy significantly downregulated Phf8 mRNA expression in the brains of 5-monthold 5xFAD mice,
regardless of Pon1 genotype: from 1.00 = 0.15 in mice fed with a standard diet to 0.63 + 0.27 in animals fed with
the Met diet, Pgier = 0.002 in Pon1*/*5xFAD mice, and from 0.66 + 0.09 (std diet) to 0.37 = 0.23 (Met diet), Pgiet =
0.002 in Pon17"5xFAD animals (Figure S1A).

We found that mTOR mRNA was significantly upregulated in the brains of Pon17/-5xFAD vs. Pon1*/*5xFAD
mice (5-month-old: 1.55-fold, Pgenotype = 0.006, Figure S1B; 12-monthold: 1.32-fold, Pgenotype = 4 x 10-°, Figure 2C).
However, HHcy abrogated the effects of the Ponl genotype on mTOR mRNA expression: similar levels of mTOR
mRNA were found in Pon1-/-5xFAD and Pon1*/*5xFAD mice fed with the high Met diet (1.79 + 0.55 and 1.46 + 0.61,
respectively, Pgenotype = 0.258; Figure S1B).
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HHcy diet significantly upregulated mTOR mRNA in Pon1*/*5xFAD mice (1.46 + 0.61 vs. 1.00 # 0.15, Pgiet =
0.044) but not in Pon17"5xFAD animals (1.79 * 0.55 vs. 1.55 # 0.46, Pgie: = 0.352) (Figure S1B).

We also found that mRNA for the regulators of autophagosome assembly, Bclnl, Atg5, and Atg7, were
downregulated in the brains of Pon17/-5xFAD vs. Pon1*/*5xFAD sibling controls (Bcln1 and Atg7 mRNA by 31% and
22%, Pgenotype = 0.005 and 0.008, respectively, Figure S1C,E; 12-month-old: by 13-36%, Pgenotype = 2 x 10-°to 0.040,
Figure 2C). Met diet significantly decreased BcInl and Atg7 mRNA expression in 5-month-old Pon1*/*5xFAD mice
(by 18-20%, Pgiet = 0.044 and 0.008, respectively) but not in Pon17/-5xFAD animals. The Atg5 mRNA level was not
affected by the Met diet regardless of Pon1 genotype. However, Atg5 mRNA was significantly reduced by the Pon1~
/~genotype in mice fed with the Met diet but in Pon1--5xFAD mice. Overall, the effects of the Pon17~genotype on
the brain BcInl and Atg7 levels were attenuated by the HHcy diet (Figure S1C,E).

We found that APP mRNA was significantly elevated in the brains of Pon17/-5xFAD mice vs. Pon1*/*5xFAD
sibling controls in mice fed with a standard diet (5-month-old: 1.52-fold, Pgenotype = 0.002; Figure S1F; 12-month-
old: 1.59-fold, Pgenotype = 0.003, Figure 2C). Upregulated expression of APP mRNA in 5-month-old Pon17/-5xFAD vs.
Pon1*/*5xFAD brains was also observed in mice fed with the HHcy diet (from 1.76 + 0.08 to 1.92 % 0.10, Pgenotype =
0.005; Figure S1F).

Met diet increased APP mRNA levels in the brains of 5-month-old Pon1*/*5xFAD mice (1.75-fold, Pgict =
0.010) but not in Pon17/"5xFAD animals (Pt = 0.482) and abrogated the effects of the Pon1~7~ genotype on APP
mRNA (Figure S1F). As expected, Pon1 mRNA was absent in Pon17/-5xFAD brains (Figure S1G). Met diet did not
affect Pon1 mRNA in Pon1*/*5xFAD mice brains (Figure S1G).

These findings indicate that the Ponl gene exerts transcriptional control over the expression of Phf8,
mTOR, autophagy-related proteins, and APP in the mouse brain.

3.5. Pon1 Gene Silencing Downregulates the Histone Demethylase Phf8, Upregulates H4K20me1l Epigenetic Mark,
mMTOR and pmTOR, APP, and Inhibits Autophagy in Mouse Neuroblastoma N2a-APPswe Cells

To elucidate the mechanism by which Ponl depletion impacts Phf8 and its downstream effects on mTOR,
autophagy, and APP, we first examined whether the findings in Pon1-/-mice can be recapitulated in cultured mouse
neuroblastoma N2a-APPswe cells that overproduce AP from a mutated human APP transgene [38]. We silenced
the Pon1 gene in these cells by RNA interference using Ponl-targeting siRNA and studied how the silencing impacts
Phf8 and its downstream effects. Changes in specific protein levels in Pon1-silenced and control cells were analyzed
by Western blotting using Gapdh protein as a reference.

We found that the Pon1 protein level was reduced by 71% in Pon1-silenced cells (p = 1 x 10~; Figure 3A).
We also found that the histone demethylase Phf8 protein level was significantly downregulated (by 33%, p = 4 x
107% Figure 3B), while the histone H4K20me1 level was significantly upregulated (1.70-1.76-fold, p = 0.001; Figure
3C) in Pon1-silenced N2a-APPswe cells.
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Figure 3. Pon1 gene silencing in mouse neuroblastoma N2a-APPswe cells recapitulates changes in histone demethylase Phf8, H4K20me1l,

mTOR signaling, APP, and autophagy-related protein levels observed in Pon1~/~ mouse brain. Bar graphs illustrating the quantification of
Pon1 (A), Phf8 (B), H4K20me1l (C), mTOR (D), pmTOR (E), BcIn1 (F), Atg5 (G), Atg7 (H), and App (1) in N2a-APPswe cells transfected with two
different siRNAs targeting the Pon1 gene (siRNA Ponl #1 and #2) are shown. Representative pictures of Western blots are shown in panel
(J). Transfections without siRNA (Control -siRNA) or with scrambled siRNA (siRNAscr) were used as controls. Gapdh was used as a reference
protein. Data are averages of three independent experiments.

At the same time, the mTOR protein was significantly upregulated in Pon1-silenced N2a-APPswe cells (1.7-
fold, p = 0.001; Figure 3D), as were pmTOR (1.6-fold, p = 2 x 10->; Figure 3E) and APP (1.6-fold, p = 1 x 10-%; Figure
31), while autophagy-related proteins Bclnl, Atg5, and Atg7 (Figure 3F—H, respectively) were significantly
downregulated (by 33—-45%, p = 2 x 10-*to 0.003).

The Western blot results show that the changes in Phf8, H4K20m31, mTOR signaling, autophagy, and APP
induced by Pon1 gene silencing in N2a-APPswe cells (Figure 3) recapitulate the in vivo findings in the Pon1-/-5xFAD
mouse brain (Figures 1 and 2).

3.6. Pon1l Gene Silencing Increases H4K20me1 Biding to mTOR Promoter in N2a-APPswe Cells

To determine whether increased levels of the histone H4K20mel mark can promote mTOR gene
expression by binding to its promoter in Ponl-depleted cells, we carried out ChIP experiments using anti-
H4K20me1 antibody (Figure 4). The Pon1 gene was silenced by transfecting N2a-APPswe cells using two different
Pon1-targeting siRNAs. The cells were permeabilized and treated with anti-H4K20me1 antibody and a recombinant
micrococcal nuclease-protein A/G. DNA fragments released form N2a-APPswe cells were quantified by RT-gPCR
using primers targeting the transcription start site (TSS) of the mTOR gene as well as upstream (UP) and
downstream (DOWN) regions.
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Figure 4. Pon1 depletion or treatments with Hcy-thiolactone or N-Hcy-protein increase H4K20me1 binding at the mTOR promoter in mouse
neuroblastoma N2a-APPswe cells. CHIP assays with anti-H4K20me1 antibody show the specific binding of H4K20me1 at the transcription
start site (TSS) of the mTOR gene as well as downstream and upstream sites. Bar graphs show the relative H4K20mel binding at indicated
regions of the mTOR gene. (A) N2a-APPswe cells were transfected with two different siRNAs targeting the Pon1 gene (siRNA Ponl #1 and

#2) (48 h, 37 ° C). Transfections without siRNA (Control -siRNA) or with scrambled siRNA (siRNAscr) were used as controls. (B) Control CHIP
experiment with anti-H3K4me3 antibody shows that Pon1 gene-silencing did not affect the binding of H3K4me3 at the Rpl30 intron. (C)

N2a-APPswe cells were treated with indicated concentrations of N-Hcy-protein or Hcy-thiolactone (HTL) (24 h, 37 ° C). Untreated cells were
used as controls. (D) Control CHIP experiment with anti-H3K4me3 antibody shows that Hcy-thiolactone or N-Hcy-protein did not affect
binding of H3K4me3 at the Rpl30 intron. RT-gPCR was conducted on the input and precipitated DNA fragments. Data are averages of three
independent experiments. * Significant differences vs. controls, p < 0.05.

We found that in Poni-silenced N2a-APPswe cells, the binding of H4K20me1l was significantly increased
at the mTOR TSS (1.8 to 2.3-fold, p = 4 x 10-°), mTOR UP (2.0 to 2.2-fold, p = 2 x 10-°), and mTOR DOWN sites (1.4
to 1.6-fold, p = 1 x 10-%) (Figure 4A). Importantly, in Ponil-silenced cells there were significantly more DNA
fragments from the mTOR TSS (2.3 £ 0.2 and 1.8 + 0.2 for siRNA Pon1 #1 and #2, respectively) than from the DOWN
site (1.4 £0.2 and 1.6 £ 0.1 for siRNA Pon1 #1 and #2, respectively; p = 0.004). There were also more DNA fragments
from the UP site than from the DOWN site (2.2 £ 0.2 and 2.1 + 0.2 for siRNA Pon1 #1 and #2 vs. 1.4 £ 0.2 and 1.6
+ 0.1 for siRNA Pon1 #1 and #2; p = 0.0004). Numbers of DNA fragments from the TSS and UP sites were similar (p
= 0.713) (Figure 4A). Control experiments showed that the binding of H3K4me3 to RPL30 intron was not affected
by Pon1 gene silencing (Figure 4B). These findings indicate that Pon1 gene silencing induces H4K20me1 binding at
the mTOR gene, significantly higher at the mTOR TSS and UP site than at the DOWN site in Pon1-silenced cells.

CHIP experiments using anti-Phf8 antibody showed that Ponl gene silencing or treatments with Hcy-
thiolactone or N-Hcy-protein did not affect binding of Phf8 to the mTOR gene.

3.7. Pon1 Depletion Increases Ag Accumulation in N2a-APPswe Cells
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To determine whether Ponl depletion affects AR accumulation, we silenced the Ponl gene by RNA
interference and quantified AP in N2a-APPswe cells by fluorescence confocal microscopy using anti-AB antibody.
The Pon1 gene was silenced by transfection with two different siRNAs targeting Pon1; the cells were permeabilized,
treated with anti-AB antibody, and AB was visualized with fluorescent secondary antibody and quantified.
Representative confocal microscopy images are shown in Figure 5A. We found that Ponl gene silencing led to
increased AB generation manifested by significantly increased area (from 173 + 27 and 162 + 22 pum?for -siRNA
and siRNAscr controls, respectively, to 225 + 28 um?for siRNA Pon1 #1, p = 0.013) and average size (from 0.63
0.02 and 0.61 + 0.06 for -siRNA and siRNAscr controls, respectively, to 1.29 + 0.17 um?and 0.99 + 0.09 um? for
siRNA Pon1 #1 and #2, respectively; p = 1 x 10-%) of fluorescent AB puncta in Pon1 siRNA-treated N2a-APPswe cells
compared with siRNAscr or -siRNA controls (Figure 5B). Signal intensity increased from 1.00 £ 0.16 and 0.86 + 0.28
for -siRNA and siRNAscr controls, respectively, to 2.08 + 0.27 and 2.01 + 0.23 for siRNA Ponl #1 and #2,
respectively; p = 3 x 10-%) (Figure 5B).

Because Pon1l depletion elevates Hcy-thiolactone and N-Hcy-protein in mice [12], we examined whether
any of these metabolites can induce AP accumulation in N2a-APPswe cells. In cells treated with Hcy-thiolactone
(20-200 puM) or N-Hcy-protein (10—20 uM), there was significantly more AB, manifested by significantly increased
area of fluorescent AB puncta in confocal immunofluorescence images compared with control-siRNA and siRNAscr
(Figure 5C,D). However, while treatments with Hcy-thiolactone led to increased size and signal intensity of the
fluorescent AP puncta, treatments with N-Hcy-protein did not (Figure 5D), suggesting different effects of Hcy-
thiolactone and N-Hcy-protein on the structure of AB deposits. These findings suggest that Hcy-thiolactone and
N-Hcy-protein contribute to elevated AB levels induced by Pon1 gene silencing.

3.8. Ponl Depletion Increases Ag Accumulation in Pon1-/-5xFAD Mice

AB was extracted from brains of 5- and 12-month-old mice fed with a standard chow diet, and from 5-
month-old mice with the HHcy diet (1% Met in drinking water) since weaning at the age of 1 month. SDS-soluble
and formic acid (FA)-soluble AR fractions, which contain the bulk of AB [36], as well as a minor RIPA-soluble AB
fraction were obtained. AP was quantified in these fractions by a dot blot assay with a monoclonal anti-AB
antibody [37].

We found that RIPA- and SDS-soluble AB was significantly elevated (Pgenotype = 2 x 10->and 1 x 10-%,
respectively), and FA-soluble AB tended to be elevated (Pgenotype = 0.058) in the brains of 12-month-old
Pon1--5xFAD mice vs. Pon1**5xFAD sibling controls fed with a standard diet (Figure 6A). Similarly, elevated AB
was found in 5-month-old Pon1-"-5xFAD vs. Pon1*/*5xFAD mice fed with a standard diet (Figure 6B) or the HHcy
diet (Figure 6C). This indicates that neither age nor HHcy influenced the effects of the Pon1-- genotype on AR
levels.
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Figure 5. Pon1 depletion promotes AB accumulation in N2a-APPswe cells. (A-D) Analysis of AB in mouse neuroblastoma N2a-APPswe cells
by confocal immunofluorescence microscopy using anti-AB antibody. (A,B) The cells were transfected with siRNAs targeting the Pon1 gene
(SiRNA Ponl #1 and #2). Transfections without siRNA (Control -siRNA) or with scrambled siRNA (siRNAscr) were used as controls. Confocal
microscopy images (A) and quantification of AB signals (B) from Pon1-silenced and control cells are shown. (C,D) N2a-APPswe cells were
treated with indicated concentrations of N-Hcy-protein or Hcy-thiolactone (HTL) for 24 h at 37 °C. Untreated cells were used as controls.
Each data point is an average of three independent experiments with triplicate measurements in each. * Significant difference from control,
p <0.05.
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Figure 6. Pon1 depletion promotes AB accumulation in Pon1~/~5xFAD vs. Pon1*/*5xFAD mice. A was quantified in RIPA-soluble, SDS-soluble,
and FA-soluble fractions extracted from mouse brain. Twelve-month-old (A) and 5-month-old mice (B) fed with a standard diet as well as 5-
month-old mice fed with a HHcy diet (C) were used in the experiments. Each measurement for an individual mouse was repeated three
times. AB values shown are averages of measurements for 8—10 mice/group.

However, the HHcy diet significantly elevated RIPA-, SDS-, and FA-soluble AB in 5-month-old Pon1-"-5xFAD
mice (from 1.21 to 1.97, Pgier = 1 x 10-%; 2.62 t0 3.09, Pgiet= 0.034; 1.88 to 3.33, Pgiet= 1 x 10-%, respectively) and in
5-month-old Pon1*/*5xFAD mice, (from 1.00 to 1.95, Pgict = 0.002; 1.00 to 1.91, Pgier= 4 x 10-%; 1.00 to 1.45, Pgict =
5 x 10-%, respectively) (Figure 6C). This indicates that HHcy and Pon1-/- genotype exert similar effects on AP levels.

3.9. Pon1l Depletion Does Not Induce Sensorimotor Deficits

To examine the effects of Pon1 depletion on neurodegeneration and sensorimotor activity, 12-month-old
Pon1-/-5xFAD mice and their Pon1**5xFAD sibling controls were assessed in the hindlimb clasping, ledge, and
cylinder tests.

The hindlimb test showed a similar degree of clasping (scores) in Pon1-/-5xFAD mice vs. their Pon1*/*5xFAD
littermates (2.24 + 0.44 vs. 2.08 + 0.43, p = 0.335; Figure S2A). These findings indicate that the Pon1-/- genotype
did not induce neurodegeneration in Pon1-/-5xFAD mice relative to Pon1*/*5xFAD animals.

The ledge test showed similar performances (scores) in Ponl1-/-5xFAD mice vs. their Pon1*/*5xFAD
littermates (2.07 £ 0.43 vs. 1.97 + 0.38, p = 0.589; Figure S2B). The cylinder test also showed similar performances
(number of rears) in Pon1-/-5xFAD mice vs. their Pon1*/*5xFAD littermates (8.5 + 6.0 vs. 10.4 + 5.1, p = 0.307; Figure
S2C). These findings indicate that the Pon1-/-genotype did not induce sensorimotor deficits in Pon1-/-5xFAD mice
relative to Pon1*/*5xFAD animals.

4. Discussion

In previous studies, we found that Ponl is a Hcy-thiolactone-hydrolyzing enzyme [13] and that Ponil
depletion in mice elevated brain Hcy-thiolactone and N-Hcy-protein [12], increased the animals’ susceptibility to
Hcy-thiolactone-induced seizures [12], and resulted in pro-neurodegenerative changes in brain proteome [27],
suggesting that Ponl plays an important protective role in brain homeostasis.
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Our present findings show that Pon1 protects from amyloidogenic APP processing to AB in mice brains
(Figure 6) and unravel the mechanistic basis of the protective role of Ponl in the CNS. Specifically, we found that
Ponl depletion downregulated histone demethylase Phf8 both at the protein and mRNA level, increased
H4K20me1 binding at the mTOR promotor (Figure 4A), and upregulated mTOR expression and phosphorylation in
the mouse brain (Figure 1C,D) and neuroblastoma N2a-APPswe cells (Figure 3D,E). Treatments with Hcy-
thiolactone and N-Hcy-protein, metabolites that are elevated in Pon1-/- mice, also increased H4K20me1 binding
at the mTOR promotor in N2a-APPswe cells (Figure 4C). This suggests that Pon1 is a negative regulator of mTOR
signaling by controlling levels of Hcy metabolites that affect binding of H4K20me1l at the mTOR promotor. The
effects of Hcythiolactone and N-Hcy-protein on mTOR are explained by findings that Phf8, the regulator of mTOR
expression, was downregulated by Ponl depletion (Figures 1A and 2A), whereas H4K20mel was upregulated
(Figures 1B and 2A). These findings provide direct mechanistic evidence linking Hcy-thiolactone and N-Hcy-protein
with dysregulated mTOR signaling and its downstream consequences such as downregulation of autophagy and
upregulation of AB. This mechanism is further supported by our findings that Phf8 depletion by RNA interference
affected mTOR, autophagy, APP, and AB, similar to treatments with Hcythiolactone or N-Hcy-protein [42]

In the present study, we found that depletion of Pon1 upregulated APP in the Pon1-/-5xFAD mouse brain
(Figures 1H, 2 and S1F) and in mouse neuroblastoma N2aAPPswe cells (Figure 3l). In contrast, depletion of Phf8
did not affect APP expression [42]. These findings suggest that Pon1 interacts with APP in the Pon1-/-5xFAD mouse
brain while Phf8 does not. However, whether the Pon1-APP interaction is direct or indirect remains to be
determined.

Although Pon1 depletion in mouse neuroblastoma N2a-APPswe cells downregulated Phf8 (Figures 1A and
2A) and upregulated APP (Figures 1H and 2A) and AB (Figure 5), depletion of Phf8 upregulated AB but not APP
[42]. These findings suggest that two pathways can lead to increased AB generation in Ponl-depleted brains and
neural cells. One pathway involves Hcy metabolites, which upregulate APP, while another pathway involves
impaired AP clearance due to downregulated autophagy.

Notably, Pon1 depletion caused changes in the Phf8- > H4K20me1l- > mTOR- > autophagy pathway akin to
the changes induced by HHcy in the mouse brain (Figure 1) and neuroblastoma cells (Figure 3). Pon1 depletion or
HHcy similarly increased accumulation of A in the brain (Figure 6). Our previous work showed that a common
primary biochemical outcome of Ponl depletion or of HHcy was essentially the same: HHcy caused elevation of
Hcy-thiolactone and N-Hcy-protein [43] as did Pon1 depletion [12,14]. In the present work, Pon1 depletion by RNA
interference or treatments with Hcy-thiolactone or N-Hcy-protein similarly increased the accumulation of AB in
mouse neuroblastoma cells (Figure 5). Taken together, these findings suggest that increased accumulation of AR
in Ponl-depleted brains is mediated by the effects of Hcy metabolites on mTOR signaling and autophagy.

5xFAD mice develop sensorimotor deficits beginning at about 9 months of age (https:
//www.alzforum.org/research-models/5xfad-b6sjl) (accessed 27 December 2022). For example, 5xFAD mice
perform worse than the wild-type animals in the hindlimb and balance beam tests [44,45]. We found that
depletion of Pon1 did not aggravate these deficits: there was no difference in sensorimotor performance between
Pon1-/-5xFAD mice vs. Pon1*/*5xFAD animals in the hindlimb, ledge, and cylinder tests (Figure S2). These findings
suggest that upregulated AB accumulation may not be causing sensorimotor impairment. However, other aspects
of sensorimotor abilities may be affected by Ponl, which remains to be assessed in future studies, as are the
effects of Pon1 on various domains of cognition [24].

In conclusion, our findings define a mechanism by which Pon1 prevents AB generation in a mouse model
of AD and neural cells.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells12050746/s1, Figure S1: Pon1 depletion affects the expression of mMRNAs for Phf8, mTOR, autophagy-

related proteins, and App in the Pon1~/~5xFAD mouse brain; Figure S2: Pon1 depletion did not affect sensorimotor activity in mice; Table
S1: Primers used for PCR or RT-qPCR.
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Figure S1. Pon1l depletion affects the expression of mRNAs for Phf8, mTOR, autophagy-related proteins, and App in the
Pon17-5xFAD mouse brain. Bar graphs illustrating the quantification by RT-gPCR of mRNAs for Phf8 (A), mTOR (B),
BcIni (C), Atg5 (D), Atg7 (E), and App (F) are shown. Pon1 mRNA was absent in Pon17/-5xFAD brains (G). Met diet did
not affect Pon1 mRNA in Pon1*/*5xFAD mouse brain. Gapdh mRNA was used as a reference.

63


http://doi.org/10.1111/gbb.12538
http://doi.org/10.1111/gbb.12538

(A) Hindlimb test (8) Ledge test (€ Cylinder test

3 q 3 1 20

V! T § 15 |
2 4 2 e
@ 1 @ | s

g g 5 10 1
v w 2
14 14 g

z 351

0 0 0
Ponl+/+5xFAD Pon1-/-5xFAD Ponl+/+5xFAD Ponl-/-5xFAD Pon1+/+5xFAD Pon1l-/-5xFAD

Figure S2. Ponl depletion did not affect sensorimotor activity in mice. Behavioral performance of 12-month-old Pon1-
/5XFAD (n = 21) and Pon1*/*5xFAD (n = 18) mice was assessed in the hindlimb clasping test (A), ledge test (B), and cylinder
test (C).

Table S1 Primers used for PCR or RT-qPCR

Gene Primer sequence
APP Forward: 5’-CTTCCCCAAGATCCTGATAAACT-3’
Reverse: 5-CCGGGTGTCTCCAGGTACT-3’
Atas Forward: 5'-AAGGCACACCCCTGAAATGG-3’
9 Reverse: 5-TGATGTTCCAAGGAAGAGCTGAA-3’
Ata7 Forward: 5'-GCCAACTCCACACTGCTTTC-3’
9 Reverse: 5-TCTTCTGGGTCAGTTCGTGC-3’
Beclin.1 Forward: 5'GAG GAA GCT CAG TAC CAG CG 3’
eclin-
Reverse: 5'CCA GAT GTG GAA GGT GGC AT 3’
Forward p1: 5-CACTGTAGCTGTACTCACAC-3’
Pon1 Reverse p2: 5-ATAGGAAGACCGATGGTTCT-3’;
Reverse p3 (5’-TCCTCGTGCTTTACGGTATCG-3’)
(neomycin cassette)
Gapdh Forward: 5-GGACTGGATAAGCAGGGCG-3’
a,
p Reverse: 5-TTTTGTCTACGGGACGAGGC-3’
TOR Forward: 5'-GCCACTCTCTGACCCAGTTC-3’
m
Reverse: 5-ATGCCAAGACACAGTAGCGG-3’
Phis Forward: 5-TGGGAGCATGCTTCAAGG-3’
Reverse: 5-GATTTCAAAGCAGGGTCATCA-3’
hAPP transgene in Forward: 5-AGAGTACCAACTTGCATGACTACG-3’;
SXFAD mice Reverse: 5"-ATGCTGGATAACTGCCTTCTTATC-3'
hPS1 transgene in Forward: 5’-GCTTTTTCCAGCTCTCATTTACTC-3’
SXFAD mice Reverse: 5-AAAATTGATGGAATGCTAATTGGT-3
Forward: 5'-TTGCCAACTGGTGCTCGTTT-3’
mTOR upstream TSS*
Reverse: 5-AAGAATTGGAGCTCGGGACC-3’
Forward: 5'-GGATGTTCCTCCCCAATCTTCG-3’
mTOR TSS*
Reverse: 5'-CAGACCCACCTAACTGACCGT-3’
Forward: 5-TAGGGGGCAGATCCCGAAAC-3’
mTOR downstream TSS*
Reverse: 5'-CACTGTAGCTGTAACTCACAC-3’

* TSS, transcriprtion start site
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Abstract

The loss of cystathionine B-synthase (CBS), an important homocysteine (Hcy)-
metabolizing enzyme or the loss of PHF8, an important histone demethylase
participating in epigenetic regulation, causes severe intellectual disability in

humans. Similar neuropathies were also observed in Chs !"and Phf8 / mice.
How CBS or PHF8 depletion can cause neuropathy was unknown. To answer this

question, we examined a possible interaction between PHF8 and CBS using Chs /
mouse and neuroblastoma cell models. We quantified gene expression by RT-qgPCR
and western blotting, mMTOR-bound H4K20mel by chromatin immunoprecipitation
(CHIP) assay, and amyloid 8 (AB) by confocal fluorescence microscopy using anti-
AB antibody. We found significantly reduced expression of Phf8, increased
H4K20mel, increased mTOR expression and phosphorylation, and increased App,

both on protein and mRNA levels in brains of Cbs ! mice versus Cbs*’ sibling

controls. Autophagy-related Becn1, Atg5, and Atg7 were downregulated while p62,
Nfl, and Gfap were upregulated on protein and mRNA levels, suggesting reduced

autophagy and increased neurodegeneration in Chs ! brains. In mouse
neuroblastoma N2a or N2a-APPswe cells, treatments with Hey-thiolactone, N-Hcy-
protein or Hey, or Cbs gene silencing by RNA interference significantly reduced
Phf8 expres-sion and increased total H4K20me1 as well as mTOR promoter-bound
H4K20mel. This led to transcriptional mTOR upregulation, autophagy down-
regulation, and significantly increased APP and A levels. The Phf8 gene silencing
increased AP, but not APP, levels. Taken together, our findings iden-tify Phf8 as a
regulator of AR synthesis and suggest that neuropathy of Cbs deficiency is mediated
by Hcy metabolites, which transcriptionally dysregulate the Phf8 ! H4K20mel !
mTOR ! autophagy pathway thereby increasing Ap accumulation.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
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1 | INTRODUCTION

The sulfur-containing amino acids methionine (Met), homo-
cysteine (Hcy), and cysteine (Cys) are metabolically related and
play important roles in cellular physiology.1 Met is an essential
amino acid that participates in the biosynthesis of proteins (>20
000) and S-adenosylmethionine (AdoMet). AdoMet provides
methyl groups for the biological methyla-tion reactions (>300)
and propyl groups for the polyamine spermidine and spermine
biosynthesis. The methylation reactions generate S-
adenosylhomocysteine (AdoHcy). Enzy-matic hydrolysis of
AdoHcy is the only known metabolic source of Hcy. Re-
methylation of Hcy, which regenerates Met, is essential for the
folate and one-carbon metabolism, which provides one-carbon
units for nucleotides required for DNA and RNA biosynthesis.
Transsulfuration of Hcy generates Cys, a semi-essential amino
acid, participating in the biosynthesis of proteins, glutathione,
hydrogen sulfide, and taurine. Hcy is also metabolized by
methionyl-tRNA synthetase to Hcy-thiolactone,z_5 which

modifies proteins in a nonenzymatic N-homocysteinylation

reaction that gener-ates N-Hcy-protein.S’6

Elevated levels of Hcy due to nutritional or genetic defi-
ciencies are associated with neuropathology affecting the
central nervous system (CNS). Cystathionine B-synthase
(CBS) deficiency due to mutations in the CBS gene is the
most prevalent inborn error in the sulfur amino acid
metabolism that results in severe hyperohmocysteinemia
(HHcy) characterized by elevated levels of Hcy and its
metabolites such as Hcy-thiolactone and N—Hcy-protein.1
CBS deficiency affects the CNS and causes severe learning

and intellectual disability, reduced IQ,7 psychosis, obsessive-

compulsive and behavior/personality disorders.® Accelerated
brain atrophy related to elevated plasma Hcy has been

reported in patients with Alzheimer's disease,9 in patients
with alcoholism,lo and in healthy elderly individ-uals.'?

These phenotypes were replicated in Chs ! mmice on the
C57BL/6J background, which show cognitive impairment
manifested as reduced problem-solving abili-ties, learning
disability, and short-term and long-term memory in the
puzzle box test. 2 Cbs / mice on the C3H/HeJ background
show cerebellar, although not cere-bral, malformation and a
transient learning deficit on day 2 in the passive avoidance
step-through test.13

The molecular bases of neurological impairments in CBS
deficiency are not fully understood. Although Hcy, Hcy-
thiolactone, and N-Hcy-proteins accumulate in CBS-

deficient patients and mice,”‘17 it is unclear whether each

of these metabolites can contribute to neuropathy associated
with CBS deficiency. Individuals with elevated plasma total
Hcy show accelerated brain atrophy, impaired cognition, and
are at higher risk and developing Alzheimer's disease’®
which is also associated with upre-gulated brain mTOR
signaling.19

Plant homeodomain finger protein 8 (PHF8) has been
identified as one of the X chromosome genes linked to the
intellectual disability syndrome, autism spectrum dis-order,

attention deficit hyperactivity disorder,20 and severe

intellectual disability.21 PHFS8 is a histone demethylase that
can demethylate H4K20mel, H3K9me2/mel, and
H3K27me2. Demethylation of H4K20mel by PHF8 is
important for maintaining homeostasis of mTOR signaling.
The human PHF8 defi-ciency phenotype has been replicated
in Phf8 /mice, which show impaired hippocampal long-term
potentia-tion and behavioral deficits in learning and
memory.22

How CBS or PHF8 depletion can cause neuropathy is not
fully understood. The present work was undertaken to test a
hypothesis that CBS depletion reduces the expression of
PHF8, increases H4K20mel, mTOR expres-sion and
phosphorylation, inhibits autophagy, and increases amyloid
B (AB) accumulation. Towards this end, we studied how Chs
gene deletion affects Phf8 expression and H4K20mel levels,
mTOR signaling/ autophagy, and neurodegeneration markers
(Nfl, Gfap) expression in the mouse brain. We also used
mouse neu-roblastoma N2a and Ap-overproducing N2a-
APPswe cells to study how individual Hcy metabolites or
depletion of Cbs or Phf8 by RNA interference affect Phf8
expression and its downstream effects on the expression of
mTOR and autophagy-related proteins, as well as App
expres-sion and AR accumulation.

2 | MATERIALS AND METHODS 2.1 |
Mice

Transgenic Tg-1278T Cbs " mice?32* on the C57BL/6J
background were housed and bred at the Rutgers-New Jersey
Medical School Animal Facility. Transgene har-boring
human CBS 1278T (Tg-1278T) variant was used to rescue the
neonatal lethality associated with homozygos-ity for Chs r
In these animals, the human mutant CBS,
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which has less than 3% of the activity of wild-type enzyme,
is under control of the zinc-inducible metal-lothionein
promoter, which allows to rescue the neonatal lethality
phenotype of Chs "in mice by supplementing the drinking
water of pregnant dams with 25 mM zinc chloride. Zinc-
water was replaced by plain water after weaning at 30 days.
Only Cbs " mice exhibit changed phe-notype characterized by
facial alopecia, thin, smooth, shiny

tail, reduced body weight and shortened life span compared
to Cbs™ animals.232* Cbs / mice had severely elevated
plasma tHcy (plasma 272 + 50 uM, urine 4.1 £+ 1.4 mM), N-
Hcy-protein (plasma 16.6 + 4.1 uM; urinel0.8 + 4.1 yM),
and Hcy-thiolactone (urine 11.8 + 0.9 yM) compared to
Cbs*/ (plasma tHey 5.0 + 2.6 yM and N-Hcy-protein, 2.6 +

1.7 uM; urine Hcy-thiolactone, <0.2 nM) and Chs*'*
animals (plasma tHey 3.4 = 0.3 yM and N-Hcy-protein 1.9 £
0.7 uM; Hcy-thiolactone, urine <0.2 nM).le'17

Mouse Cbs genotypes were established by PCR using the following
primers: forward 59-GGTCTGGAATTCACTATGT AGC-3°, wild
type reverse 50-CGGATGACCTGCATTCATCT -3°, mutant
reverse: 50-GAGGTCGACGGTATCGATA-3°. The mice were fed
with a standard rodent chow (LabDiet5010; Purina Mills
International, St. Louis, MO, USA). Two- to 12-month-old Cbs /
mice were used in experiments. Control animals were Cbs*’
siblings. Animal procedures were approved by the Institutional

Animal Care and Use Committee at Rutgers-New Jersey Medical
School.

2.2 | Brain protein extraction
Mice were euthanized by CO2 inhalation, the brains col-
lected and frozen on dry ice. Frozen brains were pulver-ized
with dry ice using a mortar and pestle and stored at 80 C.
Proteins were extracted from the pulverized brains (50 +
5 mg) using RIPA buffer (4 v/w, containing protease and
phosphatase inhibitors) with sonication (Bandelin
SONOPLUS HD 2070) on wet ice (three sets of five 1-s
strokes with 1 min cooling interval between strokes). Brain
extracts were clarified by centrifugation (15 000 g, 15 min,
4 C) and clear supernatants containing 8—12 mg protein/mL
were collected. Protein concentra-
tions were measured with BCA kit (Thermo Scientific).

2.3 | Cell culture and treatments

Mouse neuroblastoma N2a or N2a-APPswe cells, harbor-ing
a human APP transgene with the K670N and M671L Swedish

mutations?® were grown in DMEM/F12 medium (Thermo
Scientific) supplemented with 5% FBS, non-essential amino

acids, and antibiotics (MilliporeSigma) (37 C, 5% CO2).

After reaching 70%—-80% confluency, cell monolayers were
washed 2-times with PBS and overlaid with DMEM medium
without Met (Thermo Scientific), supplemented with 5%
dialyzed FBS (MilliporeSigma) and non-essential

amino acids. D,L-Hcy, L-Hcy-thiolactone (MilliporeSigma),
or N-Hcy-protein (prepared by modifi-cation of FBS proteins
with Hey-thiolactone as described in ref. (26)) were added (at
concentrations indicated in figure legends) and the cultures

were incubated at 37 C in 5% CO2 atmosphere for 24 h.

For gene silencing, siRNAs specific for the Chs (Cat. #
100821 and s63474) or Phf8 gene (Cat. # S115808, and
S115809) (Thermo Scientific) were transfected into cells
maintained in Opti-MEM medium by 24-h Lipofectamine
RNAiMax (Thermo Scientific) treatments. Cellular RNA for
RT-g PCR analysis was isolated as described in section 2.5
below. For protein extraction, RIPA buffer (MilliporeSigma)
was used according to manufacturer's protocol.

2.4 | Western blots

Proteins were separated by SDS-PAGE on 10% gels (20 ug
protein/lane) and transferred to PVDF membrane (Bio-Rad)
for 20 min at 0.1 A, 25 V using Trans Blot Turbo Transfer
System (Bio-Rad). After blocking with 5% bovine serum
albumin in TBST buffer (1 h, room temper-ature), the
membranes were and incubated overnight with anti-Phf8
(Abcam, ab36068), anti-H4K20mel (Abcam ab177188),
anti-mTOR (CS #2983), anti-pmTOR Ser2448 (CS, #5536),
anti-Atg5 (CS, #12994), anti-Atg7 (CS, #8558), anti-Beclin-
1 (CS, #3495), anti-p62 (CS, #23214), anti-neurofilament-L
(Nfl; CS, #2837), anti-glial fibrillary acidic protein (Gfap;
CS, #80788), anti-Gapdh (CS, #5174), anti-Cbs (Abcam,
ab135626), or anti-App (Abcam, ab126732). Membranes
were washed three times with TBST buffer, 10 min each, and
incubated with goat anti-rabbit 1gG secondary antibody
conjugated with horseradish peroxidase. Positive signals
were detected using Western Bright Quantum-Advansta
K12042-D20 and GeneGnome XRQ NPC
chemiluminescence detec-tion system. Bands intensity was
calculated using Gene Tools program from Syngene.

2.5 | RNA isolation, cDNA synthesis, RT-gPCR
analysis

Total RNA was isolated using Trizol reagent
(MilliporeSigma). cDNA synthesis was conducted using
Revert Aid First cDNA Synthesis Kit (Thermo Fisher Sci-
entific) according to manufacturer's protocol. Nucleic
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acid concentration was measured using NanoDrop (Thermo
Fisher Scientific). RT-gPCR was performed with SYBR

Green Mix and CFX96 thermocycler (Bio-Rad). The 2(

AACY) method was used to calculate the relative expression

levels.?’ Data analysis was performed with the CFX
Manager™ Software, Microsoft Excel, and Statistica. RT-
gPCR primer sequences are listed in Table S1.

2.6 | Chromatin
immunoprecipitation assay

For CHIP assays we used CUT&RUN Assay Kit #86652
(Cell Signaling Technology, Danvers, MA, USA) follow-ing
the manufacturer's protocol. Each ChIP assay was repeated
three times. Briefly, for each reaction we used 100 000 cells.
Cells were trypsinized and harvested, washed 3 in ice-cold
PBS, bound to concanavalin A-coated magnetic beads for 5
min, RT. Cells were then incubated (4 h, 4 C) with 2.5 ug of
anti-PHF8 antibody (Abcam, ab36068) or anti-H4K20mel
antibody (Abcam, ab177188) in the antibody-binding buffer
plus digitonin that permeabilizes cells. Next, cells are treated

with pAG-MNase (1 h, 4 C), washed, and treated with CaCl2
to acti-vate DNA digestion (0.5 h, 4 C). Cells were then
treated with the stop buffer and spike-in DNA was added for
each reaction for signal normalization, and incubated (10—30
min, 37 C). Released DNA fragments were puri-fied using
DNA Purification Buffers and Spin Columns (CS #14209)
and quantified by RT-gPCR using primers targeting the
promoter, upstream, and downstream regions of the mTOR

gene (Table S1). Rabbit (DALE) mAb IgG xp® Isotype

control included in the CUT&RUN kit did not afford any
signals in RT-qPCR assays targeting mTOR.

2.7 | Confocal microscopy, AR staining in N2a-
APPswe cells

Mouse neuroblastoma N2a-APPswe cells were cultured in
Millicell EZ SLIDE 8-well glass (Merck). After treat-ments
cells were washed 3 with PBS for 10 min. Cells were fixed
with 4% PFA (MilliporeSigma) (37 C, 15 min). After
fixation, cells were again washed three times with PBS buffer
and permeabilized in 0.1% Triton X-100 solu-tion (RT, 20
min), blocked with 0.1% BSA (RT, 1 h), and incubated with
anti-AB antibody (CS #8243; 4 C, 16 h). Cells were then
washed three times with PBS and stained with secondary
antibody Goat Anti-Rabbit 1IgG H&L (Alexa Fluor® 488)
(Abcam, ab150077; RT, 1 h) to detect AB. DAPI (Vector
Laboratories) was used to visualize nuclei. Fluorescence
signals were detected by using a

Zeiss LSM 880 confocal microscope with a 488 nm filter for

the Alexa Fluor® 488 (AB) and 420—-480 nm filter for DAPI,
taking a z stack of 20—30 sections with an interval of 0.66 um
and a range of 15 ym. Zeiss Plan-Apochromat X40/1.2 Qil
differential interference contrast objective were used for
imaging. Images were quantified with the ImageJ Fiji
software (NIH).

2.8 | Statistical analysis

The results were calculated as mean =+ standard devia-tion.
Values for each experimental/treatment group were
normalized to controls. Data were analyzed using one-way
analysis of variance (ANOVA) with Tukey's multiple
comparisons post-test using GraphPad Prism7 software
(GraphPad Holdings LLC, San Diego, CA, USA, https://
www.graphpad.com).

3 | RESULTS

3.1 |Cbs deficiency downregulates the
histone demethylase Phf8 expression and
upregulates H4K20me1l epigenetic mark in the
mouse brain

To determine if neuropathy in Chs " mice can be caused by
the interaction between Cbs and Phf8 genes, we quan-tified
Phf8 protein and mRNA in brains of 9-week-old and 1-year-
old Tg-1278T Cbs / mice and Tg-1278T Cbs* sibling controls
by using western blotting and RT-gPCR assays, respectively.
We found that the Phf8 pro-tein levels were significantly
reduced in brains of Tg-1278T Cbs / mice vs. Tg-1278T Cbs™
sibling controls, regardless of age (9-week-old mice: 0.38 +
0.27 vs. 0.89
+ 0.21, P =0.0001; 1-year-old mice: 0.47 + 0.14 vs. 0.93
+ 0.23, P <0.0001; Figure 1A).
Phf8 mRNA levels were also significantly reduced in
brains of Tg-1278T Cbs / vs. Tg-1278T Cbs*’  mice
(9-week-old mice: 0.73 = 0.15 vs. 1.00 £ 0.15, P = 0.046;
1-year-old mice: 0.67 = 0.26 vs. 1.21 £ 0.27, P < 0.0001;
Figure 1B). These findings indicate that Cbs / genotype
transcriptionally attenuated Phf8 expression while age
did not affect Phf8 levels in Cbs / nor Cbs*’  mice.
The histone H4K20mel epigenetic mark was signifi-
cantly elevated in Tg-1278T Cbs / brains compared with
Tg-1278T Cbs™ brains (9-week-old mice 2.42 +0.52
vs. 1.34+0.31, P =0.002; 1-year-old mice: 1.33+0.56
vs. 0.81 £ 0.37, P = 0.048; Figure 1C). Although Cbs /
genotype upregulated H4K20mel in 1-year-old mice, age
significantly reduced H4K20me1 levels in 1-year-old

vs. 9-week-old Cbs/  animals (1.33 £0.56 vs. 2.42
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F 1 G UR E 1 Deletion of the Cbs gene affects the expression of histone demethylase Phf8, histone H4K20me1l epigenetic mark, mTOR

signaling, autophagy, and App in the mouse brain. Nine-week-old and 1-year-old Tg-1278T Cbs " mice (n =7 and 14) and their Tg-1278T Cbs*/
sibling controls (n = 10 and 10) were used in experiments. Bar graphs illustrating quantification of the following brain proteins by western
blotting are shown: Phf8 (A), H4K20mel (C), mTOR (E), pmTOR (G), Becnl (1), Atg5 (J), Atg7 (K), and p62 (L), and App (M). Pictures of
western blots used for protein quantification are shown in panels (D), (H), and (N). Bar graphs illustrating quantification of the following brain
mRNAs by RT-gPCR are also shown: Phf8 (B), mTOR (F), Becnl (O), Atg5 (P), Atg7 (R), and p62 (S), and App (T). Gapdh protein and mRNA
were used as references for normalization. P values were calculated by one-way ANOVA with Tukey's multiple comparisons test.

+ 0.52, P <0.0001). In contrast, although H4K20me1 tended

to be reduced in older vs. younger Cbs*/ mice, the reduction
was not significant (0.81 + 0.37 vs. 1.34

+ 0.31, P = 0.064). These findings show that although age
attenuated H4K20me1 levels in Cbs / and Chs™

mice, the Cbs / genotype effect on H4K20mel was inde-
pendent of age.

3.2 | Transcriptional upregulation of mMTOR

and inhibition of autophagy in Cbs " mouse
brain

We found that mTOR protein was upregulated in brains of

Tg-1278T Cbs / versus Tg-1278T Cbs*/ mice (9-week-old
mice: 1.68 +£0.46 vs. 1.07+0.21, P = 0.006; 1-year-old mice:
1.02 +£0.41 vs. 0.66 +0.29, P = 0.096;

Figure 1E). mTOR mRNA was also similarly upregulated in
Tg-1278T Cbs / vs. Tg-1278T Cbs* mice (9-week-old mice:
1.55+0.24 vs. 1.00 = 0.25, P = 0.046; 1-year-old mice: 1.55
+ 0.44 vs. 0.96 = 0.30, P = 0.018; Figure 1F). While Cbs /

genotype upregulated mTOR in 1-year-old mice, age
attenuated mTOR in 1-year-old vs. 9-week-old

(1.02£0.41 wvs. 1.68 +0.46, P =0.002) and
Cbs™ mice (0.66+029 vs.  1.07+021, P =0.068).
These findings show that Cbs / genotype transcription-
ally upregulated mTOR in young and old mice while age
attenuated mTOR expression both in Cbs ! and Cbs* mice.

As mTOR is activated by phosphorylation, we quanti-fied
mTOR phosphorylated at Ser2448 (omTOR). We found that
pmTOR was significantly elevated in brains of Tg-1278T Cbs

/ compared to Tg-1278T Cbs* mice (9-week-old mice: 1.56
+0.39 vs. 0.92 +£0.14, P = 0.029;

70



WITUCKI and JAKUBOWSKI

1-year-old mice: 1.49 £ 0.65 vs. 0.90 = 0.31, P = 0.015;
Figure 1G). These findings indicate that Cbs deficiency
upregulated pmTOR to the same extent as mTOR and that
4+ age did not affect pmTOR levels in Cbs " nor

mice (P = 0.999 and 0.987, respectively).
Because mTOR is a major regulator of autophagy, we
quantified autophagy-related proteins in Tg-1278T Cbs " mice.
We found that the regulators of autophagosome assembly
Becnl, Atg5, and Atg7 were significantly downre-
gulated in brains of 9-week-old Tg-1278T Chs / mice
vs. Tg-1278T Cbs* sibling  controls (Becnl: 0.79 & 0.09
vs. 0.96+0.07, P=0.022, Figure 11; Atg5: 0.69 £+ 0.25
vs. 0.99 +0.06, P =0.0002, Figure 1J; Atg7: 0.65+0.23
vs. 1.03 = 0.14, P = 0.001, Figure 1K). Cbs / genotype sig-
nificantly downregulated Becnl (P = 0.014), Atgs (P =
0.0002), and Atg7 (P = 0.0002) also in 1-year-old mice
(Figure 11-K, respectively). However, Becnl, Atg5, and
Atg7 levels were significantly reduced in 1-year-old versus

Cbs

9-week-old mice, both in Cbs / (Becnl:  0.63+0.11
vs. 0.96 £0.07, P <0.0001; Atg5: 0.53+0.17 vs. 0.69
+0.25, P=0.084; Atg7: 045+0.08 vs. 0.65+0.23,
P =0.007) and Cbs*’  animals (Becnl: 0.48+0.14
vs. 0.79 £0.09, P <0.0001; Atg5: 0.75+0.12 vs. 0.99
+0.06, P<0.0001; Atg7: 0.67+0.15 vs. 1.03+0.14,

P =0.0001). The p62 protein, a receptor for degradation of
ubiquitinated substrates, was upregulated in 9-week-old Tg-

1278T Cbs / mice vs. Tg-1278T Cbs™ sibling controls (1.68
+0.11 vs. .08 £0.12, P <0.0001; Figure 1L). Chs /
genotype upregulated p62 also in 1-year-old mice (1.22

+ 0.22 vs. 0.90 £0.25, P = 0.002). However, p62 levels were
reduced in 1-year-old versus 9-week-old mice (Cbs F120+
0.22 vs. 1.68 £0.11, P <0.0001; Cbs+/ :0.90%0.25vs. 1.08
+0.12, P = 0.181). These findings sug-

gest that autophagy was impaired in Chs " mouse brain. We
found similar Chs genotype-dependent changes in
autophagy-related mRNAs. Specifically, Becnl, Atg5, and
Atg7 mRNAs (Figure 10,P,R, respectively) were signifi-
cantly downregulated, while p62 mRNA (Figure 1S), were
significantly upregulated in Tg-1278T Cbs / com-pared with
Tg-1278T Cbs*' mice, reflecting changes in the
corresponding protein levels. These findings indicate that

Cbs gene exerts transcriptional control over the expression of
mTOR, Becnl, Atg5, Atg7, and p62 in the mouse brain.

3.3 | Cbs deficiency upregulates App
expression in the mouse brain

We have previously found that AB was elevated in brains of

1-year-old mice Cbs " mice compared to Cbs* con-trols.28
To determine whether upregulated App expres-sion might be
responsible for elevated A, we quantified

App protein and mRNA in Tg-1278T Cbs !"and Tg-1278T
Cbs* mice by western blotting (Figure 1M) and RT-gPCR
(Figure 1T), respectively.

We found that App protein was significantly elevated in 9-
week-old Tg-1278T Cbs / vs. Tg-1278T Cbs™ mice (1.52-
fold: 1.52 £ 0.16 vs. 1.01 £ 0.20, P = 0.0001). We found a
similar elevation in App protein in 1-year-old Tg-1278T Chbs
! vs. Tg-1278T Cbs*’ mice (1.49-fold, 2.75

+ 0.23 vs. 1.85+0.20, P <0.0001) (Figure 1M). App mMRNA
was also upregulated in Tg-1278T Chs Iy, Tg-

1278T Cbs*  mice (9-week-old mice: 2.25 + 1.17 vs. 1.00
+ 0.30, P = 0.016; 1-year-old mice: 1.84 £ 0.54 vs. 0.98

+ 0.21, P = 0.045; Figure 1T). These findings indicate that
Cbs exerts transcriptional control over App expression.

We also found that App protein significantly increased with
age (Figure 1M), irrespective of Chs geno-
type: old/young Tg-1278T Cbs/ mice
P <0.0001; old/young Tg-1278T Cbs*’  mice  1.85-fold,
P < 0.0001. However, age did not affect App mRNA
levels (Figure 1T). These findings suggest that age exerts
translational control over App expression independent of Cbs
genotype or that age exerts posttranslational control by
reducing the turnover of App protein.

1.80-fold,

3.4 | Cbs gene silencing downregulates the
histone demethylase Phf8, upregulates
H4K20mel, mTOR, pmTOR, APP, and inhibits
autophagy in mouse neuroblastoma N2A-
APPswe cells

To elucidate the mechanism by which Chbs deficiency impacts
Phf8 and its downstream effects on mTOR, autophagy, and

App we first examined whether the find-ings in Cbs " mice
can be recapitulated in cultured mouse neuroblastoma N2A-
APPswe cells. We silenced the Cbs gene by transfecting
corresponding siRNAs into N2A-APPswe cells and studied
how the silencing impacts the level of Phf8 and its
downstream effects. Changes in individual mRNA and
protein levels in Cbs-silenced cells were analyzed by RT-
gPCR and western blotting, respec-tively, using Gapdh
mRNA and protein as references.

We found that the Cbs protein level was reduced by 80% in
Chbs-silenced cells (P < 0.0001; Figure S1A). We also found
that the histone demethylase Phf8 protein level was also
significantly reduced (by 39%, P < 0.001; Figure S1B), while
the histone H4K20me1l level was sig-nificantly elevated (2-
fold, P < 0.01; Figure S1C) in Chs-silenced N2a-APPswe
cells.

At the same time, mTOR protein was significantly
upregulated in Cbs-silenced N2a-APPswe cells (1.7-fold, P <
0.001; Figure S1D), as was pmTOR (2-fold, P < 0.0001;
Figure S1E) and APP (1.5-fold, P < 0.0001;
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Figure S1F), while autophagy-related proteins Becnl, Atg5,
and Atg7 (Figure S1G—lI, respectively) were signifi-cantly
downregulated (by 30%—40%, P < 0.0001 to <0.01).

We found similar changes in levels of mRNAs in Chbs-
silenced N2a-APPswe cells (Figure S2). Specifically, Chs
mRNA level was reduced (by 85%, P < 0.0001; Figure S2A),
as were Phf8 mRNA (by 50%, P < 0.001; Figure S2B) and
mRNAs for autophagy-related proteins Becnl, Atg5, and
Atg7 (by 30%—40%, P < 0.01; Figure S2D-F, respectively).
mTOR mRNA was signifi-cantly upregulated (1.5-1.7-fold,
P =0.019; Figure S2C) as was APP mRNA (1.7 —-1.9-fold, P
< 0.01 to <0.05; Figure S2G) in Chs-silenced N2a-APPswe
cells, reflecting changes in the corresponding protein levels
(Figure 1A—N). These findings indicate that Cbs gene exerts
transcriptional control over the expression of Phf8, mTOR,
APP, Becnl, Atg5, and Atg7 in these cells.

The western blot and RT-gPCR results show that the changes
in Phf8, H4K20m31, mTOR signaling, autophagy, and APP
induced by Cbs gene silencing in the mouse neu-
roblastoma cells (Figures S1 and S2) recapitulate the in vivo
findings in the Cbs "mouse brain (Figure 1).

3.5 | Hey-thiolactone, N-Hcy-protein, and
Hcy downregulate the histone demethylase
Phf8, upregulate the H4K20me1l epigenetic
mark and mTOR, and impair autophagy in
N2a cells

Because Hcy-thiolactone and N-Hcy-protein,”_17 in addition to

Hcy,29 are elevated in Chbs / mice, it is difficult to assign
observed phenotypes to a specific metabolite in these mice.
However, this limitation can be overcome in cultured cells
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F I G U R E 2 Hcy-thiolactone, N-Hcy-protein, and Hcy downregulate Phf8, upregulate H4K20mel epigenetic mark, mTOR signaling, App, and
impair autophagy in mouse neuroblastoma N2a cells. N2a cells were treated with indicated concentrations of N-Hcy-protein, Hcy-thiolactone
(HTL), or Hey for 24 h at 37 C as described in Materials and Methods. Bar graphs illustrating the quantification of Phf8 (A), H4K20mel (B),
mTOR (C), pmTOR (D), Becnl (E), Atg5 (F), Atg7 (G), and App (H) based on western blot analyses with corresponding antibodies are shown.
Gapdh was used as a reference protein. Data are averages of three independent experiments. P values were calculated by one-way ANOVA with

Tukey's multiple comparisons test.
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by treatments with an excess of a specific metabolite. To
determine how each metabolite affects the expression of Phf8
and its effects on downstream targets, we treated N2a cells
with Hcy-thiolactone, N-Hcy-protein, and Hey.

We found significantly reduced Phf8 levels in N2a cells
treated with 20 uM Hcy-thiolactone (0.69 + 0.05), Hcy (0.63
+ 0.09), or 10 yM N-Hcy-protein (0.72 = 0.06) compared to
control (1.00 + 0.05, P < 0.001; Figure 2A).

In contrast, levels of H4K20mel mark were significantly
elevated in N2a cells treated with 20 uM

Hcy-thiolactone (1.42+0.07), Hcy (1.81+0.17), or
10 uM N-Hcy-protein (1.46 + 0.05) compared to
untreated control cells (1.00 + 0.07, P < 0.01; Figure 2B).
MTOR levels were significantly upregulated in N2a cells by
treatments with these metabolites: 20 uM Hcy-thiolactone
(1.46 + 0.25), Hey (1.36 £ 0.12), or 10 uM N-
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Hcy-protein (1.56 = 0.08) compared to untreated control cells
(1.00 = 0.12, P < 0.0001 to <0.04; Figure 2C). Levels of
pmTOR were also significantly upregulated by these
treatments: 20 yM Hcy-thiolactone (1.65 + 0.22), Hey (1.48
+ 0.08), 10 yM N-Hcy-protein (1.56 £+ 0.11) com-pared to
control (1.00 = 0.12, P < 0.0001 to <0.02; Figure 2D).

Autophagy-related proteins Becnl, Atg5, and Atg7 were
significantly downregulated (by 16%—-25%, P < 0.001) in
N2a cells treated with Hcy-thiolactone, N-Hcy-protein, or
Hcy (Figure 2E,F,G, respectively). Similar effects were seen
in N2a cells treated with 10-fold higher concentrations of
Hcy-thiolactone and Hcy (200 uM), or 2-fold higher N-Hcy-
protein (20 uM) (Figure 2).

App levels were significantly upregulated in N2a cells treated
with 20 yM Hcy-thiolactone (1.74-fold, P = 0.001) or Hcy
(1.56-fold, P = 0.002) (Figure 2H). Increasing Hcy to 200 uM
significantly increased upregulation of App from 1.56- to
2.08-fold (P = 0.002) while higher concen-tration of Hcy-
thiolactone did not further elevate App levels (Figure 2H).
These findings show that Hcy and its downstream
metabolites Hcy-thiolactone and N-Hcy-protein, which are
elevated in Cbs / mice,l“_17 each can affect the expression of
Phf8 and its downstream targets.

3.6 | Cbs gene silencing increased
H4K20mel biding to mTOR promoter in N2a
cells

To determine whether increased levels of the histone
H4K20mel mark can promote mTOR gene expression by
binding to its promoter, we carried out ChIP experiments
using anti-H4K20mel antibody (Figure 3). The Chs gene was
silenced by transfecting N2a using two different siR-NAs.
The cells were permeabilized, treated with anti-H4K20mel
antibody and a recombinant micrococcal

B WILEY-L°

nuclease-protein A/G. DNA fragments released form N2a-
APPswe cells we quantified by RT-qPCR using primers
targeting the transcription start site (TSS) of the mTOR gene
as well as upstream (UP) and downstream (DOWN) regions
from the TSS. We found that in sSiRNA Cbs-silenced N2a-
APPswe cells the binding of H4K20mel was significantly
increased at the mTOR TSS (2.7-fold, P = 0.002), UP (1.7-
fold, P =0.013), and DOWN (2.2-fold, P = 3E 4) sites (Figure
3A). Importantly, there were significantly more DNA
fragments from the TSS site (2.62 + 0.31 and 2.68 + 0.19 for
SiRNA Cbs #1 and #2, respectively) than from the UP (1.67
+0.14 to 1.68 + 0.41 for siRNA Cbs #1 and #2, respectively;
P =1E 4) and DOWN (2.22 £ 0.06 to 2.27 £+ 0.19 for siRNA
Cbs #1 and #2, respectively; P = 5E 4) sites (Figure 3A). Con-
trol experiments show that the binding of H3K4me3 to
RPL30 intron was not affected by Cbs gene silencing (Figure
3B). These findings indicate that the binding of H4K20mel
was significantly higher at TSS than at UP and DOWN sites
in sSiRNA Cbs-silenced cells. Similar results were obtained
with N2a-APPswe cells (not shown).

CHIP experiments with anti-Phf8 antibody showed that Cbs
silencing did not affect binding of Phf8 to the mTOR gene
(not shown).

3.7 | Hcy-thiolactone, N-Hcy-protein, and
Hcy increase H4K20mel binding to mTOR
promoter in N2a cells

14-17

Hcy-thiolactone and N-Hcy-protein are elevated in Chs

" mice, as is Hcy.29 Each of these metabolites can affect

MTOR expression by promoting H4K20mel bind-ing at the
MTOR promoter. To examine this possibility, we treated
N2a-APPswe cells with Hcy-thiolactone, N-Hcy-protein, or
Hcy for 24 h and analyzed how these treatments affect levels
of H4K20mel bound to the

F 1 G UR E 3 Cbs gene silencing or treatments with Hcy-thiolactone, N-Hcy-protein, and Hcy increase H4K20mel binding at the mTOR
promoter in mouse neuroblastoma N2a cells. (A) CHIP assays with anti-H4K20me1 antibody show the specific binding of H4K20mel at the
transcription start site (TSS) of the mTOR gene as well as downstream and upstream sites in Cbs siRNA silenced N2a cells. Bar graphs show the
relative H4K20mel binding at indicated regions of the mTOR gene in N2a cells transfected with two different sSiRNAs targeting the Cbs gene
(siRNA Cbs #1 and #2). Transfections without siRNA (control-siRNA) or with scrambled siRNA (siRNAscr) were used as controls.

(B) Control CHIP experiment with anti-H3K4me3 antibody shows that Cbs gene-silencing did not affect the binding of H3K4me3 at the Rpl30
intron. RT-gqPCR was carried out on the input and precipitated DNA fragments. P values vs. ‘control-siRNA’ plus ‘siRNAscr’ were calculated by
one-way ANOVA with Tukey's multiple comparisons test. (C) N2a cells were treated with shown concentrations of N-Hcy-protein, Hcy-
thiolactone (HTL), or Hcy for 24 h at 37 C. Untreated cells were used as controls. CHIP assays with anti-H4K20mel antibody show the binding of
H4K20mel at the transcription start site (TSS) of the mTOR gene as well as downstream and upstream sites. Bar graphs show the relative
H4K20mel binding at the indicated regions of the mTOR gene. (D) Control CHIP assay with anti-H3K4me3 antibody shows that Hcy-
thiolactone, N-Hcy-protein, and Hey did not affect the binding of H3K4me3 at the Rpl30 intron. RT-qPCR was carried out on the input and
precipitated DNA fragments. P values were calculated by one-way ANOVA with Tukey's multiple comparisons test. *Significant difference vs.

control, P <0.05.
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mMTOR gene using ChIP experiments with anti-H4K20mel
antibody. We found that Hcy-thiolactone at 20 uM increased
binding of H4K20mel at the mTOR TSS (2.4-fold, P =
0.004), UP (2.0-fold, P = 0.003), and DOWN (2.1-fold, P =
0.011) sites (Figure 3C). Similar results were obtained with
200 uM Hcy-thiolactone.

Hcy at 20 uM increased binding of H4K20me1l at the mTOR
TSS (2.3-fold, P = 0.032), UP sites (2.3-fold, P = 0.052), and
DOWN sites (1.9-fold, P = 0.002). Hcy at 200 uM
significantly increased binding of H4K20mel at

the mTOR TSS (2.6-fold, P =0.030), UP (2.4-fold,
P = 0.013), and DOWN sites (2.8-fold, P = 0.002) TSS
(Figure 3C). Similar results were obtained with N2a-APPswe
cells (not shown).

N-Hcy-protein at 20 uM significantly increased bind-ing of
H4K20mel at the mTOR TSS (1.9-fold, P = 0.040) and
DOWN (2.0-fold, P = 0.010) sites, but not UP site (1.4-fold,
P = 0.089) (Figure 3C). Smaller, nonsignificant increases
were observed with 10 yM N-Hcy-protein.

Neither Hcy, Hcy-thiolactone, nor N-Hcy-protein affected
binding of Phf8 at the mTOR TSS, UP and down sites of the
MTOR gene (not shown).

Control experiments show that H3K4me3 binding to RPL30
intron was not affected by Hcy, Hcy-thiolactone nor N-Hcy-
protein (Figure 3D). These findings indicate that Hcy-
thiolactone significantly increased binding of H4K20mel at
the mTOR gene TSS, UP, and DOWN sites while Hcy
significantly increased binding of H4K20mel at the mTOR
TSS.

3.8 | Cbs gene silencing upregulates AR in
N2a-APPswe cells

To determine whether Chs depletion in neural cells could
affect AR accumulation, we silenced the Chs gene in N2a-
APPswe cells and quantified AR by fluorescence confocal
microscopy using anti-AB antibody. The cells were trans-
fected with two different Chs-targeting siRNAs, permea-
bilized, treated with anti-Ap antibody, and AB was visualized
with fluorescent secondary antibody (Figure 4A) and
quantified (Figure 4B). We found that Chs-silencing led to
increased AR accumulation, mani-fested by significant
increases in an average size of fluo-rescent A3 puncta (from
0.32+0.02 to 0.80 = 0.02 and to 0.90 + 0.06 um2 for siRNA
Cbs #1 and #2, respectively; P = 1E 6) in Cbs siRNA-treated
N2a-APPswe cells com-pared to siRNAscr-treated cells or
control without siRNA (Figure 4B). Less significant
increases were also observed in the area of fluorescent AR
puncta (from 130 £ 7 to 189 + 47 and 183 + 13 um? for
SiRNA Cbs #1 and #2, respectively; P = 0.055-0.079).

3.9 | Hey-thiolactone, N-Hcy-protein, and Hcy
upregulate AB accumulation in N2a-APPswe
cells

To ascertain how each Hcy metabolite can affect AR
accumulation, we treated N2a-APPswe cells with Hcy-

thiolactone, N—Hcy—protein,30 or Hey and quantified AR by
fluorescence confocal microscopy using anti-AB anti-body
(Figure 4C,D). The metabolite-treated and untreated control
cells were permeabilized, treated with anti-Af antibody,
followed by fluorescent secondary antibody to visualize AR
signals. We found that AR was significantly upregulated in
N2a-APPswe cells treated with 20 uM Hcy, Hcy-thiolactone,
or 10 yM N-Hcy-pro-tein, manifested by significantly
increased average size and signal intensity of the fluorescent
AP puncta, com-pared to untreated cells (Figure 4D). Similar
results were obtained with N2a-APPswe cells treated with
10-fold higher concentrations of Hcy, Hcy-thiolactone (200
uM), or 2-fold higher N-Hcy-protein (20 pM).30 However,
while treatments with Hcy or Hcy-thiolactone increased the
size of the fluorescent AR puncta, treat-ments with N-Hcy-
protein did not affect the size of AR signal (Figure 4D),
suggesting different effects of these metabolites on the
structure of AR aggregates. These findings indicate that Hcy
and its downstream metabo-lites Hcy-thiolactone and N-Hcy-
protein contribute to the accumulation of AR induced by the
metabolic stress of HHcy.

3.10 | Phf8 gene silencing upregulates AB but not
APP in N2a-APPswe cells

The findings that Phf8 expression was attenuated in brains of

Cbs / mice and in Cbs-silenced or Hcy metabolite-treated
mouse neuroblastoma N2a-APPswe cells raises a possibility
that Phf8 loss by itself can affect biochemical pathways
leading to AR accumulation. To examine this possibility, we
silenced the Phf8 gene by transfection of N2a-APPswe cells
with Phf8-targeting siR-NAs®! and quantified by western
blotting proteins that were affected by Cbs depletion in the
mouse brain (Figure 1). We found significantly reduced Phf8
levels (by 80%, P < 0.0001; Figure 5A), significantly
increased

H4K20mel (3-fold, P <0.001;
(1.4-fold, P < 0.001; Figure 5C), and pmTOR (1.6-fold,
P <0.01; Figure 5D) levels in Phf8-silenced cells.
Autophagy-related proteins Atg5 and Atg7 were signifi-
cantly downregulated (by 20%—-35%, P < 0.0001 and <0.01;
Figure 5E,F) while Becnl was not affected in Phf8-silenced
cells (Figure 5G).

Figure 5B), mTOR

‘0 'S992€L5T

Areaqijautjuoy/:sdny) SUoRIpUOD pue swiaL 8y 8as ‘[£202/L0/TE] U0 Areiqi auljuO A3|IA pue|od BUBIYa0D Aq T99ZT PWIl/Z00T OT/I0p/WO0d"Aa|Im Aleiqiauljuo//:sdiy Wwoly papeojumoq

75



WITUCKI and JAKUBOWSKI

(A)

AR A Magnified
Control
-siRNA

siRNAscr

P=0.055-0.079

P <0.0001
SiRNA e [i8
Cbs#l \
0.4 o

SiRNA ‘
Cbs#2 Control  siRNAscr SIRNA SIRNA

-siRNA Chs#1 Chs#2

Magnified

Merged

(D)
400
*
« 300 | »
g . Mmoo
Hey < 200 * | .
20 uM g

5
200 uMm E1s o
= S *
£10 ! LI
. F 1
HTL %03 f
20 um 0.0 L !
A Y
&° e"‘§ e*‘b & o"“‘ o"“\ e"‘x~ o"‘§
S O & DS S
&N NP Q.‘-* A
HTL &S e Ry

F 1 G UR E 4 Cbs depletion or treatments with Hcy-thiolactone, N-Hcy-protein, and Hcy promote AR accumulation in the mouse neuroblastoma
N2a-APPswe cells. (A, B) The cells were transfected with siRNAs targeting the Cbs gene. Transfections without siRNA (control-siRNA) or with
scrambled siRNA (siRNAscr) were used as controls. AB was detected and quantified by confocal immunofluorescence microscopy using anti-Af
antibody. (A) Confocal microscopy images of AR signals from Cbs-silenced N2a-APPswe cells. (B) Bar graphs show quantification of AR signals
in Cbs-silenced and control cells. (C, D) N-Hcy-protein, Hcy-thiolactone (HTL), or Hcy promote AB accumulation in mouse neuroblastoma N2a-
APPswe cells. N2a-APPSwe cells were treated with indicated concentrations of N-Hcy-protein, Hey-thiolactone (HTL), or Hey for 24 h at 37 C.
Untreated cells were used as controls. Confocal microscopy images (C) and quantification of A signals (D) from treated and untreated N2a-
APPswe cells. P values vs. ‘control-siRNA’ plus ‘siRNAscr’ were calculated by one-way ANOVA with Tukey's multiple comparisons test. Data for

cells treated with Hcy-thiolactone and N-Hcy-protein in panels (C, D) were reproduced with permission from Ref. (30).

Importantly, western blot analyses showed that the Phf8 gene
silencing did not affect APP levels in N2a-APPswe cells
(Figure 5H). In contrast, fluorescence con-focal microscopy
analyses showed that AR was signifi-cantly upregulated in
Phf8-silenced cells, manifested by significantly increased
average size (P < 0.001) and signal intensity (P < 0.001) of
the fluorescent AB puncta com-pared to controls without
siRNA or with siRNAscr (Figure 5J,K).31 Taken together,
these findings clearly show that A accumulation in the Phf8-

silenced cells occurred independently of APP and suggest
that most likely it was caused by impaired autophagy.

3.11 | Cbs deficiency accelerates age-
dependent neurodegeneration in the mouse
brain

Glial fibrillary acidic protein (GFAP)31 and neurofilament

light chain (NfL)32 increase with age and have been asso-
ciated with Alzheimer's disease. GFAP, an astrocytic
cytoskeletal protein, is a marker of astrogliosis, abnormal
activation and proliferation of astrocytes due to neuronal
damage.31 NfL is a marker of neuro-axonal damage, resulting

because of neurologic diseases.®3 To find whether Cbs
deficiency accelerates neuronal damage we
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F I G UR E 5 Silencing Phf8 gene promotes AR accumulation mediated by upregulation of mTOR signaling and inhibition of autophagy in the
mouse neuroblastoma N2a-APPswe cells. The cells were transfected with siRNAs targeting the Phf8 gene (Phf8 siRNA #1 and #2). Transfections
without siRNA (control-siRNA) or with scrambled siRNA (siRNAscr) were used as controls. Proteins were quantified by western blotting. Bar
graphs illustrate levels of (A) Phf8, (B) H4K20mel, (C) mTOR, (D) pmTOR, (E) Atg5, (F) Atg7, (G) Becnl, and

(H) APP. AB was detected and quantified by confocal immunofluorescence microscopy using anti-Af antibody. Representative western blot is
shown in panel (1). Confocal microscopy images of AR signals from Phf8-silenced and control N2a-APPswe cells. (J) Bar graphs show
quantification of AP signals. P values vs. ‘control-siRNA’ plus ‘siRNAscr’ were calculated by one-way ANOVA with Tukey's multiple
comparisons test. NS, not significant.

examined the expression of Nfl and Gfap in brains of Tg-
1278T Cbs ! mice and Tg-1278T Cbs*’  sibling controls

by using western blotting and RT-gPCR. We found that

the Nfl and Gfap protein levels were significantly
increased in brains of older (1-year-old) Tg-1278T Chs /

mice vs. Tg-1278T Cbs*/ sibling controls (Nfl: 2.48

77



WITUCKI and JAKUBOWSKI

+ 0.39 vs. 1.74 £ 0.38, P < 0.0001, Figure 6A; Gfap: 2.14

+ 0.24 vs. 1.63 £ 0.21, P < 0.0001, Figure 6B). In contrast,
in younger (9-week-old) mice levels of Nfl and Gfap pro-
teins were not affected by Chs deficiency (Figure 6A,B).

Nfl and Gfap mRNAs were also significantly upregu-lated
in brains of older (1-year-old) Tg-1278T Chs /

vs. Tg-1278T Cbs*/ mice (Nfl mRNA: 1.55+0.42
vs. 0.92 +0.20, P = 0.0004, Figure 6C; Gfap mRNA: 1.34

+ 0.43 vs. 0.88 = 0.28, P = 0.027, Figure 6D). In contrast,
levels of Nfl and Gfap mRNAs were not affected by Cbs
deficiency in younger (9-week-old) mice (Figure 6C,D).
Although Nfl and Gfap proteins and mRNAs increased
significantly with age in Cbs ! mice and Cbs*/ , the increases
were faster in Cbs / animals (Figure 6A-D). These findings

show that Cbs / geno-type transcriptionally upregulates Nfl
and Gfap genes in old but not in young mice and that Chs
protects mice from age-dependent neurodegeneration.
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4 | DISCUSSION

The loss of CBS, an important Hcy-metabolizing
enzyme,lz'13 or the loss of PHF8,21'22 an important his-
tone demethylase participating in epigenetic regulation,
causes severe intellectual disability in humans. Similar
neuropathies are also observed in Cbhs !"and Phf8 / mice.
Because PHF8 participates in epigenetic regulation, we
surmised that dysregulation of epigenetic mechanisms
involving PHF8 could underlie neuropathy associated with
CBS deficiency. The present study substantiated this
supposition by showing that the expression of Phf8 mRNA
and protein was downregulated while H4K20mel epigenetic
mark was upregulated in brains of Chs ! mice (Figure 1) and
in Cbs-depleted mouse neuroblas-toma cells (Figures
S1,S2).

We also found that metabolites that are elevated in CBS-
deficient humans and mice—Hcy-thiolactone, N-
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F 1 G UR E 6 Deletion of the Cbs gene upregulates Nfl and Gfap expression of neurodegeneration markers in the mouse brain. Nine-week-old and
1-year-old Tg-1278T Cbs " mice (n =7 and 14) and their Tg-1278T Cbs* sibling controls (n = 10 and 10) were used in experiments. Bar plots show
the quantification of brain Nfl (A) and Gfap (B) proteins by western blotting—representative images shown in panel (C)—and of brain Nfl (D) and
Gfap mRNAs (E). Gapdh protein and mRNA were used as references for normalization. P values shown on the graphs were calculated by one-way
ANOVA with Tukey's multiple comparisons test.
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Hcy-protein, and Hcy—downregulated Phf8 (Figure 2A)
and upregulated histone H4K20me1l (Figure 2B) in cul-
tured mouse neuroblastoma cells. This suggests that Hcy-
thiolactone, N-Hcy-protein, and Hcy are responsible for
Phf8 downregulation (Figure 1A) and H4K20me1l upre-

gulation (Figure 1B) found in vivo in brains of Cbs " mice.
We also showed that treatments with siRNA target-ing Cbs
gene or with Hcy-thiolactone or Hcy, which met-abolically
downregulated Phf8 expression (Figure S1B, Figure 2A),
promoted the accumulation of both APP (Figure 2H) and
APB (Figure 4) in mouse neuroblastoma cells. In contrast,
attenuation of Phf8 expression by treat-ments with sSiRNAs
targeting Phf8 gene promoted AR accumulation (Figure
5J,K), but did not affect APP levels (Figure 5H). These
disparate effects of metabolic and genetic Phf8 depletion on
APP expression suggest that AR accumulation can occur by
two different mechanisms in Chs-depleted brain and neural
cells: upregulated APP expression caused by Hcy-
thiolactone, N-Hcy-protein, and Hcy, and impaired A
clearance caused by downre-gulation of autophagy (Figure
7A). In Phf8-depleted cells, only one mechanism,
downregulated autophagy, leads to accumulation of Ap.

The findings that upregulation of APP (Figure 1M,T; Figures
S1F and S2G) was associated with downregulation of Becnl
in Cbs / mice (Figure 11,0) and Cbs-depleted mouse neural
cells (Figures S1G and S2D) suggest a third pathway that can
contribute to A accumu-lation. In this pathway Becnl is a
negative regulator of APP expression and processing (Figure
7B). This pathway is con-sistent with the findings showing
that Becnl, a protein with a key role in the initiation of
autophagy, is decreased in human AD brains and that genetic
depletion of Becnl in mice that overexpress APP

(APP*Becn™ mice) increased

(A)
l Cbs deficiency I
l
/[ AHTL, MN-Hey, 1 Hey |
MApp

4 Phf8

” |

|==>| 1Hak20me1 |

A accumulation in neurons.>* Becn1 can also regulate APP
processing and turnover. For example, depletion of BcInl by
RNA interference in rat neuroblastoma cells expressing
human APP transgene (B103/hAPPwt cells) increased APP,
Lc3, and AP, while Bclnl overexpression downregulated

APP.% The involvement of autophagy in Cbs depletion-
induced APP and AB accumulation needs to be confirmed in
future experiments by boosting autophagy (e.g., by treatment
with TAT-Beclinl), which should rescue APP and A
accumulation in Cbs-depleted cells.

Our findings suggest that Phf8 regulates AB accumu-lation
through its effects on mTOR and autophagy. Spe-cifically,
we found that treatments with Hcy-thiolactone, N-Hcy-
protein, or Hcy, which downregulated Phf8 expression
(Figure 2A) and upregulated the histone mark H4K20mel
(Figure 2B), also increased H4K20mel bind-ing to the
MTOR promoter in mouse neuroblastoma cells (Figure 3C).
These findings provide direct mechanistic evidence linking
each of the Hcy metabolites with dysre-gulated mTOR
signaling and its downstream conse-quences. Concomitant
inhibition of autophagy (Figure 2E—G) and upregulation of
AB (Figure 4C,D) by Hcy-thiolactone, N-Hcy-protein, and
Hcy identify a likely mechanism (Figure 7) that accelerates
neuronal damage in CBS deficiency, manifested by elevated
Nfl and Gfap levels (Figure 6). This mechanism can also

account for the association of HHcy with Alzheimer's

disease.®

Previous studies showed that Phf8 bound at the TSS of Kras,
Camk2d, and Rps6kal genes involved in mTOR signaling

and that depletion of Phf8 increased binding of H4K20mel

at the TSS in Kras, Camk2d, and Rps6kal genes in mice22;

H4K20mel binding at the mTOR gene was not examined in
that study. In the present study we found that Phf8 depletion
in mouse neuroblastoma N2a

(B)
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F 1 G U R E 7 Mechanisms underlying neuropathy in the Chs-deficient brain. Up and down arrows show the direction of changes in the
indicated metabolites, proteins, and molecular processes. App, amyloid beta precursor protein; CBS, cystathionine 3-synthase; Hcy,
homocysteine; HTL, Hcy-thiolactone; mTOR, mammalian target of rapamycin; Phf8, plant homeodomain finger protein 8.
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cells by treatments with Hcy-thiolactone, N-Hcy-protein, or
Hcy (Figure 2A), or by silencing Cbs gene with SiRNAs
(Figure S2B), increased H4K20mel binding at the TSS as
well as down and up sites of the mTOR gene (Figure 3A,C).
Our findings add mTOR to the list of genes regulated by
H4K20mel. However, in contrast to TSS of the Kras,

Camk2d, and Rps6kal genes, which bound th8,22 we could
not detect any binding of Phf8 to TSS of the mTOR gene.

We found that the effects of Cbs deficiency were mim-icked
by Hcy, Hcy-thiolactone, and N-Hcy proteins. This may not
be surprising given that Hcy is metabolized to Hcy-
thiolactone which then modifies proteins generating N-Hcy-
protein, as originally demonstrated in 1997° and confirmed
in a variety of cell types and in animal and human studies.t
Similarities in pathophysiological effects of each of the three
metabolites also include their cytotoxicity (reviewed inl),
demonstrated for N-Hcy-protein (e.g.,36'37), Hcy-thiolactone

(e.g.,38), and Hcy (e.g.,39). However, how each of these
metabolites exerts its effects needs to be examined in future
studies.

Previous studies have found that Cbs / mice have elevated
Hcy-thiolactone and N—Hcy-protein,“‘17 in addi-tion to
Hcy,29 which was accompanied by increased brain AR
accumulation®® and cognitive impairments.lz'13 In the
present study we have found significantly depleted Phf8 in
brains of Cbs / mice (Figure 1A). Although depletion of Phf8
is linked to intellectual disability, autism spec-trum disorder,
attention deficit hyperactivity disorder,20 and mental
retardation,21 it was not known to be associ-ated with
Alzheimer's disease. Our present findings that Phf8 depletion
in the mouse neuroblastoma cells, induced by Phf8 siRNA
interference (Figure 5A), or by supplementation with Hcy-
thiolactone, N-Hcy-protein, or Hey (Figure 2A), significantly
increased AR accumulation (Figure 5J,K), suggest that Phf8
depletion can contribute to the association of Alzheimer's
disease with HHcy.18

In conclusion, our findings find the histone demethy-lase
Phf8 as a regulator of AR accumulation and suggest that
neuropathy of Chbs deficiency is mediated by Hcy
metabolites-dependent depletion of Phf8, which upregu-lates
MTOR through increased H4K20mel binding at the mTOR
promoter, which in turn inhibits autophagy, leads to AR
accumulation, and neuronal damage, manifested by elevation
of brain Nfl and Gfap levels. We have also shown that Cbs-
depletion and Hcy metabolites, indepen-dently of their
inhibitory effect on Phf8 expression, upre-gulated APP
expression, which can also contribute to A accumulation.
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Figure S1. Cbs gene silencing in mouse neuroblastoma N2a-APPswe cells recapitulates changes in
histone demethylase Phf8, H4K20mel, mTOR signaling, App, and autophagy-related protein levels
observed in Chs”" mouse brain. Bar graphs illustrating the quantification of Cbs (A), Phf8 (B),
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cells transfected with two different siRNAs targeting the Chs gene (siRNA Cbs #1 and #2) are shown.
Transfections without siRNA (Control -siRNA) or with scrambled siRNA (siRNAscr) were used as
controls. Representative Western blots are shown in panel (J). Gapdh was used as a reference protein.
Data are averages of three independent experiments. P-values vs. ‘control -siRNA’ plus ‘siRNAscr’
were calculated by one-way ANOVA with Tukey’s multiple comparisons test. ** P < 0.01, *** P <
0.001, or **** P <(.0001.
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Figure S2. Cbs gene silencing affects mRNA for Phf8, mTOR, App, and autophagy-related proteins in

mouse neuroblastoma N2a-APPswe cells. Bar graphs illustrating the quantification by RT-qPCR of

mRNAs for Cbs (A), Phf8 (B), mTOR (C), Belnl (D), Atg5 (E), Atg7 (F), and App (G), in N2a-

APPswe cells transfected with two different siRNAs targeting the Chs gene (siRNA Cbs #1 and #2)

are shown. Gapdh mRNA was used as a reference. Transfections without siRNA (Control) or with

scrambled siRNA (siRNAscr) were used as controls. P-values vs. ‘control -siRNA’ plus ‘siRNAscr’

were calculated by one-way ANOVA with Tukey’s multiple comparisons test. * P < (.05, ** P <0.01,
**% P <0.001, or ¥*** P<0.0001.

Table S1  Primers used for PCR or RT-qPCR

Gene Primer sequence

APP Forward: 5-CTTCCCCAAGATCCTGATAAACT-3’

App Reverse: 5'-CCGGGTGTCTCCAGGTACT-3’

Atg5 Forward: 5-AAGGCACACCCCTGAAATGG-3’
Reverse: 5-TGATGTTCCAAGGAAGAGCTGAA-3’

Atg7 Forward: 5'-GCCAACTCCACACTGCTTTC-3'
Reverse: 5'-TCTTCTGGGTCAGTTCGTGC-3"'

B-actin Forward: 5'-GCAGGAGTACGATGAGTCCG-3'
Reverse: 5'-ACGCAGCTCAGTAACAGTCC-3'

Beclin-1 Forward: 5'-GAGGAAGCTCAGTACCAGCG-3'"
Reverse: 5'-CCAGATGTGGAAGGTGGCAT-3'

Chs Forward: 5'-GGTCTGGAATTCACTATGTAGC-3"
wild type reverse:
S5'"CGGATGACCTGCATTCATCT-3" Mutant
reverse: 5'-GAGGTCGACGGTATCGATA-3'
Forward: 5'-GGACTGGATAAGCAGGGCG-3'
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Gapdh Reverse: 5'-TTTTGTCTACGGGACGAGGC-3"
mTOR Forward: 5-GCCACTCTCTGACCCAGTTC 3’
Reverse: 5-ATGCCAAGACACAGTAGCGG-3’
Phf8 Forward: 5-TGGGAGCATGCTTCAAGG-3’
Reverse: 5-GATTTCAAAGCAGGGTCATCA-3’
p62 Forward: 5-GGGGAAGGGTTCAATGAGAG-3’
Reverse: 5-AATGGGCATATTTGGGGTCT-3’
NSl Forward: 5-AGTTCGTTCGGCTACGATCC-3’
Reverse: 5-TGGGCATCAAAGAGCCAGAG-3’
Forward: 5-AACCGCATCACCATTCCTGT-3’
Gfap

Reverse: 5-AAGGGAGAGCTGGCAGG-3’

mTOR upstream TSS*

Forward: 5"- TTGCCAACTGGTGCTCGTTT-3’

Reverse: 5" AAG AAT TGG AGC TC GGG ACC 3’

mTOR TSS*

Forward: 5-GGATGTTCCTCCCCAATCTTCG-3’

Reverse: 5-CAGACCCACCTAACTGACCGT-3’

mTOR downstream TSS*

Forward: 5-TAGGGGGCAGATCCCGAAAC-3’

Reverse: 5-CACTGTAGCTGTAACTCACAC-3’

* TSS, transcriprtion start site
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Background: Bleomycin hydrolase (BLMH), a homocysteine (Hcy)-thiolactone detoxifying enzyme, is
attenuated in Alzheimer’s disease (AD) brains. Blmh loss causes astrogliosis in mice while the loss of

histone demethylase Phf8, which controls mTOR signaling, causes neuropathy in mice and humans.

Objective: To examine how BImh gene deletion affects the Phf8/H4K20mel/mTOR/autophagy

pathway, amyloid beta (AB) accumulation, and cognitive/neuromotor performance in mice.

Methods: We generated a new mouse model of AD, the BImh”"5xFAD mouse. Behavioral assessments
were conducted by cognitive/neuromotor testing. BImh and Phf8 genes were silenced in mouse
neuroblastoma N2a-APPswe cells by RNA interference. mTOR- and autophagy-related proteins, and
APP were quantified by Western blotting and the corresponding mRNAs by RT-gPCR. AB was

guantified by Western blotting (brains) and by confocal microscopy (cells).

Results: Behavioral testing showed cognitive/neuromotor deficits in BImh”- and BImh”/-5xFAD mice.
Phf8 was transcriptionally downregulated in BiImh”- and BImh”-5xFAD brains. H4K20me1, mTOR,
phospho-mTOR, and APP were upregulated while autophagy markers Becn1, Atg5, and Atg7 were
downregulated in BImh”- and BImh”-5xFAD brains. AR was elevated in BImh”/"5xFAD brains. These
biochemical changes were recapitulated in BImh-silenced N2a-APPsy. cells, which also showed
increased H4K20mel-mTOR promoter binding and impaired autophagy flux (Lc3-l, Lc3-Il, p62). Phf8-
silencing or treatments with Hcy-thiolactone or N-Hcy-protein, metabolites elevated in Bimh” mice,
induced biochemical changes in N2a-APP.. cells like those induced by the BImh-silencing. However,

Phf8-silencing elevated AP without affecting APP.

Conclusion: Our findings show that Blmh interacts with APP and the
Phf8/H4K20mel/mTOR/autophagy pathway, and that disruption of those interactions causes AR

accumulation and cognitive/neuromotor deficits.

Keywords: Alzheimer’s disease; APP; Bleomycin hydrolase; BiImh”5xFAD mouse; N2a-APPswe mouse
neuroblastoma cells; homocysteine thiolactone; Phf8; H4K20me1l; mTOR; autophagy

INTRODUCTION

Bleomycin hydrolase (BImh), named for its ability to deaminate and inactivate the anticancer

glycopeptide drug bleomycin, is a thiol-dependent cytoplasmic aminopeptidase expressed in human

87



and rodent organs, including the brain [1, 2]. In addition to the aminopeptidase activity, Blmh has a
thiolactonase activity and takes part in homocysteine (Hcy) metabolism by detoxifying Hcy-

thiolactone [3, 4].

Hcy-thiolactone is formed from Hcy in an error-editing reaction in protein biosynthesis
catalyzed by methionyl-tRNA synthetase [5-7]. Accumulation of Hcy-thiolactone is harmful because of
its ability to modify protein lysine residues [8], which generates structurally- and functionally-
impaired N-homocysteinylated (N-Hcy)-proteins with proinflammatory, prothrombotic, and pro-
amyloidogenic properties [6]. Hcy-thiolactone and N-Hcy-proteins accumulate in intellectually
disabled cystathionine B-synthase (CBS)- and methylenetetrahydrofolate reductase (MTHFR)-deficient
patients [6] and are mechanistically linked to neurological diseases such as Alzheimer’s disease (AD)
[9, 10], stroke [11], cognitive impairment [12], Parkinson’s disease [13], and neural tube defects [14,

15], as well as cardiovascular disease [16], cancer [17-19], and rheumatoid arthritis [20].

BLMH has been linked to AD and Huntington disease (HD). Specifically, BLMH has the ability
to process amyloid precursor protein (APP) to amyloid beta (AB) [21] and to further process AB [22].
BLMH has also the ability to generate N-terminal fragments of huntingtin, thought to be important
mediators of HD pathogenesis [23]. In the human brain, BLMH is localized in neocortical neurons and
in dystrophic neurites of senile plaques [24]. A single nucleotide polymorphism in human BLMH gene,
resulting in 1443V substitution in the BLMH protein, is associated with an increased risk of AD [25,

26]; however, no association was reported in other studies [27-29].

The Hcy-thiolactonase and aminopeptidase activities of BLMH are decreased in brains of AD
patients, suggesting that the attenuated BLMH activity could contribute to the pathology of AD [30].
In mice, deletion of the BImh gene causes astrogliosis and behavioral changes [31]. Furthermore,
BImh”- mice exhibit diminished ability to detoxify Hcy-thiolactone, which elevates brain Hcy-
thiolactone levels, and increases neurotoxicity of Hcy-thiolactone injections [4]. Studies of BImh™
mouse brain proteome demonstrated that Blmh interacts with diverse cellular processes, such as
synaptic plasticity, cytoskeleton dynamics, cell cycle, energy metabolism, and antioxidant defenses
that are essential for brain homeostasis [9]. Collectively, these findings suggest that Blmh plays a key

role in the central nervous system (CNS).

Plant homeodomain finger protein 8 (PHF8) has been identified as one of the X chromosome
genes linked to intellectual disability syndrome, autism spectrum disorder, attention deficit
hyperactivity disorder [32], and severe mental retardation [33]. PHF8 is a histone demethylase that
can demethylate H4K20me1, H3K9me2/me1l, and H3K27me2. Demethylation of H4K20me1 by PHF8

is important for supporting homeostasis of mTOR signaling. The phenotype of human PHF8 deficiency
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has been replicated in Phf8”" mice, which show impaired hippocampal long-term potentiation and

behavioral deficits in learning and memory [34].

In the present work we examined the role of BImh in the CNS by studying behavioral and
biochemical consequences of BImh gene deletion in mice. Since dysregulated mTOR signaling and
autophagy have been implicated in A accumulation in AD brains [35-38], and H4K20me1l
demethylation by PHF8 is important for maintaining homeostasis of mTOR signaling, we examined
how these processes are affected in brains of BiImh”- vs. BImh** mice as well as transgenic BImh™-
5xFAD vs. BImh*/*5xFAD mice. We also examined how biochemical changes in these processes and in
APP/AB expression relate to behavioral performance in BImh”/"5xFAD mice. We studied underlying
molecular mechanisms by manipulating BImh or Phf8 expression or Hcy-thiolactone and N-Hcy-

protein levels in mouse neuroblastoma N2a-APPswe cells.
MATERIALS AND METHODS

Mice and treatments

BImh- [39] and 5xFAD [40] mice on the C57BL/6J genetic background were housed and bred
at the Rutgers-New Jersey Medical School Animal Facility. 5xFAD mice overexpress the K670N/M671L
(Swedish), 1716V (Florida), and V7171 (London) mutations in human APP(695), and M146L and L286V
mutations in human PS1 associated with familial early-onset Alzheimer's disease. 5XxFAD mice
accumulate elevated levels of AB42 beginning around 2 months of age [40]
(https://www.alzforum.org/research-models/5xfad-b6sjl). The Bimh”- mice were crossed with 5xFAD
animals and the resulting heterozygotes were used to generate BiImh”"5xFAD mice and their
BImh*/*5xFAD sibling controls, hemizygous for the 5xFAD transgene. Mouse BImh genotype were
established by PCR of tail clips using the following primers: BImh intron 2 forward primer p1 (5"-
CACTGTAGCTGTACTCACAC), BImh exon 3 reverse primer p2 (5-GCGACAGAGTACCATGTAGG-3’) and
neomycin cassette reverse primer p3 (5-ATTTGTCACGTCCTGCACGACG-3’) [39]. 5xFAD genotype was
proven using human APP and PS1 primers (hAPP forward 5-AGAGTACCAACTTGCATGACTACG-3’and
reverse 5-ATGCTGGATAACTGCCTTCTTATC-3"; hPS1 forward 5-GCTTTTTCCAGCTCTCATTTACTC-3’ and
reverse 5"-AAAATTGATGGAATGCTAATT GGT-3°). The mice were fed with a standard rodent chow
(LabDiet5010; Purina Mills International, St. Louis MO, USA) [4]. Two- and four-month-old BImh™
mice and their BImh*/* siblings, as well as 5- and 12-month-old BiImh7"5xFAD mice and their
BImh**5xFAD siblings were used in experiments. Hyperhomocysteinemia (HHcy) was induced
pharmacologically, as needed, by providing drinking water supplemented with 1% methionine (a ‘high
Met diet’) [41-43] to mice starting at 1 month of age. The high Met diet significantly increases
plasma total Hey levels (P < 1.E-06) (6-fold from 6.8 to 39 uM in BImh”" mice and 10-fold from 7.4 to
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77 uM in BImh*/* mice) as well as N-Hcy-protein levels (P < 0.001) (3-fold from 2.8 to 8.4 uM in BImh
- mice and 4.5-fold from 1.2 to 5.4 uM in BImh*/* mice) [4]. The groups were derived from multiple
litters and equal number of males and females were used in each group. Animal procedures were

approved by the Institutional Animal Care and Use Committee at Rutgers-New Jersey Medical School.
Behavioral testing
Novel Object Recognition test

NOR is a test of recognition memory [44]. The test was conducted in two sessions, divided by a 6-h
intersession interval. During the first session (familiarization session), the animal was free to explore
two similar objects, and during the second session (test session), one of the objects was replaced by a
novel, unfamiliar object. No habituation phase was performed. A minimal exploration time for both
objects during both the familiarization and test phase (~20 s) was used, with a maximal time of 10
min to reach the criterion. Mice were evaluated in a white plastic box (33 x 33 x 20 cm). W used
objects that differ in shape and texture: towers of Lego bricks (8-cm high and 3.2-cm wide, built-in
blue, yellow, red, and green bricks) and Falcon tissue culture flasks filled with sand (9.5 cm high, 2.5
cm deep and 5.5 cm wide, transparent plastic with a yellow bottle cap). We scored object exploration
whenever the mouse sniffed the object or touched the object while looking at it (i.e., when the
distance between the nose and the object was less than 2 cm). Climbing onto the object (unless the

mouse sniffs the object it has climbed on) or chewing the object did not qualify as exploration.
Hindlimb test

The hindlimb clasping test is used to assess neurodegeneration in mouse models [45]. For this test,
mice were suspended by the base of the tail and videotaped for 10 seconds. Three separate trials
were taken over three consecutive days. Hindlimb clasping was scored from 0 to 3: 0 = hindlimbs
splayed outward and away from the abdomen, 1 = one hindlimb retracted inwards towards the
abdomen for at least 50% of the observation period, 2 = both hindlimbs partially retracted inwards
towards the abdomen for at least 50% of the observation period, 3 = both hindlimbs completely
retracted inwards towards the abdomen for at least 50% of the observation period. Hindlimb clasping

scores were added together for the three separate trials.
Ledge test

The ledge test is used to assess motor deficits in rodent models of CNS disorders [46]. Typically, mice
walk along the ledge of a cage and try to descend back into the cage. Three separate trials were taken
for each mouse. Ledge test was scored from 0 to 3 points: 0 = a mouse walked along the ledge
without slipping and lowered itself back into the cage using paws; 1 = the mouse lost its footing

during walking along the ledge but otherwise appeared coordinated; 2 = the mouse did not
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effectively use its hind legs and landed on its head rather than paws when descending into the cage;

3 =the mouse fell of the ledge or was shaking, barely moving.
Cylinder test

The cylinder test is used to assess sensorimotor function in rodent models of CNS disorders. A mouse
was placed in the transparent 500 ml plastic cylinder. The number of times the mouse reared up and
touched the cylinder wall during a period of 3 min was counted. A rear is defined as a vertical
movement with both forelimbs off the floor so that the mouse is standing only on its hindlimbs. At
the end of 3 min, the mouse was removed and placed back into its home cage. Because spontaneous
activity in the cylinder is affected by repeated testing resulting in reduced activity over time, mice

were only once in their lifetime.
Brain protein extraction

Mice were euthanized by CO; inhalation, the brains collected and frozen on dry ice. Frozen
brains were pulverized with dry ice using a mortar and pestle and stored at -80°C. Proteins were
extracted from the pulverized brains (5015 mg; 30+3 mg brain was used for AP analyses) using RIPA
buffer (4 v/w, containing protease and phosphatase inhibitors) with sonication (Bandelin SONOPLUS
HD 2070) on wet ice (three sets of five 1-s strokes with 1 min cooling interval between strokes). Brain
extracts were clarified by centrifugation (15,000 g, 30 min, 4°C) and clear supernatants having 8-12
mg protein/mL were collected (RIPA-soluble fraction). Protein concentrations were measured with

BCA kit (Thermo Scientific).

For AB analyses, pellets after protein extraction with RIPA buffer were re-extracted by brief
sonication in 2% SDS, centrifuged (15,000 g, 15 min, room temperature), and the supernatants again
collected (SDS-soluble fraction). The SDS-extracted pellets were then extracted by sonication in 70%

formic acid (FA), centrifuged, and the supernatants were collected (the FA-soluble fraction) [47].
Cell culture and treatments

Mouse neuroblastoma N2a-APPswe cells, harboring a human APP transgene with the K670N
and M671L Swedish mutations associated with familial early-onset Alzheimer's disease [48] were
grown (37°C, 5% CO;) in DMEM/F12 medium (Thermo Scientific) supplemented with 5% FBS, non-

essential amino acids, and antibiotics (penicillin/streptomycin) (MilliporeSigma).

After cells reached 70-80% confluency, the monolayers were washed twice with PBS and
overlaid with DMEM medium without methionine (Thermo Scientific), supplemented with 5% dialyzed

fetal bovine serum (FBS) (MilliporeSigma) and non-essential amino acids. L-Hcy-thiolactone
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(MilliporeSigma) or N-Hcy-protein, prepared as described in ref. [49], were added (at concentrations

indicated in figure legends) and the cultures were incubated at 37°C in 5% CO; atmosphere for 24 h.

For gene silencing, BImh-targeting siRNAs (Cat. # 100821 and s63474) or Phf8 gene (Cat. #
$115808, and S115809) (Thermo Scientific) were transfected into cells kept in Opti-MEM medium by
24-h treatments with Lipofectamine RNAiMax (Thermo Scientific). Cellular RNA for RT-gPCR analyses
were isolated as described in section 2.5 below. For protein extraction, RIPA buffer (MilliporeSigma)

was used according to manufacturer’s protocol.
Western blots

Proteins were separated by SDS-PAGE on 10% gels (20 pg protein/lane) and transferred to
PVDF membrane (0.2 um; Bio-Rad, cat. # 1620177) for 20 min at 0.1 A, 25 V using Trans Blot Turbo
Transfer System (Bio-Rad). After blocking with 5 % bovine serum albumin in 1X Tris-Buffered Saline,
0.1% Tween 20 Detergent buffer (TBST; 1 h, room temperature), the membranes were incubated
overnight at 4°C with anti-BImh (Abcam, AB188371), anti-Phf8 (Abcam, ab36068), anti-H4K20me1l
(Abcam ab177188), anti-mTOR (CS #2983), anti-pmTOR Ser2448 (CS, #5536), anti-Atg5 (CS, #12994),
anti-Atg7 (CS, #8558), anti-BcIn1 (CS, #3495), anti-Lc3 (CS, #4599) anti-p62 (CS, #23214), anti-Gapdh
(CS, #5174), or anti-App (Abcam, ab126732) for 1 hour. Membranes were washed three times with
TBST, 10 min each, and incubated with goat anti-rabbit IgG secondary antibody conjugated with
horseradish peroxidase. Positive signals were detected using Western Bright Quantum-Advansta
K12042-D20 and GeneGnome XRQ NPC chemiluminescence detection system. Bands intensity was

calculated using Gene Tools program from Syngene.

For Western blots analyses of AB, brain protein extracts (2 pL) were separated on 10 % Tricine
gels, and then transferred (0.5 A, 25 V 10 min) onto 22 pum PVDF membranes (Bio-Rad). The
membranes were washed 3 times with 1x TBST and then blocked with 5 % bovine serum albumin
(BSA) for 1 h at RT. After blocking, membranes were washed 3 times with 1x TBST and then incubated
with primary anti-AB antibody (D54D2, CS #8243). Membranes were washed 3 times with 1x TBS-T
and incubated with anti-rabbit IgG HRP-linked antibodies (CS#7074) for 1 h at RT. Signals were
collected using clarity Max Western ECL Substrate (Bio-Rad) and GeneGnome XRQ -

Chemiluminescence imaging (Syngene).
RNA isolation, cDNA synthesis, RT-qgPCR analysis

Total RNA was isolated using Trizol reagent (MilliporeSigma). cDNA synthesis was conducted
using Revert Aid First cDNA Synthesis Kit (Thermo Fisher Scientific) according to manufacturer’s
protocol. Nucleic acid concentration was measured using NanoDrop (Thermo Fisher Scientific). RT-

qPCR was performed with SYBR Green Mix and CFX96 thermocycler (Bio-Rad). The 222 method was
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used to calculate the relative expression levels [50]. Data analysis was performed with the CFX
Manager™ Software, Microsoft Excel, and GraphPad Prism7. RT-qPCR primer sequences are listed in

Table S1.
Chromatin immunoprecipitation assay

For the CHIP assays, CUT&RUN Assay Kit #86652 (Cell Signaling Technology, Danvers, MA,
USA) was used following the manufacturer’s protocol. Each assay was done in triplicates. cells. Cells
(100 000/ assay) were trypsinized, harvested, washed 3x in ice-cold PBS, and bound to concanavalin
A-coated magnetic beads for 5 min, RT. Cells were then incubated (4h, 4°C) with 2.5 pg of anti-PHF8
antibody (Abcam, ab36068) or anti-H4K20me1 antibody (Abcam, ab177188) in the antibody-binding
buffer plus digitonin that permeabilizes cells. Next, cells are treated with pAG-MNase (1 h, 4°C),
washed, and treated with CaCl2 to activate DNA digestion (0.5 h, 4°C). Cells were then treated with
the stop buffer and spike-in DNA was added for each reaction for signal normalization, and incubated
(30 min, 37°C). Released DNA fragments were purified using DNA Purification Buffers and Spin
Columns (CS #14209) and quantified by RT-gPCR using primers targeting the promoter, upstream, and

downstream regions of the mTOR gene (Table S1).
Confocal microscopy, A8 staining in N2a-APPswe cells

Mouse neuroblastoma N2a-APPswe cells were cultured in Millicell EZ SLIDE 8-well glass slides
(Merck). After 24 h treatments, cells were washed with PBS (3 times, 10 minutes each) and fixed with
4% PFA (Sigma-Aldrich) (37°C, 15 min). After fixation, cells were again washed 3 times with PBS buffer
and permeabilized in 0.1% Triton X-100 solution (RT, 20 min), blocked with 0.1% BSA (RT, 1h), and
incubated with anti-AB antibody (CS #8243; 4°C, 16 h). Cells were then washed 3 times with PBS and
stained with secondary antibody Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) (Abcam, ab150077; RT,
1 h) to detect AB. DAPI (Vector Laboratories) was used to visualize nuclei. Fluorescence signhals were
detected by using a Zeiss LSM 880 confocal microscope with a 488 nm filter for the Alexa Fluor® 488
(AB) and 420-480 nm filter for DAPI, taking a z stack of 20-30 sections with an interval of 0.66 um and
a range of 15 um. Zeiss Plan-Apochromat X40/1.2 Oil differential interference contrast objective were
used for imaging. Images were quantified with the Imagel Fiji software (NIH). Negative controls
without primary or secondary antibody, which yielded no fluorescent signals, and positive controls
with an authentic ABa4, standard (1 pg/mL medium) (Abcam, ab120301), which showed fluorescent

signals, were done to verify the specificity of the assay.
Statistical analysis

Data from in vivo and in vitro experiments are reported as mean = standard deviation (SD). Values for

each experimental/treatment group were normalized to controls. Data were analyzed using one-way
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analysis of variance (ANOVA) with Tukey’s multiple comparisons post-test using GraphPad Prism7
software (GraphPad Holdings LLC, San Diego CA, USA, https://www.graphpad.com). A two-sided

unpaired Student t test was used for analysis of NOR data.
RESULTS

Bimh gene deletion impairs recognition memory, induces neurodegeneration, and sensorimotor

deficits in BlImh”" and BImh”"5xFAD mice
BImh™- mice

To examine effects of BlImh depletion on cognition and sensorimotor activity, Bimh” and
BImh*"* mice fed with a control or high Met diet were assessed in the novel object recognition (NOR),
hindlimb clasping, and ledge tests. We found that 4-month-old BImh”- mice did not differentiate
between novel and familiar objects in the NOR test, regardless of the diet (Fig. 1A, B), showing
impaired recognition memory. As expected, 4-month-old control BiImh** mice showed normal
preference for novelty (Fig. 1A); however, the preference for novelty disappeared when the mice
were fed with a high Met diet (Fig. 1B). In contrast, 2-month-old B/mh”- mice showed significant
preference for a novel object, regardless of the diet, as did 2-month-old BImh*/* mice (Fig. 1A, B).
These findings show that a longer exposure (>2-month) is needed for the manifestation of

detrimental effects of BImh depletion or high Met diet on cognition.

The hindlimb test showed more severe clasping (significantly higher scores) in BImh”- mice vs.
their BImh*/* siblings (Fig. 1C), showing neurological impairment in BImh”- animals. High Met diet
significantly increased the hindlimb scores, with greater increases in BImh*/* than in BImh”" mice,
resulting in attenuated BImh™" vs. BImh*/* difference in high Met diet animals (Fig. 1C). Overall, high

Met diet attenuated effects of the BImh”- genotype on the hindlimb score.

The ledge test showed significantly higher scores for 4-month-old, but not in 2-month-old,
Bimh™" vs. BImh** mice (Fig. 1D), indicating neuromotor deficiency in Bimh” animals. High Met diet
increased the ledge test scores, with greater increases in B/mh*/* than in BiImh”- mice, resulting in
attenuated BImh™" vs. BImh*/* difference in high Met diet animals (Fig. 1D). Overall, high Met diet

attenuated effects of the BImh” genotype on the ledge test score.
BImh”-5xFAD mice

We also examined effects of BImh depletion on cognition and neuromotor activity in 1-year-
old BImh7"5xFAD vs. BImh*/*5xFAD mice. We found that BImh”/"5xFAD mice fed with a standard chow

or high Met diet did not differentiate between novel and familiar objects in the NOR test (Fig. 1E),
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showing impaired recognition memory in BImh”"5xFAD animals. In contrast, Bimh*/*5xFAD mice fed

with a standard chow diet or high Met diet showed normal preference for novelty (Fig. 1E).

The hindlimb clasping test showed significantly higher scores in BImh”"5xFAD vs.
BImh*/*5xFAD mice fed with a standard chow or high Met diet (Fig. 1F), showing that Bimh”- genotype
promotes neuromotor deficits in Bimh”/"5xFAD animals. High Met diet increased the hindlimb scores,
with greater increase in BImh*/*5xFAD than in BImh”/"5xFAD mice and abrogated the BImh”"5xFAD vs.
BImh**5xFAD difference (Fig. 1F).

The cylinder test showed significantly reduced scores for BImh”-5xFAD vs. BiImh*/*5xFAD mice
fed with a standard chow or high Met diet (Fig. 1G), showing that BImh”- genotype promotes
neuromotor deficits in BImh”/-5xFAD animals. High Met diet reduced the cylinder test scores, with
greater relative reductions in BImh”/-5xFAD mice, resulting in increased BImh”/-5xFAD vs. BImh*/*5xFAD

difference in high Met diet animals (Fig. 1G).

Blmh depletion downregulates histone demethylase Phf8 and upregulates H4K20mel epigenetic mark
in brains of BImh”- and BImh”"5xFAD mice

The present findings that BiImh-deleted mice showed behavioral deficits in memory that are
like cognitive deficits in memory seen in Phf8-deleted mice [34] suggests that BImh may interact with
Phf8. To examine this possibility, we quantified Phf8 protein in brains of young BImh”- mice and their
BIimh*'* sibling controls by Western blotting. We also examined how HHcy, induced by supplying 1%
methionine (Met) in drinking water, affects the BImh-Phf8 interaction. We found that Phf8 protein
was significantly downregulated in brains of BiImh” mice vs. Blmh** sibling controls in mice fed with a
standard chow diet (Fig. 2A). The reduced Phf8 expression in Bimh”- vs. BImh*'* brains was attenuated

in mice fed with a high Met diet (Fig. 2A).

However, Phf8 expression in BImh”- mice was not affected by high Met diet (Fig. 2A). In
contrast, in BImh*’* mice, high Met diet significantly downregulated Phf8 levels (Fig. 2A), showing that
the BImh-Phf8 interaction is affected by high Met diet.

The histone H4K20mel epigenetic mark, which is controlled by Phf8 [34], was significantly
upregulated in brains of BImh™" vs. BlImh*’* mice fed with a standard chow diet (Fig. 2B). High Met diet
significantly elevated H4K20me1 levels in BImh*/* mice but not in BiImh” animals, thereby abrogating

the effect of BImh’ genotype on H4K20me1 (Fig. 2B).

To figure out how the BImh-Phf8 interaction is affected by AB accumulation, we quantified
Phf8 in brains of BImh”- and BImh*/* mice on the 5xFAD background. We found significant
downregulation of Phf8 (Fig. S1A) and upregulation of H4K20me1 (Fig. S1B) in BiImh”"5xFAD vs.

BImh*/*5xFAD mice, like those seen in BImh” vs. BlImh** animals (Fig. 1A, B). High Met diet abrogated
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effects of BImh deletion on Phf8 and H4K20me1 levels in 12-month-old but not in 5-month-old BImh
5xFAD mice (Fig. S1A, B). These findings show that the BImh-Phf8 interaction is independent of AR

accumulation but is influenced by high-Met-diet.

Bimh deletion upregulates mTOR signaling and inhibits autophagy in brains of BlImh”- and BImh”"
5xFAD mice

BImh™ mice

Because Phf8/H4K20me1 regulate mTOR signaling [34], we next examined effects of Bimh
deletion on levels of MTOR and its active form, phosphorylated at Ser2448 (pmTOR). We found that
mTOR protein was significantly upregulated in brains of BiImh” vs. BImh*/* mice (Fig. 2C). The effect of

BImh™ genotype on mTOR expression was abrogated by high Met diet (Fig. 2C).

High Met diet significantly increased mTOR expression in BImh*/* mice (Fig. 2C). However,

high Met diet did not affect mTOR levels in BImh”- animals (Fig. 2C).

pmTOR was also significantly elevated in brains of BiImh”- vs. BImh*/* mice (Fig. 2D). The effect
of BImh”- genotype on pmTOR levels was abrogated by high Met diet in 2-months-old but not in 4-

months-old mice.

High Met diet significantly elevated pmTOR levels in 2- and 4-month-old B/mh*/* mice and in
2-month-old BImh”- animals (Fig. 2D). These findings show that the elevation of pmTOR levels reflects

the upregulation of mTOR in BImh”- mice.

Because mTOR is a major regulator of autophagy, we quantified effects of BImh depletion on
autophagy-related proteins. We found that the regulators of autophagosome assembly Becn1, Atg5,
and Atg7 were significantly downregulated in brains of BImh™" vs. BImh*/* mice (Fig. 2E, F, G). The
effects of BImh”- genotype on autophagy were attenuated (Becn1, Atg7) or abrogated (Atg5) by high
Met diet.

BImh”"5xFAD mice

We found that mTOR and pmTOR were significantly upregulated also in brains of BImh™”
5xFAD vs. BImh*/*5xFAD mice (Fig. S1C, D). High Met diet abrogated these effects on pmTOR in young
(5-month) and old (12-month) mice (Fig. S1D), and on mTOR in old (12-month) BImh”"5xFAD animals
(Fig. S1C). High Met diet did not affect mTOR and pmTOR levels in BiImh”-5xFAD mice. However, high
Met diet upregulated mTOR (Fig. S1C) and pmTOR (Fig. S1D) in 12-month-old, but not in 5-month-old,
BImh*/*5xFAD mice.

Markers of autophagy such as Beclin1, Atg5, and Atg7 were downregulated in 5- and 12-
month-old BImh”"5xFAD vs. BImh*/*5xFAD mice (Fig. S1E, F, G), like in young BImh” vs. BlImh** animals
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(Fig. 2E, F, G). Protein p62, a receptor for degradation of ubiquitinated substrates, was upregulated in

5-month-old, and to a lesser extent in 12-month-old BImh”-5xFAD mice (Fig. S1H).

Becnl and Atg5 (Fig. S1E, F) were also downregulated in Bimh”5xFAD vs. BImh*/*5xFAD mice
fed with high Met diet. However, high Met diet abrogated effects of the BImh’ genotype on Atg7 (in
5- and 12-month-old mice, Fig. S1G) and p62 (in 12-month-old mice, Fig. S1H) in 5XFAD mice.

Bimh gene deletion upregulates App in Blmh”- and APP in BiImh”"5xFAD mouse brain

We found that App was significantly upregulated in brains of BiImh” vs. BImh*/* mice fed with
a standard chow diet (Fig. 2H). App was similarly upregulated in BImh™- vs. BiImh*/* mice fed with high
Met diet (Fig. 2H).

We saw a similarly upregulated APP in 5- and 12-month-old B/mh”/"5xFAD mice carrying a
mutated human APP transgene (Fig. S11). High Met diet had no effect on APP in brains of 5-month-old
BImh”-5xFAD and BImh*/*5xFAD mice. However, APP was upregulated in brains of 12-month-old
BImh*/*5xFAD mice by high Met diet, which abrogated the difference in APP between BImh”"5xFAD vs.

BImh**5xFAD animals seen in animals fed with a control diet (Fig. S11).
Bimh controls the expression of mTOR-, autophagy-related proteins, and APP in N2a-APPswe cells

To elucidate the mechanism by which BImh depletion impacts Phf8 and its downstream
effects on mTOR, autophagy, and APP we first examined whether our findings in BImh”- mice can be
recapitulated in cultured mouse neuroblastoma N2a-APPswe cells carrying a mutated human APP
transgene. We silenced the BImh gene in these cells by RNA interference using two different siRNA
(siRNA BImh#1 and siRNA BImh#2) for transfections; controls were mock-transfected or transfected
with scrambled siRNA (siRNAscr). The changes in gene expression at the protein and mRNA levels in
Bimh-silenced vs. control cells were analyzed by Western blotting and RT-qPCR using Gapdh protein

and mRNA, respectively, as a reference.

We found that the BImh protein level was significantly reduced in BImh-silenced cells (by
80%; Fig. S2A). We also found that the histone demethylase Phf8 protein level was also significantly
reduced (Fig. S2B), while the histone H4K20me1l level was significantly elevated (Fig. S2C) in BImh-

silenced cells.

At the same time, mTOR protein was significantly upregulated in BImh-silenced cells (Fig.
S2D), as were pmTOR (Fig. S2E) and APP (Fig. S2F). Autophagy-related proteins Becn1, Atg5, and Atg7

were significantly downregulated in BImh-silenced cells (Fig. S2G, H, 1) .

To find whether BImh depletion affects the autophagy flux, we quantified Lc3 and p62 in

Bimh-silenced N2a-APPswe cells. We found significant reductions in soluble Lc3-I (Fig. S2J) and an
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autophagosome-bound lipidated Lc3-Il (Fig. S2K) in BImh-silencing cells. The Lc3-11/Lc3-I ratio was also
significantly reduced (Fig. S2L), while p62 was upregulated (Fig. S2M). These findings show that BImh

depletion impairs the autophagy flux.

To elucidate whether BlImh exerts a transcriptional control over the expression of APP, mTOR-
and autophagy-related proteins, we quantified by RT-gPCR mRNAs for these proteins. We found that
the changes in mRNA levels in BImh-silenced N2a-APPswe cells (Fig. S3) were like the changes in the
corresponding protein levels (Fig. S2). Specifically, BImh mRNA was significantly reduced (by 95%; Fig.
S3A), as was Phf8 mRNA (Fig. S3B). mTOR mRNA was significantly upregulated (Fig. S3C) as was APP
mRNA (Fig. S3D) in BImh-silenced cells, reflecting changes in the corresponding protein levels in these
cells (Fig. S2A-F). mRNAs for autophagy-related proteins Atg5, Atg7, and Becn1 (Fig. S3E, F, and G,

respectively).

These findings show that BImh transcriptionally controls the expression of these proteins and
prove that the changes in Phf8, H4K20m1, mTOR signaling, autophagy, and APP induced by BImh
gene silencing in N2a-APPswe cells (Fig. S2) recapitulate the in vivo findings in BImh”- mouse brain

(Fig. 2, Fig. S1).

Hcy-thiolactone and N-Hcy-protein modulate the expression of APP, mTOR- and autophagy-related

proteins in N2a-APPswe cells

The effects of BiImh deletion on Phf8 and its downstream targets can be caused by the
absence the Blmh protein or by Hcy-thiolactone and N-Hcy-protein, which are known to be elevated
in BImh”- mice [4]. To distinguish between these possibilities, we treated N2a-APPswe cells with

different concentrations of Hcy-thiolactone or N-Hcy-protein.

We found significantly reduced Phf8 levels in N2a-APPswe cells treated with Hcy-thiolactone
or N-Hcy-protein compared to untreated control cells (Fig. 3A). Levels of methylated histone
H4K20mel were elevated in Hcy-thiolactone or N-Hcy-protein treated cells compared to untreated

controls (Fig. 3B).

mTOR levels were significantly upregulated in N2a-APPswe cells by treatments with Hcy-
thiolactone or N-Hcy-protein, compared to untreated cells (Fig. 3C). Levels of pmTOR were also
significantly upregulated by these treatments (Fig. 3D). Autophagy-related proteins Becn1 (Fig. 3E)
Atg5 (Fig. 3F), and Atg7 (Fig. 3G) were significantly downregulated in cells treated with Hcy-

thiolactone or N-Hcy-protein.
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APP levels were significantly upregulated in N2a-APPswe cells treated with Hcy-thiolactone or
N-Hcy-protein compared to untreated controls (Fig. 2H). Representative images of western blots are

shown in Fig. 2I.

To find whether Hcy-thiolactone or N-Hcy-protein can affect the autophagy flux, we
guantified Lc3 and p62 in N2a-APPswe cells treated with these metabolites. We found that
treatments with Hcy-thiolactone or N-Hcy-protein reduced levels of soluble Lc3-I (Fig. 31) and an
autophagosome membrane-bound lipidated Lc3-II (Fig. 2J). The Lc3-1l/Lc3-I ratio, a measure of
autophagy flux, was also reduced (Fig. 3K), while p62 was upregulated (Fig. 3L). Representative

images of western blots are shown in Fig. 3M.

Taken together, these findings suggest that Hcy-thiolactone and N-Hcy-protein, metabolites
that are elevated in BImh”" mice [4], contribute to the detrimental effects of Bimh depletion on Phf8,

mTOR signaling, autophagy flux, and APP in N2s-APPswe cells.

Bimh depletion by RNA interference increases H4K20me1 biding to the mTOR promoter in N2a-

APPswe cells

To find whether increased levels of the histone H4K20mel mark can promote mTOR gene
expression by binding to its promoter in BiImh-depleted cells, we conducted ChIP experiments using
anti-H4K20me1 monoclonal antibody in the CUT&RUN assay (Fig. 4). The BImh gene was silenced by
transfecting N2a-APPswe cells with two different BImh-targeting siRNAs (siRNA Blmh #1 and #2). The
cells were permeabilized, treated with the anti-H4K20me1 antibody and a recombinant protein A/G-
tagged micrococcal nuclease. DNA fragments released form N2a-APPswe cells were quantified by RT-
gPCR using primers targeting the transcription start site (TSS) of the mTOR gene as well as upstream

(UP) and downstream (DOWN) regions from the TSS.

We found that the binding of H4K20me1 was significantly increased at the mTOR TSS, mTOR
UP, and mTOR DOWN sites in the BImh-silenced N2a-APPswe cells compared to controls (Fig. 4A).
Importantly, we found significantly more DNA fragments from the mTOR TSS compared with the
mTOR UP and mTOR DOWN sites (Fig. 4A). Control experiments showed that binding of H3K4me3 to
RPL30 intron was not affected by B/Imh gene silencing (Fig. 4B). These findings show that BImh
depletion promoted H4K20me1 binding at the mTOR TSS site more efficiently than at the UP and
DOWN sites.

The CUT&RUN experiments using anti-Phf8 antibody showed that BiImh depletion did not

affect the binding of Phf8 to the mTOR gene (not shown).

Hcy-thiolactone and N-Hcy-protein increase H4K20mel binding to the mTOR promoter in N2a-APPswe

cells
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Because treatments with Hcy-thiolactone or N-Hcy-protein, metabolites that are elevated in
BImh-depleted mice [4], upregulated mTOR expression (Fig. 3C), it is likely that each of these
metabolites can influence mTOR expression by promoting H4K20me1 binding at its promoter. To
evaluate this contention, we conducted the CUT&RUN experiments in N2a-APPswe cells treated with
Hcy-thiolactone or N-Hcy-protein using anti-H4K20me1 antibody and quantified the extent of
H4K20mel binding to the mTOR gene.

We found that Hcy-thiolactone significantly increased binding of H4K20me1 at the mTOR TSS
site as well as at the UP, and DOWN sites [51] (Fig. 4C). N-Hcy-protein also significantly increased
binding of H4K20me1 at the mTOR TSS and DOWN sites, but not at the UP site [51]. Control
experiments show that the binding of H3K4me3 to RPL30 intron was not affected by treatments with

Hcy-thiolactone or N-Hcy-protein [51] (Fig. 4D).

Binding of Phf8 at the mTOR TSS, UP and down sites was not affected by Hcy-thiolactone or

N-Hcy-protein (not shown).

Bimh depletion by RNA interference or treatments with Hcy-thiolactone and N-Hcy-protein promotes

AB accumulation in N2a-APPswe cells

To find whether BImh depletion affects AR accumulation, we silenced the BImh gene in N2a-
APPswe cells by using RNA interference and quantified AP by fluorescence confocal microscopy.
Towards this end, we transfected N2a-APPswe cells using two different BImh-targeting siRNAs. The
cells were permeabilized, treated with anti-Ap antibody, AP was visualized with a fluorescent
secondary antibody (Fig. 5A) and quantified (Fig. 5B). We found that the silencing of BImh gene,
which reduced Blmh protein levels by 80% (Fig. S2A), significantly increased the area and average size
of fluorescent AB puncta in BImh siRNA-treated cells compared to siRNAscr-treated cells or mock-

treated cell without siRNA (Fig. 5B).

Because BImh depletion elevates Hcy-thiolactone and N-Hcy-protein in mice [4] we next
examined whether each of these metabolites can induce AB accumulation in N2a-APPswe cells. We
found significantly increased area of fluorescent AR puncta in cells treated with Hcy-thiolactone or N-
Hcy-protein, compared to untreated controls (Fig. 5C, D). However, while treatments with Hcy-
thiolactone led to increased average size of the fluorescent AP puncta, treatments with N-Hcy-protein
did not (Fig. 5C, D), suggesting different effects of these metabolites on the structure of AB
aggregates. These findings suggest that Hcy-thiolactone and N-Hcy-protein promote accumulation of

AB induced by BImh depletion.

Bimh gene deletion increases A8 accumulation in brains of 5xFAD mice
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To examine if BImh deletion can promote AP accumulation in the mouse brain, we generated
BImh”-5xFAD mice and their BImh*/*5xFAD siblings by crossing BiImh” mice with AB-overproducing
5xFAD animals. We prepared SDS-soluble and formic acid (FA)-soluble AB fractions, which have most
of the total AB [47], as well as an AP fraction extractable with a RIPA buffer, from brains of 5- and 12-
month-old mice. AR was quantified in these brain extracts by Western blotting using monoclonal anti-

AB antibody. Representative Western blots are shown in Fig. 6A, B, C, |, J.

We found that RIPA- and SDS-soluble AB were significantly elevated in brains of 5-month-old
BImh”"5xFAD mice compared to BImh**5xFAD sibling controls in mice fed with a standard diet (Fig.
6D). The high Met diet abrogated effects of Bimh depletion on RIPA-soluble and SDS-soluble AB, while
FA-soluble AB remained unaffected by BImh depletion (Fig. 6E). The high Met diet did not affect RIPA-,
SDS-, and FA-soluble A in BImh*/*5xFAD mice (Fig. 6F) and BImh”"5xFAD animals (quantification not

shown).

In brains of 12-month-old BImh”-5xFAD mice few with high Met diet, RIPA-, SDS-, and FA-
soluble AB were significantly elevated compared with BImh*/*5xFAD sibling controls fed with high Met
diet (Fig. 61). High Met diet significantly elevated RIPA-, SDS-, and FA-soluble AB in BImh*/*5xFAD mice
(Fig. 6J).

Phf8 depletion upregulates A8 but not APP in N2a-APPswe cells

The findings that Phf8 expression was significantly reduced in the brains of BiImh™ (Fig. 2A)
and BImh”/-5xFAD mice (Fig. S1A) and in the BImh-silenced (Fig. S2B, Fig. S3B) or Hcy metabolite-
treated (Fig. 3A) mouse neuroblastoma N2a-APPswe cells, suggested that Phf8 depletion by itself can
affect biochemical pathways leading to AR accumulation. To examine this, we depleted Phf8 in N2a-
APPswe cells by RNA interference and quantified by Western blotting proteins that we found to be
affected in the BImh™ (Fig. 2) and BImh”"5xFAD (Fig. S1A) mouse brains.

Transfections with Phf8-targeting siRNAs reduced Phf8 protein levels in N2a-APPswe cells by
85% (Fig. S4A). Levels of H4K20me1 (Fig. S4B), mTOR (Fig. S4C), and pmTOR (Fig. S4D) were
significantly upregulated in Phf8-silenced cells. Autophagy-related proteins Atg5 and Atg7 were
significantly downregulated (Fig. S4E and F, respectively) while Becn1 was not affected in the Phf8-
silenced cells (Fig. S4G). Notably, APP levels were not affected in the Phf8-silenced cells (Fig. S4H).

We also quantified AB by fluorescence confocal microscopy and found that Ap was
upregulated in the Phf8-silenced cells, manifested by significantly increased average size and signal
intensity of fluorescent AP puncta compared to controls without siRNA or with siRNAscr (Fig. S4J, K).
These findings show that upregulation of AB in Phf8-silenced cells was associated with impaired

autophagy and not with the APP levels.

101



DISCUSSION

Our present findings show that BImh, a Hcy-thiolactone-hydrolyzing enzyme [3], has a
protective role in the CNS. Specifically, we demonstrated that BImh depletion, which causes
accumulation of Hey-thiolactone and N-Hcy-protein in mice [4], downregulated histone demethylase
Phf8 and upregulated the H4K20me1l epigenetic mark. This increased H4K20me1l binding to the
mTOR promoter and upregulated mTOR signaling, which in turn inhibited the autophagy flux. We also
showed that BImh depletion upregulated App and AB. These biochemical changes, also induced by
Hcy-thiolactone an N-Hcy-protein in cultured neural cells, were associated with cognitive and

neuromotor deficits in mice.

5xFAD mice accumulate high levels of Ap beginning around 2 months of age [40] and develop
cognitive impairments beginning at 4-5 months of age and sensorimotor impairments at about 9
months of age [52], performing worse than the wild type animals in the memory and sensorimotor

tests (https://www.alzforum.org/research-models/5xfad-b6sjl). In the present work we found that

BImh depletion aggravated those neurological impairments. Specifically, 1-year-old BImh”"5xFAD mice
performed worse than BImh*/*5xFAD animals in the NOR test (Fig. 1E), showing impaired memory,
and in the hindlimb (Fig. 1F) and cylinder tests (Fig. 1G), showing sensorimotor impairments. We
found similar memory and sensorimotor impairments also in 4-month-old BImh™- vs. BlImh*’* mice
(Fig. 1A-D), which do not accumulate AB. Our findings suggest that the absence of the BImh protein is
a dominant determinant that causes memory and sensorimotor impairments regardless of the

presence or absence of the AB-generating transgene.

Memory and sensorimotor impairments in BImh”-and BImh”"5xFAD mice can be caused, at
least in part, by Phf8 depletion, which occurs in BImh™ brains (Fig. 2A, Fig. S1A). Indeed, PHF8
depletion in humans is linked to intellectual disability, autism spectrum disorder, attention deficit
hyperactivity disorder [32], and intellectual disability [33], while similar neurological deficits were
found in Phf8”" mice [34]. However, Phf8 was not known to be associated with AB, a hallmark of AD.
Our present findings that Phf8 depletion in mouse neuroblastoma cells, induced by Phf8 gene
silencing (Fig. S4A) or by supplementation with Hcy-thiolactone or N-Hcy-protein (Fig. 3A),
significantly increased AR accumulation (Fig. S4J, K; Fig. 5C, D), suggest that Phf8 depletion can also

underly the association of HHcy with AD [53].

In previous studies we found that BImh is a Hcy-thiolactone-hydrolyzing enzyme [3] and that
Hcy-thiolactone and N-Hcy-protein are elevated in Bimh” mice [4]. In the present study, we showed
that treatments with Hcy-thiolactone or N-Hcy-protein mimicked the effects of BImh depletion by

RNA interference in mouse neuroblastoma cells. Specifically, Hcy-thiolactone/N-Hcy-protein and Blmh
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depletion downregulated Phf8 (Fig. S2B, Fig. 3A), elevated H4K20me1 (Fig. S2C, Fig. 3B), increased
H4K20mel binding at the mTOR promoter (Fig. 4A, C), and upregulated mTOR signaling (Fig. S2D, E;
Fig. 3C, D), and affected autophagy-related proteins (Fig. S2G-M; Fig. 3E-G, 3I-L). These findings show
that Blmh is a negative regulator of mTOR signaling by controlling levels of Hcy metabolites that affect

the mTOR promoter occupancy by H4K20mel.

Our findings also show that Phf8 is a mediator of Hcy-thiolactone/N-Hcy-protein effects on
mTOR signaling, autophagy, and AB accumulation (Fig. 7). These findings directly link Hcy-thiolactone
and N-Hcy-protein with dysregulated mTOR signaling (Fig. 3C, D) and its downstream outcomes such
as impaired autophagy flux (Fig. 31, J, K, L) and increased AB accumulation (Fig. 5) thereby providing a
likely mechanism explaining neuropathy resulting from Blmh deficiency (Fig. 7) and accounting for
the association of HHcy with Alzheimer’s disease [53]. This role of Phf8 is further supported by
findings showing that Phf8 gene silencing by RNA interference had the same effects on mTOR (Fig.
S4C, D), autophagy (Fig. S4E, F, G), and AP (Fig. S4J, K) as did BImh gene silencing (Fig. S2D, E, G-M, Fi

5A, B) or the treatments with Hcy-thiolactone or N-Hcy-protein (Fig. 3, Fig. 5C, D).

In the present study we showed that Bimh gene deletion led to App upregulation in BImh™-
(Fig. 2H) and APP in BImh”-5xFAD mice (Fig. S1l). These findings were recapitulated in mouse
neuroblastoma cells by BImh silencing, which upregulated APP gene expression at the protein (Fig.
S2F) and mRNA levels Fig. S3D). In contrast, Phf8 gene silencing did not affect APP expression (Fig.
S4H). These findings suggest that BImh and APP proteins interact with each other in the CNS while
Phf8 does not interact with APP. The BImh-APP interaction is most likely direct, as suggested by
findings of other investigators. For example, one study has shown that human BLMH interacts with
APP in vitro and that overexpressed BLMH has the ability to process human APP to AB in the 293-HEK
and CHO cells [21]. Another study reported that rat BImh can further hydrolyze A in vitro, with
fibrillar AB40 and AB42 being more resistant than nonfibrillar peptides [22]. Alternatively, BLMH can
regulate mTOR expression via binding to the mTOR promoter. This possibility is supported by findings
showing that BLMH binds to DNA [54, 55]. However, the mechanism underlying the regulation of APP

by BImh needs to be elucidated in future studies.

We found that BImh depletion downregulated Phf8 in mouse brain (Fig. 2A, Fig. S1A) and
mouse neuroblastoma cells (Fig. S2B, Fig. S3B), upregulated APP in mouse brain (Fig. 2H, Fig. S11) and
mouse neuroblastoma cells (Fig. S2F, Fig. S3D), and AP in mouse brain (Fig. 6D-E, I-J) and mouse
neuroblastoma cells (Fig. 5A, B). In contrast, Phf8 depletion had no effect on APP (Fig. S4H, I) but still
upregulated AP (Fig. S4J, K). These findings suggest that AB accumulation in BImh-depleted mouse

brains can occur via three pathways shown in Fig. 7.
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In pathway (i) (Fig. 7A) Hcy metabolites upregulate APP in BImh-depleted (Fig. S2F) or Hcy-
thiolactone/N-Hcy-protein-treated mouse neural cells (Fig. 2H). In pathway (ii-a) (Fig. 7A), Hcy
metabolites downregulate Phf8, which leads to reduced autophagy flux (Fig. 3I-K; Fig. S2J-L) resulting
in AB accumulation due to impaired clearance. Direct depletion of Phf8 by RNA interference also
starts a similar pathway (ii-b) (Fig. 7A) that leads to A accumulation via impaired autophagy (Fig. S4).
However, these pathways need to be confirmed in future experiments involving Phf8 overexpression
or mTOR knockdown (by RNA interference or pharmacological inhibition with rapamycin) in BImh-

silenced cells.

Our findings that APP upregulation (Fig. 2H, Fig. S11) was associated with Becn1
downregulation in brains of BiImh™ (Fig. 2E) and BImh”"5xFAD mice (Fig. S1E) as well as in N2a-
APPswe mouse neuroblastoma cells (Fig. S2F, G; Fig. S3D, G) suggest another pathway ((iii) in Fig. 7B)
leading to AP accumulation. Pathway (iii) involves the interaction between Bclnl and APP in which
Becn1l is a negative regulator of APP expression and processing (Fig. 7B). Becn1, a protein with a key
role in the initiation of autophagy, is known to decrease in human AD brains while genetic reduction
of Becn1 in transgenic mice that overexpress APP (APP*Becn*’ mice) increased Ap accumulation in
neuronal cells [38]. Becnl was also shown to regulate APP processing and turnover. Specifically,
depletion of Bcln1 by RNA interference in rat neuroblastoma cells expressing human APP transgene
(B103/hAPPwt cells) increased APP, Lc3, and AB, while Becn1 overexpression reduced APP levels [37].
The involvement of autophagy in BImh depletion-induced APP and AP accumulation needs to be
confirmed in future experiments by boosting autophagy (e.g., by treatment with TAT-Beclin1), which

should rescue APP and AB accumulation in BImh-depleted cells.

Notably, we found that HHcy induced by a high Met diet and BImh gene deletion caused
similar changes in the Phf8->H4K20me1->mTOR->autophagy pathway (Fig. 2, Fig. S1) and AB
accumulation (Fig. 61, J). These findings can be explained by our earlier findings showing that a
common primary biochemical outcome of the BImh gene deletion and high Met diet was the same:
accumulation of Hey-thiolactone and N-Hcy-protein [4, 56]. Indeed, as we also found in the present
study, treatments with Hcy-thiolactone or N-Hcy-protein induce changes in the Phf8->H4K20me1-
>mTOR->autophagy pathway and AP accumulation in mouse neuroblastoma cells (Fig. 3, Fig. 5C, D)
like those seen in BImh”- mice or mice fed with high Met diet (Fig. 2, Fig. S1, Fig. 61, J). These findings
also suggest that dysregulation of Hcy metabolism in general would affect the Phf8->H4K20me1-
>mTOR->autophagy pathway and the central nervous system. Indeed, homocysteine metabolites
inhibit autophagy, elevate AB, and induce neuropathy by impairing Phf8/H4K20me1-dependent

epigenetic regulation of mTOR in cystathionine B-synthase-deficient mice [57].
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Notably, as shown in the present work, Blmh deficiency or HHcy induced by a high Met diet
increased H4K20mel methylation levels due to downregulation of the histone demethylase Phf8 (Fig.
2B, Fig. S1B). HHcy is also known to affect DNA and protein methylation via S-adenosylhomocysteine
(AdoHcy, an inhibitor of cellular AdoMet-dependent methylation reactions), which underlies the
pathology of HHcy-associated human disease (reviewed in ref. [58]). However, possible inhibition of
H4K20 methylase by AdoHcy would have an opposing effect, i.e., would reduce H4K20me1l levels. The
present findings, linking BImh with the status of the histone H4K20mel methylation, are reminiscent
of our recent findings showing that Ponl deletion in mice elevated the H4K20me1l methylation levels
via downregulation of Phf8 [51]. Thus, these two Hcy-thiolactone-detoxifying enzymes exert similar
effects on H4K20mel levels. Although there is no evidence that BImh or Pon1 are linked to DNA
methylation, our present and earlier findings supply the first evidence that BiImh and Pon1 can affect

histone methylation status.

In conclusion, our findings show that BImh interacts with APP and the
Phf8/HAK20mel/mTOR/autophagy pathway, and that disruption of these interactions leads to AB
accumulation and cognitive and neuromotor deficits. By revealing the mechanism by which BImh
prevents AB generation and cognitive/neuromotor deficits, the hallmarks of AD, our findings

significantly expand our understanding of how Blmh maintains brain homeostasis.
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Figure legends

Fig. 1. Deletion of BImh gene impairs recognition memory and sensorimotor activity. (A, B, C, D) BImh
/- vs. BImh*"* mice - (A, B) Novel object recognition (NOR) test: Time spent at novel and familiar
objects. Std diet: N =6, 7,9, and 4 mice/group. Met diet: 7, 7, 8, and 10 mice/group. (C) Hindlimb
clasping test scores. (D) Ledge test scores. Std diet: N = 8, 9, 30, and 14 mice/group. Met diet: 20, 11,
14, and 10 mice/group. (E, F, G) BImh”'5xFAD vs. BImh*/*5xFAD mice - (E) NOR test: Time spent
exploring novel and familiar objects. Std diet: N = 8 and 4 mice/group; Met diet: 8 and 5 mice/group.
(F) Hindlimb clasping test scores. Std diet: N = 8 and 4; Met diet: 9 and 7 mice/group. (G) Cylinder
test: number of rears. Std diet: N = 8 and 6; Met diet: 9 and 5 mice/group. P-values for the NOR test
were calculated by the paired two-sided Student t test. P-values for the hindlimb, ledge, and cylinder
tests were calculated by one-way ANOVA with Tukey’s multiple comparisons test. * P <0.05, ** P <

0.01, *** P<0.001, or **** P <0.0001

Fig. 2. BImh depletion affects the expression of histone demethylase Phf8, histone H4K20mel
epigenetic mark, mTOR signaling, autophagy, and App in the BImh”- mouse brain. One-month-old
BImh” mice (n = 7 and 14) and BImh*/* sibling controls (n = 10 and 10) fed with a control or high Met
diet (to induce HHcy) for one or three months were used in experiments. Each group included 7-14
mice of both sexes. Bar graphs illustrating quantification of the following brain proteins by Western
blotting are shown: Phf8 (A), H4K20me1l (B), mTOR (C), pmTOR (D), Becn1 (E), Atg5 (F), Atg7 (G), and
App (H). Gapdh protein was used as a reference for normalization. Representative pictures of
Western blots used for protein quantification are shown in panel (1). Each mouse was assayed in three
independent experiments and average values were used to calculate the mean + standard deviation
(SD) values for wrote down proteins in each experimental group. * P <0.05, ** P<0.01, *** P <
0.001, or **** P < 0.0001 were calculated by one-way ANOVA with Tukey’s multiple comparisons test.

The numbers above bars show P values 0.08 — 0.11. NS, not significant.

Fig. 3. Hcy-thiolactone and N-Hcy-protein downregulate Phf8, upregulate the H4K20me1 epigenetic
mark, mTOR signaling, APP, and impair autophagy in mouse neuroblastoma N2a-APPswe cells. N2a-
APPswe cells were treated with indicated concentrations of N-Hcy-protein (N-Hcy) or Hcy-thiolactone
(HTL) for 24 h at 37°C. Bar graphs illustrating the quantification of Phf8 (A), H4K20me1l (B), mTOR (C),
pmTOR (D), Becn1 (E), Atg5 (F), Atg7 (G), APP (H), Lc3-I (1), Lc3-I1 (J), Le3-1/Lc3-ll ratio (K), and p62 (L)
based on Western blot analyses are shown. Gapdh was used as a reference protein. Each assay was

repeated three times in three independent experiments. Mean + SD values for each treatment group
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are shown. P-values were calculated by one-way ANOVA with Tukey’s multiple comparisons test. * P <
0.05, ** P<0.01, *** P<0.001, or **** P < 0.0001. The numbers above bars show P values 0.05 —
0.16. NS, not significant.

Fig. 4. BImh gene silencing or treatment with Hcy-thiolactone or N-Hcy-protein increases H4K20me1l
binding at the mTOR promoter in mouse neuroblastoma N2a-APPswe cells. (A) CUT&RUN assays with
anti-H4K20me1 antibody show specific binding of H4K20me1 at the transcription start site (TSS) of
the mTOR gene as well as downstream and upstream sites in BiImh siRNA-silenced N2a-APPswe cells.
Bar graphs show the relative H4K20me1 binding at the indicated regions of the mTOR gene in N2a-
APPswe cells transfected with two different siRNAs targeting the BImh gene (siRNA Bimh #1 and #2).
Transfections without siRNA (Control -siRNA) or with scrambled siRNA (siRNAscr) were used as
controls. (B) Control CUT&RUN experiment with anti-H3K4me3 antibody shows that B/mh gene-
silencing did not affect the binding of H3K4me3 at the Rpl30 intron. RT-qPCR was conducted on the
input and precipitated DNA fragments. Data are averages of three independent experiments. (C) N2a-
APPswe cells were treated with the indicated concentrations of N-Hcy-protein or Hcy-thiolactone
(HTL) for 24h at 37°C. Untreated cells were used as controls. The CUT&RUN assays with anti-
H4K20mel antibody show that H4K20me1 binds to the transcription start site (TSS) of the mTOR
gene as well as downstream and upstream sites. Bar graphs show relative H4K20me1 binding at the
indicated regions of the mTOR gene. (D) A control CUT&RUN experiment with anti-H3K4me3
antibody shows that Hcy-thiolactone and N-Hcy-protein did not affect the binding of H3K4me3 at the
Rpl30 intron. Panels (C) and (D) were reproduced with permission from ref. [51]. RT-qPCR was
conducted on the input and precipitated DNA fragments. Data are mean =+ SD of three biologically
independent experiments. P-values were calculated by one-way ANOVA with Tukey’s multiple

comparisons test. *P < 0.05, ** P<0.01, *** P < 0.001.

Fig. 5. BImh gene silencing or treatment with Hcy-thiolactone or N-Hcy-protein promotes AB
accumulation in mouse neuroblastoma cells. Analysis of AR in mouse neuroblastoma N2a-APPswe
cells was performed by confocal immunofluorescence microscopy using an anti-AB antibody. (A, B)
The cells were transfected with siRNAs targeting the BImh gene (siRNA BImh #1 and #2). Transfections
without siRNA (Control -siRNA) or with scrambled siRNA (siRNAscr) were used as controls. Confocal
microscopy images (A) are representative of at least N = 3 biologically independent experiments. Bar
graphs (B) show the quantification of AP signals from BImh-silenced and control cells. (C, D) N2a-

APPswe cells were treated with the indicated concentrations of N-Hcy-protein (N-Hcy) or Hcy-
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thiolactone (HTL) for 24h at 37°C. Untreated cells were used as controls. Confocal microscopy images
(C) are representative of at least N = 3 biologically independent experiments. Bar graphs (D) show the
quantification of AP signals from cells treated with N-Hcy or HTL and untreated cells. Each data point
is a mean £ SD of three biologically independent experiments with triplicate measurements in each.
Panels (C) and (D) were reproduced with permission from ref. [51]. P-values were calculated by one-

way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, ** P < 0.001, *** P < 0.0001.

Fig. 6. BImh gene deletion promotes AB accumulation in 5XFAD mice. Analysis of AB in brains from 5-
month-old (A-F) and 12-month-old (G-J) BiImh”-5xFAD and BImh*/*5xFAD mice fed with a standard or
high Met diet (to induce HHcy) since weaning at the age of one month is shown. Brain extracts were
analyzed on SDS-PAGE gels and AP was quantified by Western blotting. Representative pictures of
Western blots of AB fractions extracted from brains with RIPA buffer (A, G), 2% SDS (B, H), and 70%
formic acid (FA) (C) are shown. Numbers below each lane refer to the amount of brain (mg) from each
mouse used in the experiment. A commercial ABs; standard is shown in the first lane from left in each
blot. Total AR signals in each lane (standing for an individual mouse) were quantified by scanning all
chemiluminescent bands. Bar graphs (D, E, F, |, L) show brain AB quantification for BImh”/-5xFAD and
BImh*/*5xFAD mice (n = 8-10 mice/group). Data points for each mouse group represent mean =+ SD
with four independent measurements for each mouse. P-values were calculated by one-way ANOVA

with Tukey’s multiple comparisons test. *P < 0.05, ** P < 0.001, *** P <0.0001.

Fig. 7. Hypothetical pathways leading to AB generation in BImh”/"5xFAD mice. Panel (A) illustrates the
APP (i) and Phf8 (ii-a) pathways. Panel (B) highlights the interaction (iii) between autophagy (Becn1)
and APP pathways. Up and down arrows show direction of changes in the indicated variables. BImh,
bleomycin hydrolase; Hcy, homocysteine; HTL, Hcy-thiolactone; APP, amyloid beta precursor protein;

mTOR, mammalian target of rapamycin; pmTOR, phospho-mTOR; Phf8, Plant Homeodomain Finger
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protein 8. See text for discussion.
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Fig. S1. Blmh depletion affects the expression of histone demethylase Phf8, histone H4K20me1l
epigenetic mark, mTOR signaling, autophagy, and App in the BImh”/"5xFAD mouse brain. One-month-
old BImh”"5xFAD mice and BImh*/*5xFAD sibling controls fed with HHcy high Met diet (1% Met in
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- 10 mice of both sexes. Bar graphs illustrating quantification of the following brain proteins by
Western blotting are shown: Phf8 (A), H4K20me1l (B), mTOR (C), pmTOR (D), BcInl (E), Atg5 (F), Atg7
(G), p62 (H), and APP (l). Gapdh protein was used as references for normalization. Panel (J) shows
representative pictures of Western blots. Data are mean * SD values of three independent
experiments. Numerical values in panels (E) and (1) show P values > 0.05 < 0.015. P values were
calculated by one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001 vs. control -siRNA plus siRNAscr.
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Fig. S2. BImh gene silencing in mouse neuroblastoma N2a-APPswe cells recapitulates changes in
histone demethylase Phf8, H4K20me1l, mTOR signaling, APP, and autophagy-related protein levels
seen in Pon17- mouse brain. Bar graphs illustrating the quantification of BImh (A), Phf8 (B),
H4K20mel (C), mTOR (D), pmTOR (E), App (F), BcInl (G), Atg5 (H), Atg7 (1), Lc3-1l/Lc3I ratio (J), Lc3-I
(K), Lc3-I1 (L), and p62 (M) in N2a-APPswe cells transfected with two different siRNAs targeting the
Bimh gene (siRNA BImh #1 and #2) are shown. Transfections without siRNA (Control -siRNA) or with
scrambled siRNA (siRNAscr) were used as controls. Representative Western blots are shown in panel
(N). Gapdh was used as a reference protein. Data are mean =+ standard deviation (SD) values of three
biologically independent experiments. P values were calculated by one-way ANOVA with Tukey’s
multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. ‘control -siRNA’

plus ‘siRNAscr’
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from three biologically independent experiments. P values were calculated by one-way ANOVA with

Tukey’s multiple comparisons test. *P < 0.01, **P < 0.001, or ***P < 0.001 vs. ‘control -siRNA’ plus
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Fig. S4. Phf8 depletion promotes AP accumulation mediated by upregulation of mTOR signaling and
inhibition of autophagy in the mouse neuroblastoma N2a-APPswe cells. The cells were transfected
with siRNAs targeting the Phf8 gene (Phf8 siRNA #1 and #2). Transfections without siRNA (Control -
siRNA) or with scrambled siRNA (siRNAscr) were used as controls. Proteins were quantified by
Western blotting. Bar graphs illustrate levels of (A) Phf8, (B) H4K20mel, (C) mTOR, (D) pmTOR, (E)
Atg5, (F) Atg7, (G) Bclnl, and (H) App. AB was detected and quantified by confocal
immunofluorescence microscopy using anti-Ap antibody. (I) Confocal microscopy images of AB signals
from Phf8-silenced and control N2a-APPswe cells. (J) Bar graphs show quantification of A signals.
Data are mean =+ standard deviation (SD) values from three biologically independent experiments. P
values were calculated by one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.01, **P <

0.001, or ***P < 0.001 vs. ‘control -siRNA’ plus ‘siRNAscr.” NS, not significant.

Table S1  Primers used for PCR or RT-qPCR

Gene Primer sequence

APP Forward: 5’-CTTCCCCAAGATCCTGATAAACT-3’
App Reverse: 5'-CCGGGTGTCTCCAGGTACT-3’
Atg5 Forward: 5-AAGGCACACCCCTGAAATGG-3’

Reverse: 5-TGATGTTCCAAGGAAGAGCTGAA-3’
Forward: 5’-GCCAACTCCACACTGCTTTC-3’
Reverse: 5-TCTTCTGGGTCAGTTCGTGC-3’
Forward: 5’-GCAGGAGTACGATGAGTCCG-3’
Reverse: 5-ACGCAGCTCAGTAACAGTCC-3’

Becnl Forward: 5’-GAGGAAGCTCAGTACCAG CG-3’
Reverse: 5-CCAGATGTGGAAGGTGGCAT-3’
Forward p1: 5’-CACTGTAGCTGTACTCACAC-3’
Bimh Reverse p2: 5-GCGACAGAGTACCATGTAGG-3’ (exon
3); Reverse p3: 5-ATTTGTCACGTCCTGCACGACG-3’
(neomycin cassette)

hAPP transgene Forward: 5'-AGAGTACCAACTTGCATGACTACG-3’;
in 5XFAD mice Reverse: 5-ATGCTGGATAACTGCCTTCTTATC-3’

Atg7

Actb
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hPS1 transgene

Forward: 5-GCTTTTTCCAGCTCTCATTTACTC-3’

in 5XFAD mice Reverse: 5-AAAATTGATGGAATGCTAATTGGT-3’
Gapdh Forward: 5-GGACTGGATAAGCAGGGCG-3’
Reverse: 5-TTTTGTCTACGGGACGAGGC-3’
mTOR Forward: 5-GCCACTCTCTGACCCAGTTC-3’
Reverse: 5-ATGCCAAGACACAGTAGCGG-3’
Phf8 Forward: 5-TGGGAGCATGCTTCAAGG-3’

Reverse: 5-GATTTCAAAGCAGGGTCATCA-3’

mTOR upstream TSS*

Forward: 5-TTGCCAACTGGTGCTCGTTT-3’

Reverse: 5-AAGAATTGGAGCTCGGGACC-3’

mTOR TSS*

Forward: 5-GGATGTTCCTCCCCAATCTTCG-3’

Reverse: 5-CAGACCCACCTAACTGACCGT-3’

mTOR downstream TSS*

Forward: 5-TAGGGGGCAGATCCCGAAAC-3’

Reverse: 5-CACTGTAGCTGTAACTCACAC-3’

* TSS, transcription start site
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8. Zyciorys naukowy

Edukacja

2016-2022 Studia III stopnia: profil biologiczny, Srodowiskowe Studium Doktoranckie ICHB
PAN

2013-2015 Studia II stopnia na kierunku biologia, Wydziat Biologii Uniwersytetu im. Adama

Mickiewicza w Poznaniu

2015 Tytut magistra biologii. Wydziat Biologii Uniwersytetu im. Adama Mickiewicza
w Poznaniu. Praca magisterska pt. ,,Badanie efektoéw niespecyficznych wywotanych przez
reagenty interferencji RNA” wykonana w Zaktadzie Biomedycyny Molekularnej ICHB PAN,

pod kierunkiem Prof. dr hab. Wlodzimierza Krzyzosiaka

2010-2013 Studia I stopnia na kierunku: biologia molekularna; Wydzial Biologii Uniwersytetu

im. Adama Mickiewicza w Poznaniu

2013 Tytut licencjata biologii molekularnej. Wydzial Biologii Uniwersytetu im. Adama
Mickiewicza w Poznaniu. Praca licencjacka pt. ,,Wykorzystanie metod sekwencjonowania
nowej generacji w charakterystyce reagentow technologii interferencji RNA” wykonana
w Zakladzie Biomedycyny Molekularnej ICHB PAN, pod kierunkiem Prof. dr hab.

Wilodzimierza Krzyzosiaka
Udzial w projektach badawczych

1. Kierownik projektu Preludium, NCN 2016/23/N/NZ3/01216 ,,Zmiany w ekspresji
mikroRNA wywotane przez homocysteing oraz tiolakton homocysteiny”.

Opiekun naukowy: Prof. dr hab. Hieronim Jakubowski. W terminie od 08.2017 do 08.2022.

2. Wykonawca w projekcie NCN Opus 2019/33/B/NZ4/01760 ,Mechanizmy
epigenetycznych modyfikacji histonow w hiperhomocysteinemii”. Kierownik projektu: Prof.

dr hab. Hieronim Jakubowski. W terminie od 12.2022 do 10.2023.

3. Wykonawca w projekcie NCN Opus 2018/29/B/NZ4/00771 ,,Rola Paraoksonazy
1 w Chorobie Alzheimer'a”. Kierownik projektu: Prof. dr hab. Hieronim Jakubowski. W
terminie od 03.2019 do 11.2022.
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4. Wykonawca w projekcie NCN Opus 2013/11/B/NZ1/00091 ,,Mechanizmy
i konsekwencje inkorporacji homocysteiny do biatek u ludzi”. Kierownik projektu: Prof. dr hab.
Hieronim Jakubowski. W terminie od 02.2016 do 03.2019.

Publikacje

1. Witucki L, Jakubowski H, Depletion of Paraoxonase 1 (Ponl) Dysregulates mTOR,
Autophagy, and Accelerates Amyloid Beta Accumulation in Mice. Cells 2023, 12(5), 746 DOL:
10.3390/cells12050746.

2. Witucki L, Jakubowski H, Homocysteine Metabolites Inhibit Autophagy and Elevate
Amyloid Beta by Impairing Phf8/H4K20mel-dependent Epigenetic Regulation of mTOR in
Cystathionine B-Synthase-Deficient Mice. J Inherit Metab Dis. 2023;1-17 DOI:
10.1002/jimd.12661.

3. Witucki L, Borowczyk K, Suszynska-Zajczyk J, Warzych E, Pawlak P, Jakubowski H,
Deletion of the Homocysteine Thiolactone Detoxifying Enzyme Bleomycin Hydrolase, in
Mice, Causes Memory- and Neurological Deficits and Worsens Alzheimer’s Disease Related
Behavioral and Biochemical Traits in the SXFAD Model of Alzheimer’s Disease. JAD praca
zaakceptowana 05.08.2023

4. Witucki L, Kurpik M, Jakubowski H, Szulc M, Mikotajczak t., Jodynis-Liebert J,
Kujawska M, Neuroprotective Effects of Cranberry Juice Treatment in a Rat Model of
Parkinson’s Disease. Nutrients 2022, 14, 2014.

5. Kujawska M, Jourdes M, Witucki L., Karazniewicz-Lada M, Szulc M, Gorska A,
Mikotajczak PL, Teissedre PL, Jodynis-Liebert J, Pomegranate Juice Ameliorates Dopamine
Release and Behavioral Deficits in a Rat Model of Parkinson’s Disease. Brain Sci. 2021, 11,

1127.

6. Olejniczak M, Urbanek MO, Jaworska E, Witucki L., Szczesniak MW, Makatowska I,
Krzyzosiak W], Sequence-non-specific effects generated by various types of RNA interference
triggers. Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms, 2016, 1859, 2,
306-314

Doniesienia konferencyjne
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1. Poster i oral on demand: Amyloid beta accumulation in cystathionine B-synthase-
deficiency is mediated by homocysteine matabolites-induced downregulation of Phf8
demethylase and increased mTOR promotor occupancy by histone mark H4K20mel. Witucki
L*, Jakubowski H. 17th International conference on Alzheimer's and Parkinson's diseases

28.03-01.04.2023, Goteborg, Szwecja, * autor prezentujacy.

2. Poster: H4K20me1-mediated epigenetic dysregulation of mTOR/autophagy increases
amyloid beta accumulation and cognitive/neuromotor deficits in hyperhomocysteinemic and
bleomycin hydrolase- deficient mice. Witucki L*, Suszynska-Zajczyk J, Wroblewski J,
Jakubowski H. AAT-AD/PDTM Advances in Alzheimer’s Therapies Focus Meeting, AD/PD,
15-20.03.2022, Barcelona, Hiszpania, * autor prezentujacy.

3. Referat: Prenatal hyperhomocysteinemia upregulates mTOR signaling,
downregulates autophagy, and increases accumulation of amyloid beta and tau in adult 3xTG-
AD mice. Suszynska-Zajczyk J*, Witucki L, Wroblewski J, Jakubowski H. 13th International
Conference One-Carbon Metabolism, B Vitamins and Homocysteine 12-16.09.2021, Poznan,

* autor prezentujacy.

4. Referat: Phf8-mediated epigenetic dysregulation of mTOR/autophagy increases
amyloid beta accumulation and cognitive deficits in hyperhomocysteinemic and bleomycin
hydrolase-deficient mice. Witucki L*, Suszynska-Zajczyk J, Wroblewski J, Jakubowski H.
13th International Conference One-Carbon Metabolism, B Vitamins and Homocysteine 12-

16.09.2021, Poznan, * autor prezentujacy.

5. Referat: Silencing Cbs or Blmh gene promotes accumulation of amyloid beta via the
Phf8/H4K20mel/mTOR/autophagy pathway in mouse neuroblastoma N2A-APPswe cells.
Witucki L*, Suszynska-Zajczyk J, Jakubowski H. Homocysteine Mini-Conference
25.09.2020, Poznan, * autor prezentujacy.

6. Referat: Phf8-mediated epigenetic dysregulation of mTOR signaling/autophagy
increases amyloid beta level and cognitive deficits in hyperhomocysteinemic and bleomycin
hydrolase-deficient mice. Witucki L*, Suszynska-Zajczyk J, Jakubowski H. Advances in
Alzheimer's and Parkinson's therapies an AAT-AD/PD Focus Meeting, 02-05.04.2020,

Wieden, Austria, * autor prezentujacy.

7. Referat: Epigenetic dysregulation of mTOR signaling and autophagy increases A3

accumulation and cognitive deficits in hyperhomocysteinemia and bleomycin hydrolase
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deficient mice. Witucki L.*, Suszynska-Zajczyk J, Wroblewski J, Jakubowski H. Homocysteine

Mini-Conference 26.09.2019 Poznan, * autor prezentujacy.

8. Poster: Homocysteine and homocysteine thiolactone dysregulate autophagy in murine
neuroblastoma cells N2a-APPSwe. Kaptur R*, Suszynska-Zajeczyk J, Witucki L,
Witoczkowska O, Jakubowski H. Homocysteine Mini-Conference 26.09.2019 Poznan, * autor

prezentujacy.

9. Poster: Dysregulation of mTOR signaling/autophagy via epigenetic mechanism
accelerates neurodegeneration in hyperhomocysteinemia and bleomycin hydrolase-deficient
mice. Witucki L*, Suszynska-Zajczyk J, Wroblewski J, Jakubowski H. The 44th FEBS
Congress, July 6-11, 2019, Krakéw, * autor prezentujacy.

10. Poster: Hyperhomocysteinemia and bleomycin hydrolase deficiency accelerate
neurodegeneration by epigenetic dysregulation of mTOR signaling and inhibition of autophagy
in mice. Suszynska-Zajczyk J*, Witucki L, Wroblewski J, Jakubowski H. EMBO Symposium:
Probing neural dynamics with behavioral genetics. 09-13.04.2019, Heidelberg, Niemcy, * autor

prezentujacy.

11. Poster: Epigenetic deregulation of mTOR and autophagy pathways by
hyperhomocysteinemia or bleomycin hydrolase deficiency causes neurodegeneration in mice.
Suszynska-Zajczyk J, Witucki L*, Wréblewski J, Filipkowski R, Jakubowski H, AD/PD 14th
International Conference on Alzheimer's & Parkinson‘s Diseases 26.03-3.04, 2019, Lizbona,

Portugalia, * autor prezentujacy.

12. Poster 1 referat: Hyperhomocysteinemia causes cognitive impairment by hyper-
activating mTOR and impairing autophagy via the inhibition of Phf8 histone demethylase in
mice, Witucki L*, Suszynska-Zajczyk J, Wroblewski J, Filipkowski R, Jakubowski H. Folic
Acid, Vitamin B12, and One-Carbon Metabolism, Nowa Szkocja, Kanada 27.07. -03.08.2018.

Poster wyr6zniony nagroda ,,Poster Award” dla 3 najlepszych posterdw, * autor prezentujacy.
Staze naukowe

27.07.2018 do 30.11.2018 staz naukowo-szkoleniowy w laboratorium Prof. Hieronima

Jakubowskiego na Uniwersytecie Rutgers w Newark, NJ, USA.
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9. Oswiadczenia o wkladzie doktoranta w powstawanie prac naukowych wchodzacych w
sklad rozprawy doktorskiej
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Oswiadczenie doktoranta dotyczgce jego udzialu w powstawaniu pracy naukowe;j
wehodzacej w sklad rozprawy doktorskiej

Witucki £, Jakubowski H*

Depletion of Paraoxonase 1 (Ponl1) Dysregulates mTOR, Autophagy, and Accelerates Amyloid

Beta Accumulation in Mice

Cells 2023, 12(5), 746 DOI: 10.3390/cells 12050746

Os$wiadczam, ze méj udzial w tworzeniu niniejszej pracy polegal na:
1. Zaplanowaniu prac badawczych wspélnie z Prof. dr hab. Hieronimem Jakubowskim.
2. Wykonaniu wszystkich zamieszczonych w publikacji prac eksperymentalnych.

3. Przeprowadzeniu analizy statystycznej oraz interpretacji wynikéw pod kierunkiem Prof. dr
hab. Hieronimem Jakubowskim.

4. Przygotowaniu materialéw do manuskryptu pod kierunkiem Prof. dr hab. Hieronimem
Jakubowskim.

Megr Lukasz Witucki

* - autor korespondencyjny
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O$wiadczenie autora do korespondencji dotyczace udzialu doktoranta w powstawaniu
pracy naukowej wchodzacej w sklad rozprawy doktorskiej

Witucki L., Jakubowski H*

Depletion of Paraoxonase 1 (Ponl) Dysregulates mTOR, Autophagy, and Accelerates Amyloid

Beta Accumulation in Mice

Cells 2023, 12(5), 746 DOI: 10.3390/cells12050746

Os$wiadczam, ze wkiad mgr Lukasza Wituckiego w powstawanie wyzej wymienione pracy
naukowej polegat na:

1. Wspétudziale w planowaniu prac badawczych.
2. Wykonaniu zamieszczonych w publikacji prac eksperymentalnych.

3. Przeprowadzeniu analizy statystycznej oraz wspotudziale w interpretacji wynikow.

4. Przygotowaniu materialtow do manuskryptu.

ke

Prof. dr hab Hieronim Jakubowski

*- autor korespondencyjny
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Oswiadczenie doktoranta dotyczace jego udzialu w powstawaniu pracy naukowej
wchodzgcej w sklad rozprawy doktorskiej

Witucki L, Jakubowski H'

Homocysteine Metabolites Inhibit Autophagy and Elevate Amyloid Beta by Impairing
Phf8/H4K20mel-dependent Epigenetic Regulation of mTOR in cystathionine f-synthase-

deficient mice

J Inherit Metab Dis. 2023:1-17 DOI: 10.1002/jimd.12661

Oswiadczam, ze m6j udzial w tworzeniu niniejszej pracy polegat na:
1. Zaplanowaniu prac badawczych wspélnie z Prof. dr hab. Hieronimem Jakubowskim.
2. Wykonaniu wszystkich zamieszczonych w publikacji prac eksperymentalnych.

3. Przeprowadzeniu analizy statystycznej oraz interpretacji wynikow pod kierunkiem Prof. dr
hab. Hieronimem Jakubowskim.

4. Przygotowaniu materialow do manuskryptu pod kierunkiem Prof. dr hab. Hieronimem
Jakubowskim.

. /’07("“’// ........

Mgr Lukasz Witucki

* - autor korespondencyjny
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Os$wiadczenie autora do korespondencji dotyczace udzialu doktoranta w powstawaniu
pracy naukowej wchodzacej w sklad rozprawy doktorskiej

Witucki L, Jakubowski H*

Homocysteine Metabolites Inhibit Autophagy and Elevate Amyloid Beta by Impairing
Phf8/H4K20mel-dependent Epigenetic Regulation of mTOR in cystathionine B-synthase-

deficient mice

J Inherit Metab Dis. 2023;1-17 DOI: 10.1002/jimd.12661

Os$wiadczam, ze wklad mgr Lukasza Wituckiego w powstawanie wyzej wymienione pracy
naukowej polegat na:

1. Wspoétudziale w planowaniu prac badawczych.
2. Wykonaniu zamieszczonych w publikacji prac eksperymentalnych.

3. Przeprowadzeniu analizy statystycznej oraz wspotudziale w interpretacji wynikow.

4. Przygotowaniu materiatow do manuskryptu.

ke

Prof. dr hab Hieronim Jakubowski

* - autor korespondencyjny
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Oswiadczenie doktoranta dotyczace jego udzialu w powstawaniu pracy naukowej
wchodzacej w sklad rozprawy doktorskiej

Witucki £, Borowczyk K, Suszynska-Zajezyk J, Warzych E, Pawlak P, Jakubowski H

Deletion of the homocysteine thiolactone detoxifying enzyme, bleomycin hydrolase, in mice,
causes memory- and neurological deficits and exacerbates Alzheimer's disease-related

behavioral and biochemical traits in the 5XFAD model of Alzheimer's disease.

Oéwiadczam, ze m6j udzial w tworzeniu niniejszej pracy polegal na:

1. Wspétudziale w planowaniu prac badawczych.

2. Wykonaniu testéw behawioralnych, wspétudziale w pobieraniu tkanek mysich, prowadzeniu
hodowli komérkowych w tym pozyskanie i przygotowanie materialow do wykonanych
eksperymentow, wykonaniu analiz western blot oraz real-time PCR, wspoltudziale w
obrazowaniu amyloid beta, wykonaniu analiz immunoprecypitacji chromatyny.

3. Przeprowadzeniu analizy statystycznej oraz interpretacji uzyskanych wynikow.

4. Przygotowaniu materialow do manuskryptu.

i,

...... Siidesdriiitaniannnnns

Mgr Lukasz Witucki
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Oswiadczenie wspolautora do korespondencji dotyczgce udzialu doktoranta
w powstawaniu pracy naukowej wchodzacej w sklad rozprawy doktorskiej

Witucki £, Borowczyk K, Suszynska-Zajczyk J, Warzych E, Pawlak P, Jakubowski H
Deletion of the homocysteine thiolactone detoxifying enzyme, bleomycin hydrolase, in mice,
causes memory- and neurological deficits and exacerbates Alzheimer's disease-related

behavioral and biochemical traits in the 5XFAD model of Alzheimer's disease.

Os$wiadczam, ze wklad mgr Lukasza Wituckiego w powstawanie wyzej wymienione pracy
naukowej polegal na:

1. Wspétudziale w planowaniu prac badawczych.

2. Wykonaniu testow behawioralnych, wspotudziale w pobieraniu tkanek mysich,
prowadzeniu hodowli komérkowych w tym pozyskanie i przygotowanie materiatu do
wykonanych eksperymentéw, wykonaniu analiz western blot, immunoprecypitacji
chromatyny oraz real-time PCR, wspoétudziale w obrazowaniu amyloid beta.

3. Przeprowadzeniu analizy statystycznej oraz interpretacji uzyskanych wynikow.

4. Przygotowaniu materialow do manuskryptu.
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O$wiadezenie  wspolautora do  korespondencji  dotyczgce udzialu  doktoranta
w powstawaniu pracy naukowej wchodzacej w sklad rozprawy doktorskiej

Witucki £, Borowczyk K, Suszyfiska-Zajczyk J, Warzych E, Pawlak P, Jakubowski H
Deletion of the homocysteine thiolactone detoxifying enzyme, bleomycin hydrolase, in mice,
causes memory- and neurological deficits and exacerbates Alzheimer's discase-related

behavioral and biochemical traits in the SXFAD model of Alzheimer's disease.

O$wiadezam, ze wklad mgr Eukasza Wituckiego w powstawanie wyzej wymienione pracy
naukowej polegal na:

1. Wspéludziale w planowaniu prac badawczych.

2. Wykonaniu testéw behawioralnych, wspotudziale w pobieraniu tkanek mysich, prowadzeniu
hodowli komérkowych w tym pozyskanie i przygotowanie materialu do wykonanych
eksperymentéw, wykonaniu analiz western blot, immunoprecypitacji chromatyny oraz real-
time PCR, wspotudziale w obrazowaniu amyloid beta.

3. Przeprowadzeniu analizy statystycznej oraz interpretacji uzyskanych wynikow.

4. Przygotowaniu materialéw do manuskryptu.
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Mwiadczenie  wspilautora  do  korespondencji  dotyceace  odzialu  doktoranta
w powstawaniu pracy naukowej wehodegeej w sklad roeprawy doktorskiej

Witucki L. Borowceyk K. Suszvnska-Zajoeyk J. Wareyeh E, Pawlak P, Jakubowsk T
Deletion of the homocysteine thiolactone detoxifying enzyme, bleomycin hydrolase, in mice,

couses memory- and neurclogical deficits and exacerbates Alrheimer's disease-related
behavioral and biochemical traits in the 5xFAD model of Alzheimer's disease.

Oéwiadczam, #e whlad mgr Eukasza Wituckiego w powstawanie wyhe) wymienions pracy
naukowe) polegal na:

I. Wspoludiiale w planowaniu prac badawczych.

2. Wykonaniu testow behawioralnych, wspitudziale w pobieraniu thkanek mysich, prowadzeniu
hodowli komorkowych w tym pozyskanie 1 preyvgotowanie materialy do wykonanveh
eksperymentow, wykonaniu analiz western blot, immunoprecypitacy chromatyny oraz real-
time PCE., wspoludziale w obrazowaniu amyloid beta.

3. Preeprowadzeniu analizy statvstycene] oraz interpretacji weyvskanych wynikow.
4. Preygotowaniu materiatow do manuskryptu.

M&ml.ﬁ; Faovour \c
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Ofwiadczenie wspolautora do Kkorespondencji dotyczgce udzialu doktoranta
w powstawaniu pracy naukowej wehodzgeej w sklad rozprawy doktorskiej

Witucki L, Borowezyk K, Suszyfiska-Zajczyk J, Warzych E, Pawlak P, Jakubowski H
Deletion of the homocysteine thiolactone detoxifying enzyme, bleomycin hydrolase, in mice,
causes memory- and neurological deficits and exacerbates Alzheimer's disease-related
behavioral and biochemical traits in the SXFAD model of Alzheimer's disease.

Oswiadczam, ze wkiad mgr Lukasza Wituckiego w powstawanie wyzej wymienione pracy
naukowej polegal na:

1. Wspéludziale w planowaniu prac badawczych.

2. Wykonaniu testéw behawioralnych, wspétudziale w pobieraniu tkanek mysich, prowadzeniu
hodowli komérkowych w tym pozyskanie i przygotowanie materialu do wykonanych
cksperymentow, wykonaniu analiz western blot, immunoprecypitacji chromatyny oraz real-
time PCR, wspéludziale w obrazowaniu amyloid beta.

3. Przeprowadzeniu analizy statystycznej oraz interpretacji uzyskanych wynikow.

4. Przygotowaniu materialéw do manuskryptu.

dr hab. Piotr Pawlak
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Os$wiadczenie autora do korespondencji dotyczace udzialu doktoranta w powstawaniu
pracy naukowej wchodzacej w sklad rozprawy doktorskiej

Witucki £, Borowezyk K, Suszynska-Zajczyk J, Warzych E, Pawlak P, Jakubowski H*
Deletion of the homocysteine thiolactone detoxifying enzyme, bleomycin hydrolase, in mice,
causes memory- and neurological deficits and worsens Alzheimer's disease-related behavioral

and biochemical traits in the 5XFAD model of Alzheimer's disease.

J Alzheimer’s Dis 2023; accepted August 5.

Oéwiadczam, ze wktad mgr Lukasza Wituckiego w powstawanie wyzej wymienione pracy
naukowej polegat na:

1. Wspotudziale w planowaniu prac badawczych.

2. Wykonaniu testow behawioralnych, wspotudziale w pobieraniu tkanek mysich, prowadzeniu
hodowli komérkowych w tym pozyskanie i przygotowanie materialu do wykonanych
eksperymentow, wykonaniu analiz western blot, immunoprecypitacji chromatyny oraz real-
time PCR, wspétudziale w obrazowaniu amyloid beta.

3. Przeprowadzeniu analizy statystycznej oraz wspétudziale w interpretacji uzyskanych
wynikow.

4. Przygotowaniu materialow do manuskryptu.

kel

Prof. dr hab Hieronim Jakubowski

* - autor korespondencyjny
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