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IGR — region miedzygenowy

IMiDs — leki immunomodulujgce

INcCRNA — dhugie niekodujagce DNA
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MM - szpiczak plazmocytowy

NCRNA — niekodujace RNA
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Pl — inhibitory proteasomu

piIRNA — RNA oddziatywujace na biatka piwi
SIRNA — mate interferujace RNA

SMM - szpiczak tlacy

SfRNA — mate regulatorowe RNA

TSS — miejsce inicjacji transkrypcji

VD - 25(0OH)D3

VDR - receptor dla witaminy D

VK — witamina K

Wykaz publikacji wtgczonych do rozprawy doktorskiej

Zatozenia rozprawy doktorskiej zrealizowano na podstawie cyklu publikacji sktadajacego

si¢ z trzech spdjnych tematycznie artykutow naukowych, w tym jednej pracy pogladowej

(Publikacja 1) oraz dwoch prac oryginalnych (Publikacje 2 i 3). Prace zostaty opublikowane

w latach 2023-2024. Cykl jest zatytutowany ,,Epigenetyczne aspekty mechanizmu dziatania

bortezomibu, mechanizmdw rozwoju lekoopornosci oraz implikacje kliniczne dla rozwoju

potencjalnych terapii adjuwantowych”. W jednej publikacji doktorant jest pierwszym
autorem (Publikacja 1), natomiast w dwoch pozostatych publikacjach, réwnorzgdnym,

pierwszym autorem (Publikacje 2 i 3).
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Wstep

Szpiczak plazmocytowy (ang. multiple myeloma, MM) jest nowotworem wywodzacym
si¢ z plazmocytow. Choroba najczgéciej charakteryzuje si¢ naciekiem szpiku kostnego
przez klonalne komorki plazmatyczne, ktéremu zwykle towarzyszy obecno$¢ biatka
monoklonalnego, tj. immunoglobulin lub ich fragmentéw w postaci lekkich lub ciezkich
tancuchow wykrywanych we krwi i/lub w moczu (1). Szacuje si¢, ze zaledwie okoto 3%
wszystkich przypadkéw MM stanowi szpiczak niewydzielajacy (2). Typowo choroba
rozwija si¢ ze stanu przednowotworowego, gammapatii monoklonalnej o nieustalonym
znaczeniu (ang. monoclonal gammopathy of undetermined significance, MGUS) (3), ktora
ewoluuje poprzez szpiczaka tlacego (ang. smoldering multiple myeloma, SMM) do
pelnoobjawowego MM. Ryzyko transformacji z MGUS do objawowego, wymagajacego
leczenia MM wynosi okoto 1% rocznie (4). Choroba jest istotnym problemem klinicznym,
gdyz ujmujac ja epidemiologicznie stanowi okoto 10% wszystkich nowotworow
hematologicznych oraz 1% wszystkich nowotworow ztosliwych (5). W Polsce, wedtug
danych Narodowego Funduszu Zdrowia, rocznie diagnozuje si¢ okoto 2600 nowych
przypadkéow MM (6). Zapadalnos¢ na MM w Europie szacuje si¢ na poziomie 4,5-6/100
000/rok (7).

Patogeneza MM jest ztozona i wciaz nie do konca poznana. Obecnie postuluje si¢
istnienie wielu mechanizmow przyczyniajacych sie do wystgpienia i rozwoju choroby.
Dowiedziono, ze translokacje obejmujace locus ci¢zkiego tancucha immunoglobulin (IgH)
oraz dysregulacja genow kodujacych cykliny D sg kluczowymi zjawiskami w patogenezie
MM na poziomie molekularnym. Warto przy tym zauwazy¢, ze zaburzenie sygnalizacji
zaleznej od cyklin D jest wczesnym zdarzeniem inicjujacym w onkogenezie, niezaleznie od

ploidii klonalnych plazmocytoéw (8, 9).



Symptomatologia choroby jest zréznicowana. Poczatkowe objawy moga by¢
niespecyficzne, w tym nalezace do kregu tzw. objawow ogoélnych. Wsréd nich mozna
wymieni¢ utratg masy ciata, poty nocne, bole kostne oraz uogodlnione ostabienie (10).
Typowa manifestacj¢ kliniczng MM dobrze obrazuje akronim CRAB (C - calcium; R —
renal/ kidney failure; A —anemia; B — bone lesions). Uszkodzenia narzgdowe objawiajg si¢
hiperkalcemig, niewydolno$cig nerek, niedokrwistoscig Oraz zmianami kostnymi o
charakterze osteolitycznym (11). Hiperkalcemia oraz osteoliza wynikaja ze zwickszonej
resorpcji kostnej na skutek nadmiernej rekrutacji osteoklastow, aktywowanych przez
komorki MM, co w konsekwencji czgsto doprowadza do wystgpienia zlaman
patologicznych (12). Patogeneza niewydolno$ci nerek w przebiegu MM jest
wieloczynnikowa. Wsrod gléwnych czynnikéw nalezy wymieni¢ nefrotoksyczny wpltyw
wapnia oraz biatka monoklonalnego, szczegélnie fancuchow lekkich immunoglobulin oraz
odktadanie si¢ zlogow amyloidu w przebiegu wspolistniejacej amyloidozy (13).
Niedokrwistos$¢ jest skutkiem nacieku szpiku kostnego przez dyskrastyczne plazmocyty
i wyparcia hematopoezy, a takze moze wynika¢ z niedoboréw erytropoetyny, hemolizy czy
przewlektego stanu zapalnego (14).

Poczatkowo szpiczak plazmocytowy byt choroba o bardzo ztym rokowaniu. Jednak
rozwoj nowoczesnych terapii znaczgco zmienit perspektywy w tej grupie chorych
i przyczynit si¢ do istotnego polepszenia rokowania (15). Pierwszym kamieniem milowym
w terapii MM bylo ponowne odkrycie dla medycyny talidomidu, leku pierwotnie
stosowanego przeciwwymiotnie oraz nasennie u kobiet w cigzy, a nastgpnie wycofanego z
powodu teratogennos$ci. Talidomid obecnie zaliczany jest do lekéw immunomodulujacych
(ang. immunomodulating drugs, IMiDs) | generacji (16). Mimo wysokiej skuteczno$ci w
leczeniu MM, terapia talidomidem jest zwigzana z szeregiem reakcji niepozadanych. Do
najczestszych powiklan zaliczamy toksyczno$¢ hematologiczng, incydenty zakrzepowo-
zatorowe oraz rozwoOj neuropatii obwodowej, ktore czesto skutkuja koniecznos$cia
zaprzestania leczenia (17). Obecnie dostepne sa IMiDs kolejnych generacji, lenalidomidem
oraz pomalidomidem, ktére znacznie rzadziej przyczyniaja si¢ wystgpowania neuropatii
obwodowej, przy jednoczesnym zachowaniu wysokiej skuteczno$ci przeciwnowotworowej
(18, 19). Obie wspomniane czasteczki sg dzi§ powszechnie wykorzystywane w wielu
ztozonych schematach terapeutycznych.

Kolejnym punktem zwrotnym w terapii MM byto opracowanie nastepnej grupy lekow,
inhibitorow proteasomu (ang. proteasome inhibitors, Pls). Bortezomib (BTZ) to PI

| generacji, zmodyfikowana pochodna kwasu borowego, bedaca selektywnym



i odwracalnym inhibitorem podjednostki 26S proteasomu, regulujgca wewnagtrzkoméorkowa
degradacje biatek (20). Precyzyjniej opisujac mechanizm dziatania, BTZ przytacza si¢ do
podjednostki 20S proteasomu, przez co blokuje degradacje peptydow znakowanych
ubikwityna (21). Do kolejnej generacji Pls naleza karfilzomib oraz iksazomib. Iksazomib
jest jedynym obecnie PI, ktéry moze by¢ przyjmowany doustnie (22, 23). Blokada
molekularnych szlakow, zaangazowanych w ubikwitynozalezng degradacje biatek,
powoduje wewnagtrzkomoérkowa akumulacj¢ nieprawidtowo sfatdowanych i defektywnych
polipeptydow, co ostatecznie prowadzi do skierowania komorki na droge zaprogramowanej
$mierci, apoptozy (20, 24). BTZ jest najlepiej przebadanym PI, ktory moze by¢ podawany
zardbwno dozylnie jak i podskornie. Wykazano, Ze obie drogi podania leku sg rownie
efektywne. Niemniej jednak, preferowana jest podaz podskérna z powodu wigkszej wygody
oraz mniejszej liczby powiktan (25). Klirens leku po dostaniu si¢ do krwiobiegu jest bardzo
wydajny, a BTZ bardzo szybko przemieszcza si¢ do wnetrza komorek. Nalezy jednak
pamigtac, ze eliminacja leku z organizmu jest powolna. Szacuje si¢, ze okres pottrwania
czasteczki przekracza 10 godzin (20). BTZ ulega watrobowemu metabolizmowi przez
kompleks enzymatyczny cytochromu P450 do nieaktywnych metabolitow (26, 27), a
nastepnie jest wydalany zardéwno drogg nerkows, jak 1 wraz z z6kcig (28). Dostosowywanie
dawki do stopnia wydolno$ci nerek nie jest potrzebne (29). BTZ cechuje si¢ wzglednie
wysoka skuteczno$cig kliniczng, jednak jak kazdy lek, nie jest pozbawiony dziatan
niepozadanych. Przeprowadzono wiele badan klinicznych 1/2 fazy, oceniajacych
bezpieczenstwo stosowania BTZ w r6znych wskazaniach, ze szczegdlnym uwzglednieniem
MM. Najczgsciej raportowane dziatania niepozadane BTZ to objawy zotadkowo-jelitowe,
zmegczenie, neuropatia obwodowa, trombocytopenia oraz neutropenia (30-36). Dotychczas
nie opisano w literaturze przypadkow skumulowanej toksycznosci leku (37-39).
Bezpieczenstwo stosowania BTZ bylo oceniane zarowno w monoterapii, jak 1 w
schematach wielolekowych, w nowotworach hematologicznych (40-42) oraz guzach litych,
takich jak rak ptuca, piersi i jajnika (43-46). Obecnie BTZ ma rejestracje w terapii MM
oraz chtoniaka z komorek ptaszcza (47). Glowny mechanizm dziatania BTZ, tj. hamowanie
proteasomu oraz cytotoksyczno$¢ spowodowana wewnatrzkomorkowg akumulacjg biatek,
sg szczegdtowo opisane W literaturze. Znacznie mniej wiadomo na temat epigenetycznych
aspektow dziatania leku.

Epigenetyka jest subdyscypling genetyki, ktoéra zajmuje si¢ badaniem mechanizmow
regulujgcych ekspresje¢ informacji genetycznej, niezaleznych od zmiany sekwencji

nukleotydéw. Dotychczas wyrozniono cztery zasadnicze mechanizmy epigenetyczne:



metylacje DNA, metylacja 1 acetylacj¢ histonow, remodeling chromatyny oraz niekodujace
RNA (48). Powyzsze zmiany mogg by¢ wywotywane przez bodzce srodowiskowe, m.in.
poprzez ekspozycj¢ na leki (49). Modyfikacje epigenetyczne sg potencjalnie odwracalne,
co jest szczegoblnie istotne w kontekscie rozwoju nowych strategii terapeutycznych (50).
Juz dzi$ istniejg zarejestrowane leki, ktore bezposrednio interferuja z modyfikacjami
epigenetycznymi. Taka sztandarowg czasteczka jest azacytyda (AZA), lek hipometylujacy,
obecnie powszechnie wykorzystywany w leczeniu schorzen hematologicznych, zwlaszcza
ostrej biataczki szpikowej 1 zespolow mielodysplastycznych (51, 52).

Aktualnie wydaje si¢, ze to immunoterapia odgrywa kluczowa role w leczeniu MM (53).
Wiele lekéw wplywajacych na funkcj¢ uktadu odpornosciowego jest wykorzystywanych w
potaczeniu z BTZ, co skutkuje wigksza skutecznoscig kliniczng. Poza wspomnianymi juz
I powszechnie stosowanymi IMiDs, obecnie niezmiernie wazng role odgrywaja m.in.
przeciwciala monoklonalne (54), przeciwciata bispecyficzne (55) oraz limfocyty CAR-T
(56, 57). Oprocz klasycznych lekow wykorzystywanych w nowoczesnej terapii MM do
dyspozycji lekarzy klinicystow jest szereg zwigzkow o dziataniu immunomodulujacym, w
ramach tzw. terapii adjuwantowej. Na szczeg6lng uwage zastuguja tu witaminy 25(0OH)D3
(ang. vitamin D, VD) oraz VK2MK?7 (ang. vitamin K, VK) ze wzglgdu na ich plejotropowe,

w tym immunomodulujace dziatania (58) oraz szeroka dostepnosc.

Cele pracy
Majac na uwadze powyzsze zagadnienia celem niniejszej pracy byto:

e poszerzenie wiedzy na temat epigenetycznych aspektow mechanizmu dziatania
BTZ na komorki MM,

e zdefiniowanie, zaleznych od modyfikacji epigenetycznych, mechanizméw
rozwoju lekoopornosci na BTZ,

e poszukiwanie potencjalnych zwigzkow w ramach terapii adjuwantowe;,
zwiekszajacych skutecznos¢ BTZ w terapii szpiczaka plazmocytowego.

Metodologia
Publikacja 1

Pierwsza praca z cyklu jest artykutem pogladowym. Selekcja artykutow zostata
przeprowadzona poprzez przeszukanie nastgpujacych repozytoriow literatury
naukowej: PubMed, PubMed Central, Scopus, Web of Science, Embase oraz Google
Scholar. Wykorzystano nastepujace stowa kluczowe: bortezomib epigenetics;
bortezomib methylation; bortezomib RNA; bortezomib miRNA; bortezomib non-



coding RNA,; bortezomib circular RNA; bortezomib chromatin remodeling; proteasome
inhibitor epigenetics; proteasome inhibitor methylation, proteasome inhibitor RNA;
proteasome inhibitor miRNA; proteasome inhibitor non-coding RNA; proteasome
inhibitor circular RNA; proteasome inhibitor chromatin remodeling. W publikacji
zostaly uwzglednione wszystkie prace oryginalne traktujagce o epigenetycznych
aspektach mechanizmu dzialania BTZ, rozwoju opornosci na BTZ oraz

przezwycig¢zaniu opornosci na BTZ opublikowanych do 2023 roku.

Publikacja 2

Do badania wykorzystano komorki MM linii U266 (ATCC, Manassas, VA,
USA). Do hodowli wykorzystano medium RPMI-1640 (ATCC, Manassas, VA, USA,
cat no. 30-2001) z dodatkiem 2 mM L-glutaminy, 10 mM HEPES, 1 mM pirogronianu
sodu, 4500 mg/L glukozy, 1500 mg/L wodoroweglanu sodu oraz 15% surowicy
wolowej. Medium zmieniano co trzy dni.

Komoérki MM linii U266 byly inkubowane z BTZ w stezeniu 2,75 nM (Cell
Signaling Technology, Danvers, MA, USA) oraz inhibitorem metylacji, 5-Aza-2-
deoksycytydyng (AZA), w stezeniu 1uM (Sigma Aldrich, St. Louis, MO, USA)
trzykrotnie przez okres dwudziestu czterech godzin w dziesigciodniowych interwatach.
Szczegdtowy protokot doboru dawki BTZ oraz ustalenie linii MM opornej na lek jest
opisany w artykule autorstwa naszego zespotu, niebedgcym czescig niniejszego cyklu
(59).

Szczegotowy protokot ustalenia dawki AZA jest opisany w sekcji Materiaty
i Metody niniejszej publikacji.

Przeprowadzono izolacje¢ DNA oraz analiz¢ proliferacji po kazdej inkubacji
komorek z BTZ lub AZA. Dodatkowo, aby sprawdzi¢, czy zmiany epigenetyczne
wywotane ekspozycja na leki sa przekazywane komorkom potomnym, wyizolowano
DNA z komorek pasazowanych do medium pozbawionego BTZ oraz AZA, w ktorym
pozostawaty przez 10 dni po trzeciej inkubacji z w/w lekami.

Przeprowadzono izolacj¢ DNA z wykorzystaniem zestawu PureLink Genomic
DNA Mini Kit (Thermo Fisher, Waltham, MA, USA). Szczegotowy opis procedury
znajduje si¢ w sekcji Materiaty 1 Metody niniejszej publikacji.

Analize mikromacierzy metylacji wykonano przy uzyciu zestawu Infinium

Methylation EPIC BeadChip kit (Illumina, San Diego, CA, USA) zgodne z instrukcja



producenta. Do skanowania macierzy wykorzystano urzadzenie NextSeq550 (Illumina,
San Diego, CA, USA).

Wykonano doktadng analizg bioinformatyczng z wykorzystaniem srodowiska do
obliczen statystycznych R, implementujac odpowiednie pakiety. Szczegodtowy opis
analizy bioinformatycznej znajduje si¢ w sekcji Materialty i Metody niniejszej

publikacji.

Publikacja 3

Do badania wykorzystano komorki MM linii U266 (ATCC, Manassas, VA, USA).
Do hodowli wykorzystano medium RPMI-1640 (ATCC, Manassas, VA, USA, cat no.
30-2001) z dodatkiem 2 mM L-glutaminy, 10 mM HEPES, 1 mM pirogronianu sodu,
4500 mg/L glukozy, 1500 mg/L wodoroweglanu sodu oraz 15% surowicy wotowe;j.
Medium zmieniano co trzy dni.

Komoérki MM linii U266 byly inkubowane z BTZ w stezeniu 2,75 nM (Cell
Signaling Technology, Danvers, MA, USA) trzykrotnie przez okres dwudziestu
czterech godzin w dziesigciodniowych interwatach.

Szczegotowy protokot doboru dawki BTZ oraz ustalenie linii MM opornej na lek
jest opisany w artykule autorstwa naszego zespotu, nieb¢dacym czgsécig niniejszego
cyklu (59).

Analize mikromacierzy metylacji wykonano przy uzyciu zestawu Infinium
Methylation EPIC BeadChip kit (Illumina, San Diego, CA, USA) zgodne z instrukcja
producenta. Do skanowania macierzy wykorzystano urzadzenie NextSeq550 (Illumina,
San Diego, CA, USA).

Wykonano doktadng analiz¢ bioinformatyczng z wykorzystaniem srodowiska do
obliczen statystycznych R, implementujagc odpowiednie pakiety. Szczegdtowy opis
analizy bioinformatycznej znajduje si¢ w sekcji Materialy i Metody niniejszej
publikaciji.

Wyniki zostaly zwalidowane przy pomocy qRT-PCR (Thermo Fisher Scientific,
Waltham, MA, USA; Bio-Rad, Hercules, California, USA). Szczegotowy opis walidacji

jest zawarty w niniejszej publikaciji.



Wyniki
Publikacja 1

Publikacja nr 1 jest artykulem pogladowym. Whnioski na podstawie przegladu

literatury zostaly zawarte w sekcji Dyskusja.

Publikacja 2

Analiza potencjatu proliferacyjnego

Analiza potencjatu proliferacyjnego komérek MM linii U266 wykazata, ze po
trzecim pasazu, komorki inkubowane z BTZ wyksztalcity opornos¢ na lek. Ich poziom
proliferacji byt zblizony do kontrolnych komorek linii U266 (p>0,05). Nastepnie,
oporne na BTZ komorki linii U266 traktowano jednoczesnie BTZ i inhibitorem
metylacji (AZA), aby sprawdzi¢ jego wplyw rozwoj fenotypu opornego. Uzyskane
wyniki wyraznie wskazuja na spadek proliferacji wraz ze wzrostem dawki AZA. Po
pierwszym pasazu, gdy fenotyp komorek U266 nie byt jeszcze oporny na BTZ, réznice
w poziomie proliferacji siggaty kilku procent przy poréwnaniu réznych dawek AZA.
Najnizszy poziom proliferacji zaobserwowano przy zastosowaniu najwyzszej dawki
AZA tj. 1000 nM. Po drugim traktowaniu wyraznie zaobserwowano malejacy poziom
proliferacji po zastosowaniu AZA, zaréwno w stosunku do komoérek kontrolnych, jak
i komorek inkubowanych z BTZ. Dodatkowo, AZA w dawce 1000 nM najskuteczniej
spowalniata proliferacje komorek. Trzykrotne inkubowanie komorek szpiczaka AZA w
dawce 1000 nM zmniejszyto proliferacj¢ komorek opornych na BTZ o okoto 72%
(p<0,0004). Na podstawie uzyskanych wynikow do dalszych czesci eksperymentu
wybrano dawke 1000 nM AZA.
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Rycina 1. Analiza potencjahlu proliferacyjnego komérek szpiczaka plazmocytowego

linii U266. Wykresy przedstawiaja poziom proliferacji komérek U266 po kazdym
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traktowaniu BTZ i/lub inhibitorem metylacji (BTZ m i). Dane nie mialy rozktadu
normalnego, w zwiazku z tym roznice migdzy grupami analizowano za pomoca testu
Kruskala—Wallisa. Analiza post-hoc zostala wykonana przy zastosowaniu testu Dunna
z poprawka Bonferroniego dla wielokrotnych poréwnan. p < 0,05 uznano za istotne
statystycznie; * p < 0,05, ** p <0,01, *** p <0,001. Control — komorki kontrolne; BTZ
— bortezomib; BTZ mi_ 10nM — bortezomib oraz 10nM inhibitora metylacji; BTZ m
i_ 100nM - bortezomib oraz 100nM inhibitora metylacji; BTZ m i_ 1000nM —
bortezomib oraz 1000nM inhibitora metylacji (zrodto: Publikacja nr 2)

Analiza profilu metylacji

Po analizie potencjatu proliferacyjnego wykonano analiz¢ metylomu. Po pierwszym
traktowaniu nie zaobserwowano istotnych zmian w profilu metylacji, dlatego
przedstawiono wyniki uzyskane po drugim (BTZ_m_i_2 i BTZ_2) i trzecim
(BTZ m i 31BTZ 3) pasazu komoérek U266. Ponadto, przeprowadzono analiz¢ 10 dni
po trzeciej inkubacji (BTZ_m_i_10d_3). W tym czasie nie dodawano nic do medium
hodowlanego, aby sprawdzi¢, czy powstate zmiany w profilu metylacji byly trwale
| zostaly przeniesione na komorki potomne, pomimo braku BTZ oraz AZA w medium
hodowlanym.

Analiza profilu metylacji po drugim pasazu

Analiza bioinformatyczna wykazata 301 miejsc (299 hipometylowanych 1 2
hipermetylowane) ze zmieniong metylacja w komorkach szpiczaka dwukrotnie
traktowanych BTZ 1 inhibitorem metylacji w poréwnaniu z komoérkami traktowanymi
dwukrotnie samym BTZ (Ryc. 2A). Wartosci beta delta pokazane na wykresach
otrzymano poprzez obliczenie stosunku znormalizowanych wartos$ci intensywnosci
fluorescencji sondy pomiedzy sygnalami metylowanymi i niemetylowanymi (0 =
calkowicie niemetylowany; 1 = catkowicie metylowany). Rozktad zmian metylacji
pokazano osobno na kazdym chromosomie na rycinie 2A. Hipermetylacje
zaobserwowano tylko na chromosomach 4 i 11. Co wigcej, analiza bioinformatyczna
wykazala 2996 miejsc o zmienione] metylacji (zmiany wylacznie o charakterze
hipometylacji) w komodrkach MM trzykrotnie traktowanych BTZ i inhibitorem
metylacji w poréwnaniu z komorkami traktowanymi trzykrotnie samym BTZ (Ryc. 2B).
Liczba zmian w poziomie metylacji wzrosta prawie 10-krotnie po trzecim traktowaniu
w poréwnaniu do wynikow uzyskanych po drugiej inkubacji (drugie traktowanie: 301

zmienionych miejsc vs trzecie traktowanie: 2996 zmienionych miejsc).
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Rycina 2. Analiza profilu metylacji. Wykresy przedstawiaja profil metylacji DNA
komorek szpiczaka U266 po dwoch (A) i trzech (B) rownoczesnych inkubacjach z BTZ
i inhibitorem metylacji (BTZ_m_i) w poréwnaniu z komoérkami traktowanymi samym
BTZ (BTZ). Dodatkowo wykres (C) przedstawia profil metylacji DNA 10 dni po
ostatnim traktowaniu. Wykresy kotowe pokazujg réznice w poziomach metylacji w
komoérkach U266 traktowanych BTZ i inhibitorem metylacji w poréwnaniu z
komorkami traktowanymi BTZ (p<0,05). Ponadto, przedstawiono rozktad zmian
metylacji DNA na poszczegdlnych chromosomach (kolor pomaranczowy oznacza
hipometylacje, kolor zielony hipermetylacj¢; p < 0,05). BTZ — bortezomib; BTZ_2 —
bortezomib, drugie traktowanie; BTZ m_i — bortezomib i inhibitor metylacji;
BTZ m_i 2 — bortezomib i inhibitor metylacji, drugie traktowanie; BTZ 3 —
bortezomib, trzecie traktowanie; BTZ_m_i_3 —bortezomib i inhibitor metylacji, trzecie
traktowanie; BTZ _m_i_10d_3 — bortezomib i inhibitor metylacji 10 dni po trzecim

traktowaniu; (zroédto: Publikacja nr 2)

Zmiany w metylacji po dwukrotnym traktowaniu komorek U266 BTZ (BTZ 2) lub
BTZ i inhibitorem metylacji (BTZ_m_i_2) w wybranych genach przedstawiono na
heatmapie (Ryc. 3). Najciekawsze zmiany w metylacji, z punktu widzenia rozwoju
opornosci, zaobserwowano w genach FBXW7 oraz ORAI3. Zaobserwowane zmiany w w/w

genach mogg w istotny sposob wptywac na rozwoj opornosci na BTZ.
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Rycina 3. 20 genow z najwiekszymi zmianami w
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poziomie metylacji. Heatmapa

przedstawia wartosci beta reprezentujace poziom metylacji wybranych gendw w

komorkach MM traktowanych dwukrotnie BTZ (BTZ_2) oraz BTZ i inhibitorem metylacji

(BTZ m_i 2). Wartosci beta ,,1” wskazuja na pelng metylacje (kolor czerwony), a ,,0”

oznacza brak metylacji (kolor niebieski) (p<0,05). Symbole genow i miejsca metylacji

zaznaczono na heatmapie w nastgpujacy sposob: island — wyspa CpG; 5 UTR - region

nieulegajacy translacji na koncu 5; shore - sekwencje o dlugosci 2 kb bezposrednio w gore

i w dot od wysp CpG; shelf — sekwencje o wielkosci 2 kb bezposrednio sgsiadujace z

regionem shore; opensea - poza obszarem shelf; (zrodto: Publikacja nr 2)

Analiza GSEA (Gene Set Enrichment Analysis) przeprowadzona po dwukrotnym

traktowaniu komorek U266 BTZ i inhibitorem metylacji w poréwnaniu z komoérkami

traktowanymi dwukrotnie samym BTZ wykazata zmiany o charakterze hipometylacji (Ryc.

4). GSEA pozwolita na zidentyfikowanie 20 istotnych statystycznie procesow (p<0,05),

ktorych geny wykazywaly obnizony poziom metylacji w komoérkach traktowanych BTZ

1 inhibitorem metylacji w poréwnaniu z komodrkami traktowanymi samym BTZ.

Najciekawszymi, istotnymi statystycznie procesami (p<0,05) wydaja si¢ by¢ splicing RNA

1 zmiany epigenetyczne, takie jak deacetylacja biatek, regulacja modyfikacji histonéw

1 deacetylacja histonéw, ktore s3a istotne przy rozwazaniu wplywu modyfikacji

epigenetycznych na rozwdj opornosci na BTZ.
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Rycina 4. Gene Set Enrichment Analysis. GSEA przedstawia wartosci NES
(Normalized Enrichment Score) wskazujgce zmiany w metylacji DNA w genach
zaangazowanych w regulacj¢ wymienionych proceséow biologicznych w komorkach
U266 traktowanych dwukrotnie BTZ i inhibitorem metylacji w poréwnaniu z
komoérkami traktowanymi dwukrotnie samym BTZ. Kolor czerwony oznacza

hipometylacje, kolor zielony oznacza hipermetylacj¢; (zrodto: Publikacja nr 2)

Analiza profilu metylacji po trzecim pasazu
Analiza bioinformatyczna wykazata 2996 miejsc o zmienionej metylacji (wyltacznie 0
charakterze hipometylacji) w komérkach MM trzykrotnie traktowanych BTZ 1 inhibitorem
metylacji w porownaniu z komoérkami traktowanymi trzykrotnie samym BTZ (Ryc. 2B).
Liczba zmian w poziomie metylacji wzrosta prawie 10-krotnie po trzecim traktowaniu w
poréwnaniu do wynikéw uzyskanych po drugiej inkubacji (drugie traktowanie: 301

zmienionych miejsc vs trzecie traktowanie: 2996 zmienionych miejsc).
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Analiza zmian w poziomach metylacji poszczegdlnych gendéw po trzech inkubacjach z

BTZ 1 inhibitorem metylacji w poréwnaniu do komorek traktowanych samym BTZ

wykazata hipometylacje nast¢pujacych genow: MIR21, PRC1, AKAP13 i ORAI3 (Ryc. 5),

ktore moga by¢ bezposrednio powigzane z rozwojem lekoopornosci.
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Rycina 5. 20 genéw z najwiekszymi zmianami w poziomie metylacji. Heatmapa

przedstawia warto$ci beta reprezentujace poziom metylacji wybranych genow w

komorkach traktowanych trzykrotnie BTZ (BTZ _3) oraz BTZ i inhibitorem metylacji

(BTZ m_i 3). Warto$ci beta ,,1” wskazujg na pelng metylacje (kolor czerwony), a ,,0”

oznacza brak metylacji (kolor niebieski) (p<0,05). Symbole genow i miejsca metylacji

zaznaczono na heatmapie w nastepujacy sposob: island — wyspa CpG; 5° UTR - region

nieulegajacy translacji na koncu 5; shore - sekwencje o dlugosci 2 kb bezposrednio w gore

i w dot od wysp CpG; shelf — sekwencje o wielkosci 2 kb bezposrednio sasiadujgce z

regionem shore; opensea - poza obszarem shelf; (zrodto: Publikacja nr 2)

GSEA wykonana po trzecim traktowaniu komorek MM linii U266 BTZ 1 inhibitorem

metylacji w pordwnaniu z komoérkami traktowanymi trzykrotnie samym BTZ wykazata

zmiany wylacznie 0 charakterze hipometylacji (p<0,05) (Ryc. 6). Podobnie jak po drugim

traktowaniu, proces splicingu RNA ulegt istotnej hipometylacji. Proces ten poglebiat sie

wraz z kolejnymi pasazami (drugie traktowanie - NES = —1,78; p = 3,4x107°; trzecie

traktowanie - NES = —2,37; p = 8,2x107%) (Ryc. 4 i Ryc. 6). Inne procesy, ktore zwracaja

uwage podczas analizy GSEA, dotycza procesOw uszkodzen i naprawy DNA. Procesy te

uczestniczg w rozwoju opornosci poprzez modyfikacje DNA, ktore pozwalajg komérkom
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nowotworowym przetrwaé¢ w srodowisku 0 wysokim poziomie stresu indukowanego przez
terapi¢ (60). W/w procesy biologiczne zidentyfikowano takze 10 dni po ostatnim
traktowaniu, potwierdzajac zar6wno znaczenie tych zmian w procesie rozwoju opornosci

na BTZ, jak i ich trwato$¢ i transmisje do komorek potomnych.
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Rycina 6. Gene Set Enrichment Analysis (GSEA). GSEA pokazuje wartosci NES
(Normalized Enrichment Score) wskazujace zmiany w metylacji DNA w genach
zaangazowanych w regulacje wymienionych proceséw biologicznych w komorkach
U266 traktowanych trzykrotnie BTZ i inhibitorem metylacji w poréwnaniu z
komoérkami traktowanymi trzykrotnie samym BTZ. Kolor czerwony o0znacza

hipometylacje, kolor zielony oznacza hipermetylacj¢; (zrodto: Publikacja nr 2)

Analiza profilu metylacji 10 dni po trzecim pasazu
Trzykrotna 24-godzinna inkubacja komérek MM z BTZ i inhibitorem metylacji
wywolala trwale zmiany w duzej liczbie genoéw, szczegodlnie w tych odpowiedzialnych za
rozw0j lekoopornosci, takich jak FBXW7, ORAI3, MIR21 i PRC1 (Ryc. 7 i Ryc. 8). Analiza
danych przedstawionych na rycinie 7, ktora pokazuje wartoéci beta wybranych genow
bezposrednio po trzecim pasazu i 10 dni pdzniej, wykazata poroéwnywalne poziomy
metylacji w obu punktach czasowych. Dodatkowo przeprowadzono analizg

bioinformatyczna poréwnujaca wyniki poziomu metylacji DNA bezposrednio po trzech
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traktowaniach (BTZ m_i) vs 10 dni p6zniej (BTZ m i 10days). Analiza nie wykazata
znaczacych zmian w metylacji DNA. Potwierdza to, ze indukowane zmiany w metylacji
DNA sg trwatle i przekazywane do komorek potomnych, pomimo braku lekoéw w medium
hodowlanym. Wedtug analizy GSEA nie stwierdzono wzrostu metylacji (Ryc. 9).
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Rycina 7. Poziom metylacji genéw zwiazanych z lekoopornos$cia. Wartosci beta delta
(§rednia n = 3; p<0,05 dla wszystkich wynikow) dla wybranych genow istotnych dla
rozwoju opornosci na BTZ mierzone bezposrednio i 10 dni po trzecim zabiegu. BTZ —
bortezomib; BTZ m_i — bortezomib w potaczeniu z inhibitorem metylacji; (zrédto:
Publikacja nr 2)
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Description

Rycina 8. 20 genéw z najwiekszymi zmianami w poziomie metylacji. Heatmapa
przedstawiajgca wartosci beta reprezentujace poziom metylacji wybranych genow w
komorkach traktowanych trzykrotnie BTZ (BTZ_3) oraz BTZ i inhibitorem metylacji
10 dni po trzeciej inkubacji (BTZ m i 10d_3). Wartosci beta ,,1” wskazuja na petna
metylacje¢ (kolor czerwony), a ,,0” oznacza brak metylacji (kolor niebieski) (p<0,05).
Symbole gendéw i miejsca metylacji zaznaczono na heatmapie w nastgpujacy sposob:
island — wyspa CpG; 5 UTR - region nieulegajacy translacji na koncu 5; shore —
sekwencje o dlugosci 2 kb bezposrednio w gore 1 w dot od wysp CpG; shelf — sekwencje
o wielkos$ci 2 kb bezposrednio sasiadujace z regionem shore; opensea - poza obszarem

shelf; (zrodto: Publikacja nr 2)
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Rycina 9. Gene Set Enrichment Analysis (GSEA). GSEA pokazuje wartosci NES
(Normalized Enrichment Score) wskazujagce zmiany w metylacji DNA w genach
zaangazowanych w regulacje wymienionych procesow biologicznych w komoérkach
U266 10 dni po trzecim traktowaniu BTZ i inhibitorem metylacji w poréwnaniu z
komorkami traktowanymi trzykrotnie samym BTZ. Kolor czerwony oznacza

hipometylacje, kolor zielony oznacza hipermetylacje; (zrédto: Publikacja nr 2)
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Analiza bioinformatyczna przeprowadzona 10 dni po trzecim leczeniu komérek BTZ
1 inhibitorem metylacji w porownaniu z komoérkami traktowanymi samym BTZ ujawnita
3023 (3009 hipometylowanych i 14 hipermetylowanych) miejsc o zmienionym profilu
metylacji (Fig. 2C). Wyniki te nieznacznie r6znig si¢ od tych uzyskanych bezposrednio po
trzecim traktowaniu. Obszary hipermetylacji zaobserwowano na chromosomach 1-5, 9, 12
i 18 (Ryc. 2C).

Publikacja 3

Wptyw  witaminy 25(0OH)D3 oraz KZMK7 na proliferacie komodrek szpiczaka
plazmocytowego linii U266
Doktadna analiza wptywu witaminy 25(OH)D3 (VD) oraz witaminy K2MK7 (VK)
zostata przedstawiona w publikacji naszego zespotu, nieb¢dacej czgécig niniejszej rozprawy
doktorskiej (59). W skrocie, po pierwszej inkubacji komorek MM z BTZ zaobserwowano
redukcje proliferacji o 70,06% w poréwnaniu z komérkami kontrolnymi (p<0,0001). Po
drugim traktowaniu BTZ, zaobserwowano zmniejszenie proliferacji o 24,12% (p<0,0001).
Trzecia inkubacja spowodowata rozwo¢j fenotypu opornego na BTZ. Dodatek VD do
hodowli spowodowat zmniejszenie proliferacji komorek MM o ponad 20%. Podobne efekty
zaobserwowano po dodaniu VK. W komorkach wrazliwych na BTZ witaminy wykazywaty
dzialanie synergistyczne z BTZ. Co szczegdlnie wazne, dodanie witamin do medium

hodowlanego skutkowalo zmniejszeniem proliferacji komoérek MM U266 opornych na
BTZ.

Zmiany w profilu metylacji zwigzane z opornosciq na BTZ

Wyjsciowo zbadano mechanizmy epigenetyczne zwigzane z wyksztatceniem opornosci
na BTZ. W tym celu poréwnano kontrolne komoérki MM z opornymi na BTZ. Analiza
bioinformatyczna wykazata 413 miejsc ze zmieniong metylacjg w komorkach traktowanych
trzykrotnie BTZ w porownaniu z komérkami kontrolnymi (Ryc. 10A). Wartosci delta beta
obliczono zgodnie ze znormalizowanymi stosunkami intensywnos$ci fluorescencji sondy
pomigdzy sygnatami metylowanymi i1 niemetylowanymi (wartos¢ 0 = calkowicie
niemetylowany, 1 = calkowicie metylowany). Zidentyfikowano 398 miejsc

hipometylowanych i 15 hipermetylowanych (Ryc. 10A/B). Réznice dotyczyly wszystkich

20



chromosomow (Ryc. 10C). Dalsza analiza umozliwita klasyfikacje zmienionych miejsc

wedhug lokalizacji wysp CpG (Ryc. 10D) oraz miejsca inicjacji transkrypcji (TSS) (Ryc.

10E). Zmiany w poziomach metylacji zaobserwowano w nastepujacych rejonach genomu:

opensea (izolowane miejsca CpG w genomie, ktore nie majg konkretnego oznaczenia), shelf

(regiony 2-4 kb od wysp CpG), shore (regiony 0-2 kb z wysp CpG). Wickszos¢

zmienionych miejsc, zardéwno hipo-, jak i hipermetylowanych, uwidoczniono w opensea.

Na wyspach CpG zaobserwowano 19,1% miejsc hipometylowanych i 6,67% miejsc

hipermetylowanych. Podwyzszony poziom metylacji w relacji do TSS zaobserwowano

gtéwnie w IGR (region miedzygenowy), a obnizony w obszarze ulegajacym transkrypcji

(,,body™) (Ryc. 10E).
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Rycina 10. Profil metylacji po trzech kolejnych traktowaniach BTZ komdrek

szpiczaka linii U266. A, B) Roznice w poziomach metylacji w komorkach U266

traktowanych BTZ w porownaniu z nietraktowanymi komorkami kontrolnymi

(p<0,05); C) Zmiany poziomu metylacji w poszczegodlnych chromosomach. Kolor

pomaranczowy oznacza hipometylacje¢, a zielony hipermetylacj¢ (p<0,05); D) Rdznice

w metylacji miejsc w genomie wzgledem ich potozenia w relacji do wysp CpG

(p<0,05); E) Réznice w metylacji miejsc w genomie wedtug ich potozenia wzgledem

miejsca startu transkrypcji (TSS) (p<0,05). D — traktowanie witaming 25(OH)D3; BTZ

— traktowanie bortezomibem; DK — traktowanie jednoczesnie witaming 25(OH)D3



i K2ZMK7; BTZ DK - traktowanie jednoczesnie bortezomibem, witaming 25(OH)D3

i K2ZMK?7; Control - grupa kontrolna; 3 — trzecia inkubacja; (zrodto: Publikacja nr 3)

Poziomy metylacji w wybranych genach w komorkach kontrolnych i komoérkach

trzykrotnie traktowanych BTZ przedstawiono na rycinie 11 w postaci heatmapy. Z

istotnych obserwacji wykazano hipometylacje genow FBXL6, CLRN3 i PMP2 w

komorkach opornych na BTZ w poréwnaniu z komoérkami kontrolnymi. Wysoka ekspresja

FBXL6 wigze si¢ z progresja nowotworu i zkym rokowaniem u pacjentéw onkologicznych

(61).
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Rycina 11. 20 genéw z najwiekszymi zmianami w poziomie metylacji. Heatmapa

przedstawia wartosci beta reprezentujace poziom metylacji wybranych genow w

komorkach traktowanych trzykrotnie BTZ (BTZ_3) oraz w komorkach kontrolnych

(Control_3). Wartosci beta ,, 1” wskazujg na pelng metylacje (kolor czerwony), a ,,0”

oznacza brak metylacji (kolor niebieski) (p<0,05). Symbole gendéw i miejsca metylacji

zaznaczono na heatmapie w nastgpujacy sposob: island —wyspa CpG; 5 UTR —region

nieulegajacy translacji na koncu 5; shore — sekwencje o dlugosci 2 kb bezposrednio w

gore i w dot od wysp CpG; shelf — sekwencje o wielkosci 2 kb bezposrednio sgsiadujace

z regionem shore; opensea - poza obszarem shelf; (zrédto: Publikacja nr 3)

Rycina 12 przedstawia procesy, ktoérych poziomy metylacji ulegly zmianie w

komérkach MM opornych na BTZ w poréwnaniu z komoérkami nietraktowanymi.

Wszystkie zidentyfikowane zmiany miaty charakter hipometylacji (p<0,05). Do
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kluczowych procesow, ktore ulegly hipometylacji zaliczono regulacje metylacji
histonéw, modyfikacje histonow, deacylacje¢ biatek, regulacje utrzymania telomerow,

transkrypcje na szablonie DNA oraz elongacjg.
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Rycina 12. Gene Set Enrichment Analysis (GSEA). GSEA pokazuje wartosci NES
(Normalized Enrichment Score) wskazujace zmiany w metylacjii DNA w genach
zaangazowanych w regulacje wymienionych proceséw biologicznych w komoérkach U266
opornych na BTZ w porownaniu z komorkami kontrolnymi. Kolor czerwony oznacza

hipometylacje, kolor zielony oznacza hipermetylacje¢; (zrodto: Publikacja nr 3)

Wptyw witamin 25(0H)D3 oraz K2ZMK7 na kontrolne komdrki szpiczaka plazmocytowego

Analiza bioinformatyczna wykazata 805 miejsc ze zmieniong metylacjag w komorkach
MM inkubowanych trzykrotnie z VD 1 VK w poroéwnaniu z komdrkami kontrolnymi (Ryc.
13A). W analizie zidentyfikowano 36 miejsc hipometylowanych i 769 miejsc
hipermetylowanych (Ryc. 13A/B). Réznice dotyczyly wszystkich chromosoméw (Ryc.
13C). Miejsca hipermetylowane zaznaczono na zielono, a hipometylowane na
pomaranczowo. Dalsza analiza umozliwita klasyfikacje zmienionych miejsc wzgledem
lokalizacji wysp CpG (Ryc. 13D) i TSS (Ryc. 13E). Wickszo$¢ zmienionych miejsc,

zarowno hipo-, jak i hipermetylowanych, uwidoczniono w obszarze ,,opensea”. Na wyspach
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CpG zaobserwowano 8,33% miejsc hipometylowanych i 12,48% miejsc
hipermetylowanych. W przypadku TSS zaobserwowano wzrost poziomu metylacji gtownie
w obszarze ulegajacym transkrypcji (,,body”), a spadek w IGR (Ryc. 13E). W obszarze

3’UTR nie obserwowano hipometylacji.
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Rycina 13. Profil metylacji po trzech kolejnych traktowaniach VD i VK komérek
szpiczaka U266. A, B) Roéznice w poziomach metylacji w komoérkach U266
inkubowanych z VD i VK w poréwnaniu z komérkami kontrolnymi (p<0,05); C)
Zmiany poziomu metylacji w poszczegolnych chromosomach. Kolor pomaranczowy
oznacza hipometylacje, a zielony hipermetylacje (p<0,05); D) Roéznice w metylacji
miejsc w genomie wzgledem ich potozenia w relacji do wysp CpG (p<0,05); E) Roznice
w metylacji miejsc w genomie wedlug ich potozenia wzgledem miejsca startu
transkrypcji (TSS) (p<0,05). DK — 25(0H)D3 i K2MK7; Control - komorki kontrolne;

3 — trzecia inkubacja; (zrodto: Publikacja nr 3)

Poziomy metylacji w wybranych genach w komorkach kontrolnych 1 komorkach
traktowanych trzykrotnie VD i VK przedstawiono na rycinie 14 jako heatmapeg.
Zidentyfikowano, m.in. hipometylacje genu RFX8. Uwaza si¢, ze gen ten bierze udziat w
regulacji transkrypcji przez polimerazg RNA 1, a tym samym wptywa na wiele r6znych

procesow (62).
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Rycina 14. 20 genéw z najwiekszymi zmianami w poziomie metylacji. Heatmapa

przedstawia wartosci beta reprezentujace poziom metylacji wybranych genow w

komorkach traktowanych trzykrotnie VD 1 VK (DK _3) oraz w komorkach kontrolnych

(Control_3). Warto$ci beta ,, 17 wskazujg na pelng metylacje (kolor czerwony), a ,0”

oznacza brak metylacji (kolor niebieski) (p<0,05). Symbole gendéw i miejsca metylacji

zaznaczono na heatmapie w nastgpujacy sposob: island — wyspa CpG; 5" UTR —region

nieulegajacy translacji na koncu 5; shore — sekwencje o dtugosci 2 kb bezposrednio w

gore i w dot od wysp CpG; shelf — sekwencje o wielkosci 2 kb bezposrednio sgsiadujace

z regionem shore; opensea - poza obszarem shelf; (zrédto: Publikacja nr 3)

Rycina 15 przedstawia procesy, ktorych geny zmienity poziomy metylacji w komodrkach

MM trzykrotnie inkubowanych z VD i VK w poréwnaniu z komérkami nietraktowanymi.

Na podstawie stopnia metylacji genow, zidentyfikowano procesy, ktore sa w ten sposob

regulowane (p<0,05). Procesy, ktore ulegly hipermetylacji obejmujg lokalizacje¢ RNA,

transkrypcje DNA, elongacje DNA oraz organizacje telomerow.
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Rycina 16. Gene Set Enrichment Analysis (GSEA). GSEA pokazuje wartosci NES
(Normalized Enrichment Score) wskazujace zmiany w metylacji DNA w genach
zaangazowanych w regulacj¢ wymienionych proceséw biologicznych w komorkach
U266 trzykrotnie inkubowanych z VD i VK w poréwnaniu z komorkami kontrolnymi.
Kolor czerwony oznacza hipometylacjg, kolor zielony oznacza hipermetylacjg; (zrodto:

Publikacja nr 3)

Komoérki MM inkubowane jednoczesnie z VD 1 VK wykazywaly podobny profil
metylacji jak komorki kontrolne inkubowane jedynie z VD. Dokladny opis wynikow
znajduje si¢ w sekcji wyniki Publikacji nr 3. Do najistotniejszych obserwacji poczynionych
w trakcie inkubacji komérek MM jedynie z VD zaliczono hipometylacj¢ genow CLEC12B
i BAMBI, ktore odpowiadajg za hamowanie proliferacji komorek nowotworowych (63-65).
Zaobserwowano rowniez wzrost poziomu metylacji genow NTN1 i MYH10 zwigzanych z
progresja nowotworoéw (66—68).

Podsumowujac, zidentyfikowano geny odpowiedzialne za rézne procesy komorkowe,

w ktorych rozne regiony byly przewaznie hipermetylowane, rzadziej hipometylowane.
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Traktowanie komérek MM wytacznie VD jak i w potgczeniu z VK wigzato si¢ z globalnym

wzrostem metylacji.

Wptyw witamin 25(0H)D3 oraz K2ZMK7 na komorki szpiczaka plazmocytowego oporne na
BTZ
Zarowno sama VD jak i suplementacja w potaczeniu z VK moze indukowaé zmiany
epigenetyczne w kontrolnych komorkach MM. W zwiazku z tym postawiono hipoteze, ze
witaminy te moga wptywac na profil metylacji rowniez w komérkach MM cechujacych sig
fenotypem opornym na BTZ.
Analiza bioinformatyczna wykazata 121 miejsc o zmienionej metylacji w komorkach
MM opornych na BTZ traktowanych VD i VK, w poréwnaniu z komérkami traktowanymi
trzykrotnie samym BTZ (Ryc. 17A). W analizie zidentyfikowano 27 miegjsc
hipometylowanych i 94 miejsca hipermetylowane (Ryc. 17A/B). Roznice dotyczyty
wszystkich chromosoméw (Ryc. 17C). Miejsca hipermetylowane zaznaczono na zielono, a
hipometylowane na pomaranczowo. Dalsza analiza umozliwita klasyfikacje zmienionych
miejsc wedlug lokalizacji w odniesieniu do wysp CpG (Ryc. 17D) i TSS (Ryc. 17E).
Wigkszo$¢ zmienionych miejsc, zarowno hipo-, jak i hipermetylowanych, uwidoczniono na
otwartym morzu. Na wyspach CpG zaobserwowano 18,52% miejsc hipometylowanych
1 5,32% miejsc hipermetylowanych. Podwyzszony poziom metylacji w stosunku do TSS
zaobserwowano gtéwnie w IGR 1 obnizony w obszarze ulegajacym transkrypcji (,,body”).

Nie zaobserwowano hipometylacji w 3’UTR (Ryc. 17E).
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Rycina 17. Profil metylacji po trzech kolejnych traktowaniach VD i VK komérek
szpiczaka U266 opornych na BTZ. A, B) Roéznice w poziomach metylacji w
komoérkach U266 inkubowanych z VD i VK w poroéwnaniu z komoérkami opornymi na
BTZ (p<0,05); C) Zmiany poziomu metylacji w poszczegdlnych chromosomach.
Pomaranczowy oznacza hipometylacje, a zielony hipermetylacj¢ (p<0,05); D) Roznice
w metylacji miejsc w genomie wzgledem ich polozenia w relacji do wysp CpG
(p<0,05); E) Roznice w metylacji miejsc w genomie wedtug ich polozenia wzglgdem
miejsca startu transkrypcji (TSS) (p<0,05). BTZ — bortezomib; BTZ DK —jednoczesnie
bortezomib, 25(OH)D3 i K2ZMK7; 3 — trzecia inkubacja; (zrodto: Publikacja nr 3)

Poziomy metylacji w wybranych genach w komoérkach traktowanych trzykrotnie BTZ,
VD i VK (BTZ DK 3) oraz w komorkach traktowanych samym BTZ przedstawiono na
Figurze 18 w postaci heatmapy. Z istotnych obserwacji wykazano hipermetylacj¢ genu
ARHGAP26 w komorkach opornych na BTZ. Gen ten bierze udzial w onkogenezie

i progresji nowotworow (69).
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Rycina 18. 20 genoéw z najwiekszymi zmianami w poziomie metylacji. Heatmapa

przedstawia warto$ci beta reprezentujace poziom metylacji wybranych gendéw w

komorkach traktowanych trzykrotnie VD i VK (DK _3) oraz w komoérkach opornych na

BTZ (BTZ_3). Wartos$ci beta ,,1” wskazuja na pelng metylacje (kolor czerwony), a ,,0”

oznacza brak metylacji (kolor niebieski) (p<0,05). Symbole gendéw i miejsca metylacji

zaznaczono na heatmapie w nastepujacy sposob: island —wyspa CpG; 5 UTR —region

nieulegajacy translacji na koncu 5; shore — sekwencje o dtugosci 2 kb bezposrednio w

gore 1 w dot od wysp CpG; shelf — sekwencje o wielkosci 2 kb bezposrednio sgsiadujace

z regionem shore; opensea - poza obszarem shelf; (zrodto: Publikacja nr 3)

Rycina 19A przedstawia procesy, ktorych geny zmienity poziom metylacji w

komorkach opornych na BTZ i trzykrotnie traktowanych VD i VK w poréwnaniu z

komorkami opornymi na BTZ. Na podstawie stopnia metylacji genéw zidentyfikowano

procesy, ktore sg przez nie regulowane (p<0,05). Najwazniejsze procesy, ktore ulegly

hipometylacji po suplementacji witaminami to fuzja komorka-komorka, adhezja komorka-

substrat, a hipermetylacji to procesowanie konca 3> RNA, procesowanie konca 3> mMRNA,

pozytywna regulacja procesu biosyntezy DNA i regulacja starzenia si¢ komorek.

Suplementacja VD i VK wiaze si¢ z globalnym wzrostem metylacji w komérkach MM

opornych na BTZ. Nalezy jednak zauwazy¢, ze efekt ten nie jest az tak wyrazny, jak w

kontrolnych komoérkach MM. Niemniej jednak, komoérki oporne na BTZ hodowane
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wspolnie z samg VD lub jednoczes$nie z VD i VK, przynajmniej tymczasowo, odzyskiwaty
wrazliwos$¢ na BTZ (Ryc. 19B).
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Rycina 19. (A) Gene Set Enrichment Analysis (GSEA). GSEA pokazuje wartosci
NES (Normalized Enrichment Score) wskazujace zmiany w metylacji DNA w genach
zaangazowanych w regulacj¢ wymienionych procesow biologicznych w komoérkach
U266 trzykrotnie inkubowanych z VD i VK w poréwnaniu z komérkami opornymi na
BTZ. Kolor czerwony oznacza hipometylacje, kolor zielony oznacza hipermetylacje.
(B) Globalne zmiany w metylacji w komoérkach kontrolnych MM w poréwnaniu z
komoérkami opornymi na BTZ, trzykrotnie traktowanymi VD oraz VD i VK, a takze w
komorkach opornych na BTZ w porownaniu z fenotypem opornym trzykrotnie
traktowanym VD i VK. Kolor pomaranczowy oznacza hipometylacje, kolor zielony
oznacza hipermetylacje. (p<0,05). BTZ — inkubowany bortezomibem; D — inkubowany
z witaming 25(OH)D3; DK - inkubowany jednocze$nie z witaming 25(OH)D3
i K2MK7; BTZ_DK — inkubowany jednoczesnie z bortezomibem, witaming 25(OH)D3
i K2ZMK7; Control — komorki kontrolne; 3 — trzecia inkubacja; (zrodto: Publikacja nr 3)

Analiza ekspresji wybranych genéw

Na podstawie powyzej przedstawionych wynikow zidentyfikowano geny (ARHGAPZ26,
MYH10, PMP2, RFX8, BAMBI, CLEC12b) ze znaczacymi zmianami w poziomie metylacji,
ktorych ekspresje poddano walidacji za pomoca techniki qRT-PCR (Tab. 1). W stosunku
do wyselekcjonowanych genow, potwierdzono rzeczywisty wptyw poziomu metylacji na
ekspresje genéw. W mysl zasady, im wyzszy poziom metylacji, tym nizsza ekspresja genu
i odwrotnie. Z punktu widzenia wptywu badanych witamin na wrazliwg na BTZ linig
szpiczaka U266, istotng obserwacja jest niemal 60% spadek ekspresji genu MYH10 po
trzykrotnej ekspozycji na VD w stosunku do komorek kontrolnych i jednoczes$nie 73%
wzrost ekspresji genu CLEC12b. Dodatkowo, po trzykrotnej ekspozycji zarowno na VD
i VK, zaobserwowano 70% wzrost ekspresji genu RFX8 w porownaniu z komoérkami
kontrolnymi.

Ponadto, zaobserwowano znaczacy, 54% wzrost ekspresji genu ARHGAP26 w
komorkach szpiczaka U266 opornych na BTZ inkubowanych trzykrotnie z VD i VK w
poréwnaniu z komoérkami opornymi na BTZ bez ekspozycji na witaminy. Wynik walidacji
potwierdza, ze nizszy poziom metylacji tego genu w komorkach BTZ DK 3 (wartos¢
beta=0,52+0,01) w poréwnaniu do BTZ 3 (warto$¢ beta=0,75+0,00) koreluje z wyzszym

poziomem jego ekspresji.

Control_3
Mean + SD; 95% CI

BTZ_3
Mean + SD; 95% CI

D_3
Mean + SD; 95% CI

DK_3
Mean + SD; 95% CI

BTZ_DK_3
Mean + SD; 95% CI

ARHGAP26

1,00+0.08; 0,75-1,25

0,78+0,09; 0,50-1,06

1,16+0,01; 1,01-1,31

1,34+0,11; 1,00- 1,68

1,69+0,24; 0,94-2,43
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MYH10 | 0,21+0,03;-0,28-0,71 | 0,06+0,01; 0,01-0,10 0.09+0.02; 0.03-0.16 | 0,18+0,07;-0,06-0,42 | 0,19+0,04; 0,06-0,32
PMP2 0,05+0,02; -0,01-0,12 | 0,11+0,04; -0,02-0,23 0.36+0.24; -0.39-1.11 | 0,41%0,03; 0,30-0,52 | 0,44+0,17;-0,09-0,98
RFX8 0,23+0,04; 0,10-0,35 | 0,13+0,03; 0,02-0,25 0.40+0.12; 0.02-0.78 | 0,730,16;0,21-1,25 | 0,33%0,13; -0,09-0,75
BAMBI | 11,50+1,94; 5,57-17,42 | 11,55+1,41;7,26-15,84 | 15.46+1.37;10.98-19.95 | 29,10+7,02; 7,73-50,46 | 20,58+4,66; 6,39-34,77
CLEC12b | 0,1620,09; -0,15-0,46 | 0,10+0,01;0,04-0,15 0.22+0.07; -0.02-0.45 0,38+0,1; 0,06-0,69 | 0,35+0,07;0,12-0,58
Tabela 1. Walidacja ekspresji wybranych genow z zastosowaniem techniki qRT-
PCR. Mean — érednia arytmetyczna; SD — odchylenie standardowe; 95% CI — 95%
przedziat ufno$ci; Control — komérki kontrolne; BTZ — bortezomib; D — witamina
25(0OH)D3; DK — witaminy 25(0OH)D3 i K2MK7; 3 — trzecia inkubacja; (zrodto:
Publikacja nr 3)
Dyskusja

Zastosowanie BTZ u chorych ze szpiczakiem plazmocytowym stato si¢ kamieniem
milowym w leczeniu tego schorzenia, istotnie przyczyniajac si¢ do poprawy rokowania w
tej grupie pacjentow. BTZ to pierwszy inhibitor proteasomu wprowadzony na rynek. Lek
do dzi$ jest powszechnie wykorzystywany, bedac czgsto podstawa wielu zlozonych
schematow terapeutycznych. Dlatego mozna przypuszczaé, iz wickszos¢ pacjentow
chorych na MM byta eksponowana na BTZ lub w dalszym ciaggu jest nim leczona. Ze
wzgledu na duzg populacj¢ chorych, ktorzy majg lub beda mie¢ stycznos$é z BTZ, niezwykle
istotne  jest szczegdotowe poznanie  patomechanizmu  dziatania leku  jak
I zrozumienie zmian molekularnych przyczyniajacych si¢ do wystgpienia lekoopornosci.
Taka wiedza moze przyczyni¢ si¢ do opracowania nowych schematow lekowych z
wykorzystaniem BTZ, ktore beda cechowa¢ si¢ wigksza skutecznoscig terapeutyczng oraz
przyczynig si¢ do pdzniejszego wystapienia opornosci na lek.

Terapia BTZ charakteryzuje si¢ wysokg skutecznoscig wzgledem komorek szpiczaka
plazmocytowego. Niemniej jednak, ekspozycja na lek jest istotnym bodzcem
wywierajagcym na komorki nowotworowe silng presj¢ sSrodowiskowa, co moze skutkowaé
selekcja klonow opornych. W diuzszej perspektywie, nadmierna selekcja oraz nastgpcza
proliferacja komorek mniej wrazliwych na BTZ moze skutkowa¢ nawrotem lub progresja
choroby.

Wprowadzenie BTZ do otoczenia komérek MM jest istotng interferencja w srodowisko
nowotworu, mogaca w nich wywolywa¢ zmiany epigenetyczne. Z jednej strony
modyfikacje epigenetyczne mogg by¢ elementem mechanizmu dziatania czasteczki, z
drugiej strony moga leze¢ u podstaw rozwoju lekoopornosci. Dowiedziono, ze zmiany
m.in. w metylomie sg istotnym aspektem mechanizmu dzialania czasteczki, warunkujacym

jej cytotoksyczne wiasciwosci. Dostepne badania wskazuja, ze BTZ indukuje globalny
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spadek metylacji w komorkach nowotworowych (70). Poza globalng modyfikacjg profilu
metylacji, ekspozycja na BTZ skutkuje hipometylacjg konkretnych genow, m.in. NOXA,
bedacego proapoptytycznym genem z rodziny Bcl-2 (71). Co wigcej, wykazano, ze NOXA
jest kluczowy dla cytotoksycznej aktywnosci BTZ, a jego deplecja skutkowata spadkiem
skutecznos$ci leku i wystgpieniem opornosci na terapi¢ (71, 72). Dodatkowo, BTZ wplywa
na aktywno$¢ deacetylaz histonowych (ang. histone deacetylases, HDACSs). Precyzyjniej,
BTZ powoduje supresje HDACs oraz hiperacetylacje histonow, skutkujaca $miercig
zto§liwych plazmocytéw. Powyzsze zjawiska sg najbardziej nasilone w stosunku do
HDAC1. Co wiecej, upregulacja HDAC1 skutkowata wystgpieniem opornosci na lek (73).

Powyzsze przyktady wskazuja, ze zmiany epigenetyczne indukowane przez BTZ sa
istotnym aspektem mechanizmu dziatania czasteczki oraz w pewnym stopniu warunkuja jej
cytotoksyczne wihasciwosci. Niemniej jednak, ekspozycja na lek, pomimo poczatkowej
i czesto dlugotrwatej skutecznos$ci, przyczynia si¢ do selekcji opornych klondéw oraz
nawrotu choroby. Wydaje si¢ rowniez stuszng hipoteza, ze modyfikacje epigenetyczne,
przynajmniej czg¢sciowo, przyczyniajg si¢ do wystgpienia lekoopornosci. Przyktadowo,
spadek ekspresji proteasomu, bedacego punktem uchwytu leku, na skutek hipermetylacji
promotora genu PSMD5 kodujacego podjednostke 19S skutkuje opornoscig na BTZ (74).
Podobnie zmiany w profilu metylacji odpowiadaja za wystgpienie opornosci na BTZ
rowniez w komorkach neuroblastoma (75). Natomiast, hipermetylacja promotora genu
kodujacego CD9, ktorego niska ekspresja jest zwigzana z progresja nowotwordw, skutkuje
wystgpieniem opornosci na BTZ w komoérkach MM linii NCI-H929 (76).

Oprocz zmian w metylomie, inne mechanizmy epigenetyczne, W tym przede
wszystkim tzw. niekodujace RNA (ang. non-coding RNA, ncRNA) sa zaangazowane
zarowno w mediowanie cytotoksycznych wlasciwosci czasteczki, jak rowniez w
wystgpienie opornosci na lek. Do ncCRNA zaliczamy migdzy innymi mikro RNA (miRNA),
mate interferujgce RNA (ang. small interfering RNA, siRNA), RNA oddziatywujace na
biatka piwi (ang. piwi-interacting RNA, piRNA), male regulatorowe RNA (ang. small
regulatory RNA, srRNA) oraz dhugie niekodujace RNA (ang. long non-coding RNA,
INcRNA). ncRNA reguluja ekspresje informacji genetycznej na etapie potranskrypcyjnym
(77). Liczne badania wskazuja, ze ncRNA, zwlaszcza miRNA oraz IncRNA, s3 istotnym
aspektem mechanizmu dzialania BTZ, dziatajac z nim synergistycznie lub resensytyzujac
komorki MM na dziatanie leku (78-83). Z drugiej strony wykazano, ze niektore ncRNA
wplywajg na oporno$¢ na BTZ lub sg zwigzane z gorszg odpowiedzig na terapi¢ (84-86).
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Modyfikacje epigenetyczne sg istotnym aspektem mechanizmu dziatania BTZ, jak
réwniez rozwoju jego lekoopornos$ci. Dlatego, czgsteczki interferujgce w epigenetyke, takie
jak inhibitory metylotransferazy DNA (ang. DNA methyltransferase, DNMT), do ktorych
nalezy azacytydyna (AZA) oraz decytabina (DAC), wydaja si¢ by¢ obiecujacym
kierunkiem badan (51, 52, 87).

W publikacji nr 2 bedacej czescig niniejszej rozprawy doktorskiej wykazano, ze
AZA dziata synergistyczne z BTZ. Co istotne, AZA powodowala istotny spadek proliferacji
klonéw opornych na BTZ. Wyniki analizy profilu metylacji wskazuja, ze AZA, podobnie
jak sam BTZ (70), powoduje globalny spadek metylacji w komérkach nowotworowych,
stad zapewne ich wzajemny synergizm. Dodatkowo, poza globalnym spadkiem metylaciji,
ktory niejako warunkuje wrazliwo$¢ komoérek nowotworowych na BTZ, kombinacja AZA
z BTZ wywoluje zmiany w statusie metylacji poszczegdlnych genéw w poréwnaniu do
komorek opornych na BTZ. Szczegodlne znaczenie majg geny zwigzane z onkogeneza,
progresja nowotworu oraz lekoopornoscig. Przyktadowo, po drugim pasazu komoérek MM
z BTZ i AZA wykazano rdznice w statusie metylacji regionu ,,island” genu ORAI3, ktérego
nadmierna ekspresja jest zwigzana z oporno$cig na chemioterapie, m.in. w raku piersi (88).
Po trzecim pasazu ponownie zidentyfikowano hipometylacje genu ORAI3 w komorkach
MM inkubowanych z BTZ i AZA oraz hipermetylacj¢ w komorkach MM o fenotypie
opornym na BTZ. Ponadto, zidentyfikowano roéznice w statusie metylacji genu MIR21,
ktory jest powigzany z opornoscig na leczenie w réznych nowotworach, takich jak rak
jajnika (89) i rak nerki (90). Co wiecej, metylacja regionu 5° UTR-opensea genu FBXW7
istotnie roznita si¢ miedzy komorkami opornymi na BTZ a inkubowanymi jednoczesnie z
BTZ i AZA. Obecnie wiadomo, ze gen FBXW?7 jest zwigzany z opornoscig na leczenie
i odpowiedzig na chemioterapi¢ w réznych nowotworach (91-93). Analiza GSEA wykazata
statystycznie istotne roznice w kilku kluczowych procesach zwigzanych z rozwojem
opornosci na BTZ. Sposrod zidentyfikowanych proceséw, najwazniejszym wydaje si¢ by¢
splicing RNA. Splicing RNA odgrywa bardzo wazng role¢ w rozwoju lekoopornosci.
Tworzenie si¢ nieprawidtowych wariantéw lub zaburzenia maszynerii splicingowej moga
powodowac rozwdj lekoopornosci i sprzyja¢ rozwojowi nowotworu (94, 95). Znaczenie
splicing RNA w kontekscie rozwoju opornosci na chemioterapi¢ wykazano dotychczas w
wielu chorobach nowotworowych, np. w przewlektej biataczce szpikowej (96) oraz w raku
piersi (97). Inne zespoty badawcze rowniez wykazaty, ze inhibitory DNMT, takie jak AZA
czy DAC, dzialaja synergistycznie z BTZ oraz posiadajag zdolno§¢ przywracania

wrazliwosci na lek w przypadku wystapienia opornosci (71, 98-102).
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Jak wspomniano we wstegpie, immunoterapia znajduje szerokie zastosowanie w
terapii MM. W kontekscie MM, przeciwciata monoklonalne anty-CD38 (daratumumab,
izatuximab) (54) oraz IMiDs odgrywaja dzi$§ kluczowa rolg.

Podobnie VD oraz VK ze wzglgdu na swoje plejotropowe, w tym
immunomodulujgce dziatania (58) pretendujg dzi$ do miana kluczowych czgsteczek w tzw.
terapii adjuwantowej szpiczaka plazmocytowego. VD 1 VK, ze szczegbdlnym
uwzglednieniem VD, wykazuja wiele tak zwanych ,,nieklasycznych dziatan”, ktore sa
przede wszystkim zwigzane z modulacjg uktadu odpornosciowego (103). Obecno$é
receptora dla VD (ang. vitamin D receptor, VDR) wykazano na licznych komorkach,
zaréwno zdrowych jak i nowotworowych (104). Dlatego hipoteza, ze VD moze wptywaé
na komorki ztosliwe, interferujac w progresje nowotworu, wydaje si¢ uzasadniona.
Rzeczywiscie, istnieje wiele dowodow na to, ze wzrost nowotworu zto§liwego jest podatny
na zahamowanie zwigzane z dziataniem VD. Przykladowo, Fife i wspoipracownicy zbadali
wptyw VD na lini¢ komérkowa ludzkiego raka piersi MDA-MB-435, lini¢ komorkowa
ludzkiego raka prostaty LNCaP oraz lini¢ komorkowa ludzkiego kostniakomigsaka U20S.
W badaniu wykazano, ze VD hamuje proliferacje¢ i indukuje apoptoze we wszystkich trzech
badanych liniach komorkowych (105). Dziatanie przeciwnowotworowe VD nie ogranicza
si¢ jedynie do guzéw litych. Réwniez wykazano jej korzystny wplyw na nowotwory
hematologiczne, w tym MM. Pomimo, ze wigkszo$¢ dotychczas opublikowanych badan
przeprowadzono w warunkach in vitro na liniach komérkowych MM, przyniosty one
obiecujagce 1 zachgcajagce wyniki. Wedtug Buscha i1 wspotpracownikéw utrzymanie
prawidlowego st¢zenia VD u pacjentow ze MM wydaje si¢ mie¢ ogromne znaczenie,
zwlaszcza u chorych leczonych IMiDs. Wspomniani badacze wykazali in vitro, ze VD
odgrywa kluczowa role w przywracaniu
I utrzymywaniu funkcji efektorowych makrofagow, a suplementacja VD w polgczeniu z
IMiDs moze zwickszy¢ skutecznos¢ terapeutyczng przeciwciat anty-CD38 (106). Jak kazde
badanie in vitro, doniesienie to wymaga weryfikacji i oceny skutecznosci w badaniach
klinicznych. VD stosowana samodzielnie oraz w potaczeniu z VK ma zdolno$¢ do
hamowania potencjatu proliferacyjnego komorek MM in vitro (59). Oprocz samej VD
réwniez jej analogi, takie jak EB1089, wykazuja dziatanie cytotoksyczne wzgledem
komorek MM. Co jest istotne, EB1089 nie wywoluje dziatan niepozadanych zwigzanych z
hiperkalcemig (107-109). Stad, majgc na uwadze obiecujgce rezultaty in vitro, istnieje pilna

potrzeba weryfikacji tych rezultatow w warunkach klinicznych.
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W publikacji nr 3 poddano ocenie efekt suplementacji VD i VK na zmiany
epigenetyczne wplywajace na potencjal proliferacyjny komérek MM. W niniejszej
publikacji wykazali§my globalny wzrost poziomu metylacji w komoérkach MM, zar6wno
kontrolnych jak i opornych na BTZ, inkubowanych z sama VD jak réwniez w potaczniu z
VK. Poza globalnymi zmianami w metylomie, zidentyfikowaliémy geny 0 istotnie
zmienionych poziomach metylacji, ktére sg zwigzane z onkogeneza oraz progresja
nowotworow. Na przyktad, w kontrolnych komoérkach MM U266 inkubowanych wytacznie
z VD obserwowano wzrost poziomu metylacji genow NTN1 i MYH10. Geny te biorg udziat
W rozwoju oraz progresji roznych nowotworéw, w tym nowotworéw hematologicznych
(66-68). Podobnie, w komorkach opornych na BTZ zaobserwowali$§my hipermetylacje
genu ARHGAP26, ktory bierze udziat w kancerogenezie oraz progresji ludzkich
nowotworow. Warto jednak nadmieni¢, ze w rdéznych typach nowotwordéw zwigzek
ekspresji ARHGAP26 z onkogeneza lub progresja guza jest odmienny. Na przyklad Qian
i in. wykazali, ze hipermetylacja ARHGAP26 powoduje zmniejszong ekspresje genu, co
moze by¢ wczesnym zdarzeniem w patogenezie AML. Podobne zalezno$ci zaobserwowali
Bojesen i wsp. (110, 111). Z drugiej strony, Li i wspotpracownicy wykazali wzrost ekspresji
ARHGAP26 w raku prostaty (112). W przypadku genu BAMBI, zar6wno jego zmniejszona
jak 1 zwigkszona ekspresja, wigza si¢ z rozwojem i progresja nowotworow (63, 113).
Natomiast, niska ekspresja genu CLEC12B jest zwigzana rozwojem i progresja
nowotworow (64, 65), co rowniez znalazto odzwierciedlenie w naszych wynikach. W
komorkach MM, kontrolnych oraz opornych na BTZ, ekspresja tego genu jest nizsza niz w
komorkach inkubowanych z VD 1 VK.

Podsumowujac, VD oraz VK zmniejszaja potencjal proliferacyjny komorek MM.
Powyzszy efekt jest przynajmniej czgsciowo warunkowany zmianami w metylomie
indukowanymi przez witaminy. Zmiany w poziomie metylacji s3 widoczne w skali catego
genomu, jak roéwniez dotycza gendéw, ktdre sa zwigzane z onkogeneza i progresja

NOWOtwWOrow.

Whioski
1. Modyfikacje epigenetyczne, takie jak zmiany w profilu metylacji, ncRNA oraz
modyfikacje histonow, sg istotnym aspektem mechanizmu dziatania BTZ.
2. Cytotoksyczne wtasciwosci czasteczki BTZ sg przede wszystkim zwigzane z globalnym

spadkiem metylacji w komodrkach nowotworowych eksponowanych na lek.
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Jednoczes$nie, rozwoj oporno$¢ na BTZ jest réwniez zwigzana ze zmianami w

metylomie.

. Zastosowanie inhibitorow metylacji, zwlaszcza AZA, w terapii MM ma podstawy

patofizjologiczne. Po pierwsze, ze wzgledu na dziatanie synergistyczne z BTZ, AZA
moze sta¢ si¢ sktadowa schematoéw leczenia opartych o BTZ. Po drugie, AZA ma
potencjat do resensytyzacji opornych komérek MM na BTZ oraz wykazuje dzialanie
cytotoksyczne wzgledem opornych klondw, co czyni ja potencjalnym kandydatem do

zastosowania w kolejnych liniach leczenia.

. VD oraz VK ze wzgledu na swoje plejotropowne dziatania zwigzane z modulacja

uktadu immunologicznego oraz wptyw na epigenetyke, moga by¢ wkrotce rutynowo

wykorzystywane w ramach tzw. terapii adjuwantowe;.

. Powyzsze, obiecujace spostrzezenia wymagaja dalszej weryfikacji na alternatywnych

liniach komérkowych MM oraz finalnie w modelu badania klinicznego.
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1. Streszczenie w jezyku polskim

Szpiczak plazmocytowy (MM) jest drugim co do czestosci wystgpowania nowotworem
hematologicznym 1 stanowi okolo 10% wszystkich chordéb rozrostowych uktadu

krwiotworczego. Pomimo istotnych postepow w terapii w ostatnich latach, wyniki leczenia MM
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nadal pozostajg niczadowalajgce. Zastosowanie inhibitorow proteasoméw byto jednym z
wazniejszych kamieni milowych w leczeniu choroby. Pierwsza czasteczka, w tej klasie lekow,
byt bortezomib (BTZ). Cytotoksyczne dziatanie BTZ jest wynikiem hamowania proteasomow,
co skutkuje p6zniejsza akumulacjg nieprawidtowo sfaldowanych lub w inny sposéb wadliwych
biatek. Poza gléwnymi mechanizmami dziatania, BTZ indukuje jednoczes$nie rézne zmiany
epigenetyczne w komodrkach docelowych. Co wazne, zmiany epigenetyczne rowniez
posrednicza w opornosci na BTZ. Wystapienie lekoopornos$ci ostatecznie prowadzi do progresji
choroby i wigze si¢ z gorszym rokowaniem.

Dlatego niezwykle istotne jest opracowanie i wdrozenie nowych terapii, w tym takze
adjuwantowych, ktore beda w stanie zadziata¢ prewencyjnie lub przezwycigzy¢ lekoopornosc.
Niektore leki wptywajace na mechanizmy epigenetyczne, takie jak inhibitor metylacji, 5-Aza-
2’ -deoksycytydyna (AZA), dziataja synergicznie z BTZ oraz maja potencjal przywracania
wrazliwosci na lek w opornych komorkach ztosliwych. W pierwszej czesci niniejszej dysertacji
badano wptyw in vitro AZA na potencjat proliferacyjny linii komérkowej MM i rozwdj
oporno$ci na BTZ. Na podstawie analizy mikromacierzy metylacji wykazano, ze zmiany w
profilu metylacji DNA sg powigzane z oporno$cig na BTZ. Ponadto, traktowanie AZA komorek
MM opornych na BTZ doprowadzito do uwrazliwienia tego fenotypu na dziatanie BTZ oraz
wptyneto hamujaco na poziom proliferacji komorek.

Aktualnie BTZ praktycznie nie jest stosowany w monoterapii MM. Zwykle podaje si¢ go
w skojarzeniu z innymi lekami, takimi jak glikokortykosteroidy, leki immunomodulujace oraz
przeciwciala monoklonalne. Czasteczki te biorg udzial w interakcji z ukladem
odpornosciowym, przekierowujac jego funkcje efektorowe do zwalczania komérek MM.
Dlatego terapie adjuwantowe, wspotdziatajace z uktadem odpornosciowym, moga byé
potencjalnie korzystne w terapii MM. Witamina 25(OH)D3 (VD) i K2ZMK7 (VK) wykazuja
wiele tak zwanych ,nieklasycznych” dzialan, m.in. immunomodulujacych oraz
przeciwnowotworowych. W drugiej czgsci pracy zbadano wptyw in vitro VD i VK na zmiany
epigenetyczne zwigzane z potencjalem proliferacyjnym komorek MM i rozwojem opornosci na
BTZ. Uzyskane wyniki wykazaty, ze rozw¢j opornosci komorek MM na BTZ jest zwigzany z
globalnym spadkiem metylacji DNA w poréwnaniu z komoérkami kontrolnymi. Przeciwnie,
zaro6wno kontrolne komorki MM, jak i komorki MM oporne na BTZ, eksponowane na dziatanie
samej VD oraz kombinacji VD i VK, wykazuja globalny wzrost metylacji, co supresyjnie
wplywa na potencjat proliferacyjny komoérek MM.

Podsumowujgc, zarowno AZA, jak i VD oraz VK w warunkach in vitro indukuja

wystepowanie zmian epigenetycznych, ktére hamuja potencjat proliferacyjny zlosliwych
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komorek plazmatycznych, czeSciowo zapobiegaja rozwojowi opornosci na BTZ oraz
uwrazliwiajg fenotyp oporny komoérek MM na dziatanie BTZ. Konieczne sg jednak dalsze
badania ex vivo oraz in vivo, aby uzyskane wyniki mogty stac si¢ podstawa do sformutowania

rekomendacji dotyczacych rutynowego zastosowania AZA oraz terapii adjuwantowej w MM.

2. Streszczenie w jezyku angielskim

Multiple myeloma (MM) is the second most common hematological malignancy and
accounts for approximately 10% of all cancers within hematopoietic system. Despite significant
progress in therapy in recent years, the results of MM treatment remain unsatisfactory. The
introduction of proteasome inhibitors was one of the most important milestones in the treatment
of MM. The first molecule in this class of drugs was bortezomib (BTZ). The cytotoxic effects
of BTZ are the result of proteasome inhibition, which results in the subsequent accumulation
of misfolded or otherwise defective proteins. In addition to its main mechanisms of action, BTZ
simultaneously induces various epigenetic changes in target cells. Importantly, epigenetic
changes also mediate BTZ resistance. Drug resistance eventually leads to disease progression

and is associated with worse clinical outcome.

Therefore, it is crucial to develop and implement new therapies, including adjuvant ones
that will be able to act preventively or overcome drug resistance. Some drugs that affect
epigenetic mechanisms, such as the methylation inhibitor, 5-Aza-2'-deoxycytidine (AZA), act
synergistically with BTZ and have the potential to restore drug sensitivity in resistant malignant
cells. The first part of this dissertation examined the in vitro effect of AZA on the proliferative
potential of the MM cell line and the development of resistance to BTZ. Methylation microarray
analysis showed that changes in the DNA methylation profile are associated with BTZ
resistance. Moreover, AZA treatment of BTZ-resistant MM cells led to sensitization of this

phenotype to BTZ and subsequently reduced its proliferative potential.

Currently, BTZ is practically not used in monotherapy of MM. It is usually administered in
combination with other drugs such as glucocorticoids, immunomodulatory drugs and
monoclonal antibodies. These molecules interact with the immune system, redirecting its
effector functions to combat MM cells. Therefore, adjuvant therapies that interact with the
immune system may be potentially beneficial in the treatment of MM. Vitamin 25(0OH)D3 (VD)
and vitamin K2MK7 (VK) have many so-called "non-classical” actions, including
immunomodulatory and anticancer. In the second part of the study, the in vitro impact of VD

and VK on epigenetic changes related to the proliferative potential of MM cells and the
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development of resistance to BTZ was examined. The obtained results showed that the
development of resistance of MM cells to BTZ is associated with a global decrease in DNA
methylation compared to control cells. In contrast, both control MM cells and BTZ-resistant
MM cells exposed to VD alone and a combination of VD and VK show a global increase in

methylation, which suppresses the proliferative potential of MM cells.

In conclusion, both AZA, VD and VK have the potential to induce in vitro epigenetic
alterations that inhibit the proliferative potential of malignant plasma cells, partially prevent the
development of resistance to BTZ and sensitize the resistant phenotype of MM cells to BTZ.
However, further ex vivo and in vivo studies are necessary so that the obtained results can
become the basis for formulating recommendations regarding the routine use of AZA and

adjuvant therapy in MM.
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Simple Summary: The implantation of proteasome inhibitors was a milestone in the treatment
of multiple myeloma (MM). One such first-in-class molecule was bortezomib (BTZ). Its cytotoxic
effects are exerted through proteasome inhibition and the subsequent accumulation of misfolded
or otherwise defective proteins. In addition to its main mechanisms of action, BTZ elicits various
epigenetic alterations within target cells which are part of its mechanism of action. Importantly,
epigenetic changes also participate in mediating resistance to BTZ. Some epigenetic agents such
as azacitidine act synergically with BTZ or have the potential to restore sensitivity to the drug in
resistant malignant cells. In this paper, we reviewed the epigenetic aspects of BTZ molecular action
with a particular emphasis on drug resistance mechanisms and potential clinical implications.

Abstract: Bortezomib (BTZ) is widely implemented in the treatment of multiple myeloma (MM).
Its main mechanism of action is very well established. BTZ selectively and reversibly inhibits the
26S proteasome. More precisely, it interacts with the chymotryptic site of the 20S proteasome and
therefore inhibits the degradation of proteins. This results in the intracellular accumulation of
misfolded or otherwise defective proteins leading to growth inhibition and apoptosis. As well as
interfering with the ubiquitin-proteasome complex, BTZ elicits various epigenetic alterations which
contribute to its cytotoxic effects as well as to the development of BTZ resistance. In this review, we
summarized the epigenetic alterations elicited by BTZ. We focused on modifications contributing
to the mechanism of action, those mediating drug-resistance development, and epigenetic changes
promoting the occurrence of peripheral neuropathy. In addition, there are therapeutic strategies
which are specifically designed to target epigenetic changes. Herein, we also reviewed epigenetic
agents which might enhance BTZ-related cytotoxicity or restore the sensitivity to BTZ of resistant
clones. Finally, we highlighted putative future perspectives regarding the role of targeting epigenetic
changes in patients exposed to BTZ.

Keywords: bortezomib; proteasome inhibitor; drug resistance; epigenetic; methylation; non-coding RNA

1. Introduction

Proteins are crucial components for maintaining intracellular homeostasis. Their role
is multifaceted, as they participate in numerous, if not all, biological processes in cells.
Due to the complexity of the interactions in which proteins are involved, it is extremely
important to regulate their metabolism, in particular, their synthesis and turnover. Pro-
tein synthesis is closely related to the regulation of translation and the bioavailability of
various RNA molecules [1], whereas protein degradation and turnover are controlled
through the lysosomes or the ubiquitin-proteosome system (UPS). The lysosome-based
degradation pathways involve the degradation of cytoplasmic proteins and damaged
organelles. This process occurs through autophagy, known as the autophagy-lysosomal
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pathway, and the degradation of extracellular proteins through endocytosis, referred to as
the endosome-lysosomal pathway [2]. A particular pathway is the phagocytosis-lysosome
pathway, where the phagosome merges with the lysosome, leading to the degradation of
its contents [3,4]. Lysosomal pathways play a crucial role in breaking down long-lived
proteins, insoluble protein aggregates, entire organelles, macromolecular compounds, and
intracellular microbes (e.g., certain bacteria). This degradation can occur through endocy-
tosis, phagocytosis, or autophagy pathways [5,6]. The UPS consists of proteasome that is
a protease, ubiquitin ligases, and deubiquitinating enzymes (DUBs) [2]. Proteins con-
demned to decay are labeled with a covalently attached polyubiquitin chain and delivered
to the proteasome for degradation. Ubiquitination is catalyzed by specific enzymes called
El (activating enzyme), E2 (conjugating enzyme), and E3 (ubiquitin ligase) [3]. Monoubiqui-
tinated proteins are degraded within lysosomes whilst polyubiquitinated ones are degraded
in the UPS [4,5]. It was demonstrated that at least four ubiquitin molecules are needed
for the proteasome to recognize it as a target protein [3]. Ubiquitylation is reversible. The
removal of the polyubiquitin chain is catalyzed by DUBs [6]. Proteins marked for degrada-
tion are redundant, misfolded, or otherwise damaged (Figure 1A). The 26S proteasome,
in which protein degradation takes place, can be divided into two subcomplexes: the 195
regulatory particle (RP) and the 20S core particle (CP). The function of the RP is to recognize,
unfold, deubiquitylate, and translocate substrates to the CP—the site of proteolysis [7]. The
26S proteasome is crucial for maintaining protein and amino acid homeostasis, serving as
a proteome modulator by degrading regulatory proteins. It plays a vital role in controlling
various cellular processes such as the cell cycle, DNA replication, transcription, signal
transduction, and stress responses [8]. Therefore, interference with the UPS may disturb
cellular metabolism and even induce cell death.
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Figure 1. Proteasome activity without and with the presence of BTZ. (A) Proteasome degrades
polyubiquitinated proteins into oligopeptides. (B) BTZ inhibits the 26S proteasome, leading to
an intracellular accumulation of misfolded or otherwise defective proteins, and subsequent growth
inhibition and apoptosis.
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It was hypothesized that proteasome inhibition may be a promising therapeutic
approach. The first molecule designed to interfere with UPS was bortezomib (BTZ). Next
generation proteasome inhibitors are carfilzomib and ixazomib [9,10]. Although the three
molecules have a different chemical structure, BTZ and ixazomib structurally resemble
each other as they are modified boronic acid derivatives [11,12]. Carfilzomib is a synthetic
tetrapeptide epoxyketone [13]. It should be noted that only ixazomib can be administered
orally [14].

BTZ turned out to be a potent chemotherapeutic agent that selectively and reversibly
binds to the chymotryptic site located in the 20S proteasome, and therefore inhibits the
degradation of ubiquitin-tagged proteins [11]. The blockage of these molecular pathways
hampers protein degradation, leading to an accumulation of misfolded or otherwise de-
fective polypeptides. These series of events ultimately lead to growth inhibition and
apoptosis [15,16] (Figure 1B). BTZ can be administered intravenously or subcutaneously
with the same efficiency. It was demonstrated that subcutaneous administration is as
effective as intravenous. However, it is associated with a limited number of complications
and adverse effects [17]. Once the drug reaches the circulation, it is rapidly removed from
the plasma and distributed to the cellular compartment. The half-life of BTZ elimination is
relatively long and is estimated to exceed 10 h [15]. BTZ undergoes oxidative metabolism
in the liver via the cytochrome P450 complex to inactive deborated metabolites [18,19] and
is excreted both through the kidneys and bile [20]. Despite its potent anticancer activity,
patients treated with BTZ are at risk of developing certain adverse reactions. Multiple
1/2 phase clinical trials have been conducted investigating the safety and feasibility of
BTZ in various indications, with particular emphasis on multiple myeloma (MM). Among
the most frequent adverse reactions were gastrointestinal symptoms, fatigue, thrombo-
cytopenia, neutropenia, and peripheral neuropathy [21-27]. There were no reports of
BTZ cumulative toxicity [28-31]. BTZ alone and in combination with other agents was
tested in both hematologic malignancies [32-34] and solid tumors such as breast, lung, and
ovarian cancer [35-38]. BTZ is currently approved for the treatment of MM and mantle cell
lymphoma [39].

The main mechanism of action of BTZ, i.e., proteasome inhibition, is relatively well de-
scribed. Less is known about the epigenetic alterations that BTZ causes when administered
to the organism. Epigenetics involves modifications in gene expression that are self-directed
and resist explanation solely through changes in the nucleotide sequence [40]. These modi-
fications may arise from external environmental influences or exposure to various factors,
including drugs [41]. There are four main epigenetic mechanisms: DNA methylation,
histone modification, chromatin remodeling, and non-coding RNA (ncRNA) [42]. The
aim of this review is to provide greater insight into the epigenetic alterations induced
by proteasome inhibitors, with particular emphasis on BTZ and its implications in the
mechanism of action, the pathophysiology of adverse events, the development of resistance,
and clinical implications. We decided to focus on BTZ as we have already investigated BTZ-
resistance mechanisms and the role of epigenetic mechanisms in dodging BTZ-induced
cytotoxicity [43—46]. Furthermore, it remains the most widely utilized proteasome inhibitor
globally. Hence, we hypothesized that the vast majority of MM patients worldwide have
been and will continue to be exposed to BTZ in the foreseeable future. Consequently,
a more profound comprehension of the mechanisms of action of BTZ and the development
of BTZ-resistance is of paramount importance. Such understanding may enhance patients’
outcomes, improve prognosis, and contribute to optimizing BTZ-based treatment regimens.

2. Epigenetic Alterations as an Important Part of BTZ’s Mechanism of Action

BTZ’s major mechanism of action, i.e., the inhibition of the 20S proteasome, is very
well established and thoroughly described in the existing literature. However, less is
known about its collateral mechanisms that also contribute to BTZ-related cell death.
Since BTZ is an external stimulus for cells, it can be hypothesized that its presence, in
addition to intracellular protein accumulation, has the proclivity to alter the methylome or
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promote other epigenetic alterations. Liu et al. showed that proteasome inhibition leads to
protein aggregation, particularly affecting the Sp1 protein. Further analysis revealed that
BTZ influences Spl—the zinc finger protein—that transactivates the DNMT1 gene (DNA
methyltransferase) and is functionally regulated by its abundance. By inducing intracellular
protein aggregation, BTZ reduces the levels of Sp1, disrupts its physical interaction with
the NF-kB transcription factor, and consequently prevents the binding of the Sp1/NF-«B
complex to the DNMT1 gene promoter. The abrogation of the Sp1/NF-«B complex by BTZ
causes the transcriptional repression of the DNMT1 gene and the downregulation of the
DNMT1 protein, leading to global DNA hypomethylation [47]. In a study conducted on
mantle cell lymphoma (MCL) cell lines and in a mouse xenograft model, Leshchenko et al.
demonstrated in a genome-wide analysis that BTZ administration causes a global loss of
methylation, including the Noxa gene (a pro-apoptotic member of the Bcl-2 family) [48]. The
Noxa gene is essential for BTZ cytotoxicity and BTZ-induced apoptosis, as Noxa depletion
has been shown to abrogate BTZ efficacy [48,49].

Kikuchi et al. conducted an interesting study in which they demonstrated that hi-
stone deacetylases (HDACs) are critical targets of BTZ. Their results depicted that BTZ
appeared to induce cytotoxicity in MM cells by suppressing HDACs. Furthermore, this
phenomenon was accompanied by histone hyperacetylation, both occurring in a dose- and
time-dependent manner. The most prominent effect was evident in the suppression of
HDACI. Conversely, the overexpression of HDACI rescued MM cells from BTZ-induced
apoptosis [50]. Histone ubiquitylation is a potent epigenetic mechanism regulating gene
expression and DNA damage repair [51]. BTZ has been shown to deplete histone H2B
ubiquitination, triggering various downstream mechanisms that contribute to its cytotoxic
activity [52,53].

3. Epigenetic Aspects of the Resistance to BTZ

Exposure to anticancer agents exerts tremendous environmental pressure on malig-
nant cells and, over the course of time, selects for drug-resistant clones. Due to the fact
that resistance develops as a consequence of an external trigger, such as anticancer treat-
ment, it can be hypothesized that epigenetic alterations contribute, at least partially, to
the development of drug resistance. Recent evidence suggests that this assumption also
applies to BTZ. The proteasome serves as the molecular target for BTZ. Consequently, the
notion that its downregulation could mitigate BTZ’s anti-tumor potential appears reason-
able. This hypothesis was adopted by Tsvetkow and colleagues. They investigated the
correlation between proteasome expression and sensitivity to BTZ, demonstrating that
proteasome suppression, particularly the 19S subunit, was associated with BTZ resistance.
Furthermore, the analysis of the underlying mechanisms revealed, among other factors,
that the downregulation of PSMD5 (the gene encoding one of the 19S subunits) due to
promoter hypermethylation conferred resistance to BTZ [54]. In a neuroblastoma cell
line, we demonstrated that exposure to BTZ elicited alterations in the methylome of cells
that survived the treatment, i.e., cells exhibiting a resistant phenotype. The analysis of
methylation profiles revealed that BTZ induced genome-wide changes in the methylome
of those cells in comparison to both untreated and lenalidomide-treated controls. The
alternations were not limited to CpG islands; in fact, the vast majority, approximately 90%,
did not involve CpG islands. Most of the observed changes in methylation involved the
loss of methylation. It is intriguing, however, that when the analysis is restricted to only
significant changes in methylation, most of the observed alternations in the dataset appear
to involve a loss or gain of methylation at around 50%. This may suggest that only one
allele was affected. Overall, the results indicate that methylation changes may play a major
role in the development of BTZ resistance [43].

In another in vitro study, Hu atal. investigated the relationship between the expression
of CD9, a membrane molecule whose downregulation plays a role in cancer development
and progression, and BTZ sensitivity, with particular emphasis on the epigenetic aspects
of the underlying mechanisms. They demonstrated that BTZ-resistant MM cells exhibited
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significantly lower CD9 expression compared to cells with a sensitive phenotype. Since the
CD9 promoter region includes a CpG island, a further analysis of the methylation profile
was performed. The authors demonstrated an increase in the level of methylation in the
promoter region of U266 and NCI-H929 MM cells with silenced CD9 expression. Moreover,
CD9 expression was significantly induced after treatment with 5-Aza-2-deoxycytidine
(AZA), a methylation inhibitor. In the aftermath, MM cells regained sensitivity to BTZ [55].
The deleted in colorectal cancer gene was shown to be involved in the carcinogenesis
of various neoplasms. Rodrigues-Junior and colleagues investigated the role of DCC in
myelomagenesis. They conducted an in vitro study on three different MM cell lines. The
results showed that the hypermethylation of the promoter was associated with a better
response to BTZ compared to SKO007 and U266, which were characterized by a low degree
of DCC methylation and, consequently, its high expression. They not only demonstrated
the role of DCC in the pathophysiology of MM, but also provided further evidence for the
role of epigenetic changes in the sensitivity and resistance to proteasome inhibitors [56].

4. Targeting Epigenetic Mechanisms Restores Sensitivity to BTZ and Represents
a Promising Therapeutic Strategy

4.1. Methylation Inhibitors Act Synergically with BTZ and Restore Sensitivity to This Compound

The aforementioned studies have shown that BTZ has the potential to induce epige-
netic changes. Alterations in the methylome contribute to BTZ-related cytotoxicity on one
hand and are an important aspect of BTZ’s mechanism of action. On the other hand, they
have been demonstrated to confer BTZ resistance. Therefore, exploring the combination
of BTZ with agents that modulate epigenetic changes may be an intriguing research area
with potential clinical implications. Indeed, such combinations have been studied in vitro
and in vivo. It may be challenging to compose an optimal treatment regimen due to the
complexity of interactions and various treatment escape mechanisms. In order to facilitate
the design of an effective chemotherapy regimen, Rashid et al. developed the quadratic
phenotypic optimization platform (QPOP), a tool to aid in the design of optimal drug
combinations in MM. The application of QPOP to BTZ-resistant MM cell lines identified
drug combinations that collectively optimized treatment efficacy. The QPOP project de-
termined a drug combination countering DNA methylation, with decitabine (DAC) being
one of the selected agents. The results were validated in vivo using a mouse model. DAC
and mitomycin C were demonstrated as a potent drug combination in the treatment of
BTZ-resistant MM [57].

We demonstrated that AZA acts synergically with BTZ, and a combination of AZA
and BTZ exhibited cytotoxic effects against BTZ-resistant U266 MM cells [45]. A similar
effect regarding AZA and BTZ was demonstrated by Li and colleagues [58]. Qi et al.
provided further evidence supporting the effectiveness of the combination of BTZ and
a methylation inhibitor. They conducted an in vitro experiment on bladder cancer cell
lines, demonstrating that BTZ-resistant cells had a low expression of HSPA1A which was
associated with the revealed hypermethylation of the HSPATA promoter. This gene, next
to HSPA1B, encodes heat shock protein 72 (HSP72), or more precisely, various isoforms of
HSP72. The combination of AZA and BTZ restored BTZ sensitivity in previously resistant
bladder cancer cells [59]. Similarly, BTZ and another DNMT inhibitor, decitabine (DAC),
have been shown to act synergically against BTZ-resistant clones both in vitro and in
a xenograft animal model [48]. Another study investigated the effects of DAC alone, BTZ
alone, and DAC combined with BTZ on MM cell viability. The results showed that DAC
alone inhibited the growth of MM cells, while the combination of BTZ and DAC showed
a synergistic effect. The primary molecular anti-MM effects of DAC and BTZ were shown to
be induced by the modulation of the Wnt/3-catenin pathway. These observations were first
established in MM cell lines and subsequently confirmed in a mouse xenograft model [60].
RRx-001 (1-bromoacetyl-3,3-dinitroazetidine) is an innovative epigenetic modulator that
operates differently from classic epigenetic drugs, such as AZA or DAC. It allosterically
modifies hemoglobin and, under hypoxic conditions, catalyzes the conversion of nitrite
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to bioavailable nitric oxide (NO), which accumulates in poorly oxygenated tumors. NO
further generates free radicals and causes oxidative stress. Thus, RRx-001 exerts stress on
malignant cells, leading to the inhibition of DNMT and global hypermethylation, along
with the restoration of tumor suppressor gene function. RRx-001 has been shown to inhibit
growth, induce apoptosis, and overcome BTZ resistance in MM cells [61]. The effectiveness
of methylation inhibition was also confirmed in other studies [62].

Although methylation is typically associated with well-known regulatory regions of
a gene, such as the promoter, it also applies to other areas of the nucleotide sequence. For
instance, Xu and colleagues investigated the role of a relatively novel epigenetic regulatory
mechanism, N®-methyladenosine (m6A), which involves methylation at the N6 position
of adenosine. They showed that fat mass and the obesity-associated protein (FTO), m6A
demethylator, are upregulated in MM, particularly with extramedullary location, and
FTO inhibition was toxic towards MM cells. Moreover, cytotoxicity was significantly en-
hanced when the FTO inhibitor was administered together with BTZ, so the combination of
a proteasome inhibitor and drug interfering with the epigenetic mechanism exerted syner-
gistic anti-MM effects [63]. Similarly, Jia et al. showed that WTAP, a key component of the
m6A methyltransferase complex, was methylated by Protein Arginine Methyltransferase
1 (PRMTT1), and the combination of a PRMTT1 inhibitor and BTZ synergistically inhibited
MM progression [64].

4.2. Therapeutic Interference with Histone Modifications

Histone modifications are another epigenetic mechanism that has been studied in
BTZ-treated MM. Sun and colleagues investigated Nexturastat A (NexA), a selective hi-
stone deacetylase 6 (HDACS) inhibitor. In vitro NexA inhibited the growth and induced
the apoptosis of RPMI-8226 and U266 MM cells, including cells that were resistant to
BTZ. Those results were further confirmed in a mouse xenograft model [65]. Cytogenetic
abnormalities are a hallmark of MM and serve to stratify patient risk and thus predict
prognosis and clinical outcomes to some extent [66,67]. Translocation t(4;14) is relatively
common and is associated with a poor prognosis even in the era of novel anti-MM agents,
including monoclonal antibodies [68]. Jiang and colleagues demonstrated that Aurora
kinase A phosphorylates NSD2 at the S56 residue to enhance NSD2 methyltransferase
activity, conferring resistance to BTZ. A selective Aurora kinase A inhibitor (MLN8237)
presented a prominent synergistic effect with BTZ on MM cells with t(4;14). Interestingly,
such observations were limited to MM cells with t(4;14) translocation. The methylation
of Aurora A and the phosphorylation of histone methyltransferase NSD2 bilaterally form
a positive regulatory loop that promotes BTZ resistance in MM cells. It should be empha-
sized that these observations were further confirmed in an in vivo model [69]. Similarly, Liu
and co-workers demonstrated the overexpression of NSD2 in BTZ-resistant MM cells and
in cells obtained from patients with the t(4;14) translocation. It was found that there was
a significant upregulation of NSD2 resulting in an increase in steroid receptor coactivator-3
(SRC-3). Elevated levels of both SRC-3 and NSD2 were confirmed in BTZ-resistant MM cells,
irrespective of cytogenetic background. Importantly, the SRC-3 inhibitor, SI-2, restored BTZ
sensitivity in vitro and in a xenograft model. Notably, SI-2 promoted bone-lesion recovery
in mice. The study concluded that the histone methyltransferase NSD2 stabilized SRC-3
protein levels, and pharmacological interference with SRC-3 abrogated this interaction,
resynthesizing MM cells to BTZ in both in vitro and in vivo models [70].

The synergic effect of histone deacetylase inhibitors and BTZ is not limited to MM. For
instance, Bollmann and colleagues conducted an important and interesting study in which
they demonstrated that a novel selective histone deacetylase inhibitor, named YAK540,
and BTZ enhance each other’s cytotoxic effects on leukemia cell lines. These effects were
exerted through the increased expression of pro-apoptotic genes, increased p21 expression,
and caspase 3/7-mediated apoptosis [71]. Chidamide is a novel benzamide inhibitor of
HDAC. Xu et al. demonstrated that chidamide repressed autophagy, which, similarly to
UPS, participates in intracellular protein degradation, and synergically with BTZ inhibits
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MM cell growth. They provided compelling evidence that excessive proteotoxic stress
could, atleast in part, explain the underlying molecular effects of chidamide in combination
with BTZ against MM [72]. The bone marrow microenvironment and its interaction with
MM cells plays a vital role in mediating acquired resistance to BTZ, for instance, through
Jaggedl-induced Notch activation in myeloma cells (Jagged] is widely expressed in various
types of cells within the bone marrow MM niche) [73]. In the context of overcoming bone
marrow microenvironment-dependent BTZ resistance through epigenetic mechanisms,
Sripayap et al. showed that the HDAC inhibitor Romidepsin can counteract cell adhesion-
mediated drug resistance [74].

5. The Role of Non-Coding RNAs

In addition to DNA methylation, non-coding RNAs such as mi-RNA or long non-
coding RNA (IncRNA) serve as potent epigenetic regulators of gene expression and protein
synthesis. Related processes were also investigated regarding the BTZ’s mechanism of
action and the development of resistance to this compound. Non-coding RNAs mediate
BTZ-induced cytotoxicity and while this area is not entirely elucidated, several underlying
mechanisms have been identified. For example, following BTZ exposure, the transcrip-
tion factor CEBPD is activated, which triggers the transcriptional activation of miR-744,
miR-3154, and miR-3162. These miRNAs form a complex with Ago2 and move into
the nucleus to target their complementary DNA sequence-binding sites on the promoter
regions of four important genes—CEBPD, PRKDC, MCM4, and UBE2V2. The initiator
miRNAs/Ago2 complex interacts with YY1 and recruits the epigenetic regulators, the PcG
complex/DNMTS, to silence the four gene loci, including CEBPD itself. The inactivation of
these potent oncogenes, PRKDC, MCM4, and UBE2V?2, causes leukemic cell death through
epigenetic silencing mediated by CEBPD-responsive miRNA [75]. Another non-coding
RNA being investigated is circ_0007841. First, its overexpression was established in MM
compared to healthy controls. In addition, patients with a low expression of circ_0007841
had a higher survival rate compared to those with high circ_0007841 levels. Subsequently,
circ_0007841 depletion was shown to impede MM cell proliferation and promote apoptosis.
The knock out of circ_0007841 reduced the BTZ resistance of MM cells in vitro and MM
growth in a mouse xenograft model. Hence, it can be hypothesized that the overexpression
of circ_0007841 confers, at least to some extent, resistance to BTZ [76].

Another non-coding RNA being investigated in MM is miR-29b. It has been shown
to inhibit DNMT and thus reduce global DNA methylation in MM cells [77]. Moreover,
miR-29b was demonstrated to impede MM cell migration [78]. Of particular interest
regarding MM treatment, miR-29b was upregulated by BTZ and was involved in BTZ-
related cytotoxicity [79]. Therefore, molecules mimicking miR-29b or its analogues may
represent a potential novel therapeutic approach in the treatment of MM. Pan et al. showed
that IncRNA H19 mediates BTZ resistance in MM cell lines and promotes tumor growth
in vivo. First, they showed that IncRNA is highly expressed in the serum of BTZ-resistant
patients [80]. Subsequently, they conducted another study to elucidate the underlying
mechanisms. They found that BTZ resistance is mediated by IncRNA H19 through the
overexpression of MLC-1, an anti-apoptotic protein belonging to the Bcl-2 family. To be
more specific, IncRNA H19 interacts with miR-29b-3p, a physiological regulator of MLC-1
expression. The interaction between H19 and miR-29b-3p upregulates MLC-1, enhancing
its anti-apoptotic properties and thus promoting BTZ resistance [81]. The role of miR-29b
in pathogenesis was also highlighted by Fu et al. The authors demonstrated that IncRNA
myocardial infarction-associated transcripts (MIATs) were highly expressed in patients
with MM and interacted with miR-29b to negatively regulate its expression. Moreover,
experimental evidence demonstrated that MIATs increased BTZ resistance in MM cells by
targeting miR-29b [82].

Qin et al. showed that miR-137 is epigenetically silenced by promoter methylation in
MM, and the entire process is reversible after using AZA. What is particularly interesting
is that the overexpression of miR-137 sensitized cells to BTZ (in vitro and in a murine
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xenograft model) and overcame chromosomal instability [83]. Wu et al. demonstrated
miR145-3p to be downregulated in MM patients compared to healthy donors. Moreover,
its expression was correlated with markers of disease progression. The researchers further
demonstrated that induced miR145-3p expression inhibited cell proliferation and promoted
apoptosis in MM cells by inducing autophagy. The underlying mechanism was associated
with HDAC4 inhibition. Importantly, the upregulation of miR-145-3p enhanced the anti-
MM activity of BTZ. The latter has also been demonstrated in a mouse xenograft model [84].
Consistent with the results obtained by Nian and colleagues, IncRNA ANGPTL1-3 expres-
sion was correlated with MM International Staging System (ISS) and OS. Furthermore, they
demonstrated that this molecule mediates resistance to BTZ via interaction with miR-30a-3p
and the transcription factor c-Maf [85]. Other non-coding RNAs that have been proven
to mediate BTZ resistance are circ-CCT3 by modulating the miR-223-3p /BRD4 axis [86],
miR-214-3p, miR-5100 [87], and several others [88-93].

Moreover, Malek et al. identified an entire panel of deregulated IncRN As mediating
acquired resistance to three different clinically relevant proteasome inhibitors, i.e., BTZ,
carfilzomib, and ixazomib in MM [94]. Additionally, the knockdown of IncRNA PCAT-1
inhibits myeloma cell growth and enhances sensitivity to BTZ [95]. Conversely, some
non-coding RNAs such as miR-197-3p [96], miR-631 [97], miR-497 [98], miR-155 [99], and
miR-200c [100] have been shown to reduce BTZ resistance. Another particular aspect is
the synergistic interference with proteasome function and autophagy, enhancing BTZ’s
anti-MM properties. For example, non-coding RNAs, including IncRNA MEG3, have
demonstrated the ability to influence autophagy, thus acting synergistically with BTZ
to promote sensitivity in MM [101]. A similar observation regarding the inhibition of
autophagy by chidamide was mentioned above, further suggesting the importance of this
finding [72]. In addition, Jagannathan et al. showed that concomitant interference with
proteasome and autophagosome through miR-29b replacement enhances the anti-MM
effect of BTZ [102].

All of the above-mentioned molecules and mechanisms involved in mediating BTZ
resistance or enhancing its cytotoxic effects against MM (Figure 2) are highly significant,
given their possible clinical implications and targetability. This could potentially translate
into therapeutic strategies in the future.

Bortezomib

LN

Alterations in

Histone Modification DNA Methylation Non-coding RNA
TH'l'I"n}"
n‘“Prrrrr

Figure 2. Epigenetic alterations elicited by BTZ. In addition to proteasome inhibition, BTZ exerts
its cytotoxic effects through histone modifications, alterations in DNA methylation (mainly, loss of
methylation), and non-coding RNs. Similar epigenetic alterations contribute to the development of
resistance to this compound.
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6. Peripheral Neuropathy

In addition to contributing to the development of BTZ resistance, epigenetic alterations
may play a role in the pathogenesis of its adverse reactions. Luczkowska et al. investigated
the pathophysiology of BTZ-induced peripheral neuropathy. As neuropathic symptoms
may partially resolve upon discontinuation of BTZ, the researchers hypothesized that
epigenetic changes may, at least in part, mediate the development of peripheral neuropa-
thy. First, they demonstrated that BTZ induces global hypomethylation in neuronal cells.
Interestingly, their results revealed an increase in methylation at a particular subset of
CpG sites. Nevertheless, they were present outside the CGI and gene regulatory regions.
Further GSEA analysis revealed that these changes appeared to affect genes involved in
morphogenesis, neurogenesis, and neurotransmission. Moreover, the identified methy-
lation changes are significantly enriched within the binding sites of transcription factors,
including EBF, PAX, DLX, LHX, and HNF family members. The study concluded that
alterations in the methylome are likely to be involved in BTZ-mediated neurotoxicity [44].

In addition to alterations in the methylome, the researchers investigated other epige-
netic alterations putatively being involved in BTZ-induced peripheral neuropathy. The
obtained results showed a decrease in global histone H3 acetylation. Furthermore, miR-
6810-5p has been shown to interfere with the MSN, FOXM1, TSPAN9, and SLC1A5 genes,
which are involved in neuroprotective processes, neuronal differentiation, and signal trans-
duction [103]. Zheng and colleagues demonstrated that the activation of GATA-binding
protein 3 (GATA3) mediated the epigenetic upregulation of CCL21 in dorsal horn neurons,
which contributed to BTZ-induced neuropathic pain. More precisely, BTZ induced his-
tone hyperacetylation in the CCL21 gene promoter via GATAS signaling [104]. The role
of histone hyperacetylation in BTZ-induced allodynia was also observed by Chen and
colleagues [105] and Liu and co-workers [106]. Similarly, the overexpression of the histone
demethylase KDM6A has been shown to participate in BTZ-induced neuropathic pain [107].
Parallel observations regarding the contribution of epigenetic alterations in the pathophys-
iology of peripheral neuropathy development were made by Liu and colleagues [108].
Furthermore, the analysis of patients with BTZ-induced peripheral neuropathy revealed
increased plasma levels of various miRNAs. miR-22-3p, miR-23a-3p, and miR-24-3p have
been identified as potential biomarkers of peripheral neuropathy [109].

BTZ-induced peripheral neuropathy has a multifactorial pathogenesis. Several mecha-
nisms were postulated, including inflammatory background [110]. Nonetheless, the above
studies depicted a complex interplay between various epigenetic and genetic mechanisms.
The hypothesis of the involvement of epigenetic changes in the development of BTZ-
induced peripheral neuropathy seems to be convincingly confirmed, yet it needs to be
further investigated. It should be emphasized, however, that the development of this
complication is also, most likely to a large extent, influenced by other factors.

7. Clinical Implications

In addition to in vitro studies, the significance of epigenetic changes in clinical settings
has been investigated. For instance, De Larrea et al. researched the clinical implications of
alterations in the methylome in MM. They analyzed the methylation profile of seventy-five
MM patients treated with BTZ-based regimens. Bone marrow samples were obtained
at the time of relapse. Global methylation was determined using ELISA and the CpG
island DNA methylation profile of 30 genes using a PCR system. The results showed
that MM patients with more than 3.95% of total DNA methylated achieved better overall
survival (OS) than patients with more unmethylated DNA (median 30 versus 15 months,
p = 0.004). Then, the methylation level of individual genes was analyzed. The results
showed that a methylation status lower than 3.97% in CXCR4 was correlated with longer
progression-free survival (PFS) after BTZ treatment. Subsequently, cluster analysis of all
thirty genes was conducted. It was demonstrated that NFKBI was the only gene associated
with a differential profile to BTZ, showing that responders to the treatment exhibited
a lower methylation status (p = 0.029). A low percentage of methylation (less than 1.07%)
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in this gene was also associated with longer overall survival (OS) after BTZ exposure. The
study concluded that the combination of relatively low levels of global genome methylation
(<3.95%) and higher levels of NFKBI methylation (>1.07%) identified a specific subset of
patients with extremely short OS [111].

Szudy-Szczyrek et al. investigated the predictive and prognostic value of miR-8074
expression in MM patients. They analyzed 105 patients with newly diagnosed MM treated
with thalidomide (THD) (n = 27), BTZ (n = 41), and both BTZ and THD (n = 37). The
obtained results showed that a high expression of miR-8074 was associated with a worse
clinical outcome, more precisely with a higher risk of death (HR = 4.12, 95% CI: 2.20-7.70;
p = 0.0009) and with a significant reduction of PFS. This renders miR-8074 a useful tool for
predicting the prognosis for MM patients [112]. Another non-coding RNA associated with
clinical outcomes is miR-137. It was demonstrated that the expression of this molecule is
negatively correlated with PFS and OS [83].

As mentioned in the sections above, there is ample evidence that epigenetic alterations
contribute to the development of BTZ resistance. Furthermore, targeting epigenetic mecha-
nisms either resynthesized cells to BTZ or exhibited a synergistic effect with the drug. In
addition, changes in methylome influenced prognosis.

Therefore, it seems reasonable to conduct a clinical trial examining the combination
of BTZ and a molecule influencing epigenetic mechanisms. Panobinostat, a first-in-class
pandeacetylase inhibitor (DACi), is a molecule interfering with epigenetic mechanisms.
More specifically, it prevents deacetylation, a process involved in epigenetic regulation [113].
It was demonstrated that panobinostat is a viable therapeutic option for MM patients.
Results from PANORAMA1, a multicenter, randomized, double-blind, placebo-controlled,
phase 3 trial, demonstrated that patients treated with the combination of panobinostat, BTZ,
and dexamethasone (PAN-BTZ-Dex) benefited in terms of OS compared to placebo (BTZ
and dexamethasone alone) [114]. Therefore, the inhibition of a proteasome and interference
with epigenetic alterations exert synergistic anti-MM effects. A subgroup analysis included
patients who had received a prior immunomodulatory drug (IMiD) or BTZ plus IMiD or
>2 prior regimens including BTZ and IMiD. This analysis demonstrated a clear benefit
in terms of PFS with PAN-BTZ-Dex among patients who had received >2 prior regimens
containing BTZ and IMiD, a subgroup of patients with limited therapeutic options and
a worse prognosis [115]. Studies conducted in a clinical setting are summarized in Table 1.

Table 1. Clinical implications of epigenetic alterations in MM treated with BTZ-based regimens.

miR-137 increases sensitivity to BTZ whilst the low

Qin et al. [83] expression of miR-137 is associated with shorter OS
and PFS.
The hypomethylation of NFKBI is associated with good
De Larrea et al. [111] response to BTZ and better OS. More than 3.95% of total

methylated DNA correlates with better OS.

The high expression of miR-8074 is associated with
Szudy-Szczyrek etal. [112] a higher risk of death and shorter PFS in MM exposed to
BTZ and THD.

The combination of Panobinostat (epigenetic drug) with
BTZ and dexamethasone is an effective
treatment regimen.

San-Miguel et al. [113,114];
Richardson etal. [115]

8. Conclusions

The implementation of BTZ, a first-in-class proteasome inhibitor, was a gamechanger
in the treatment of MM. It not only improved the clinical outcomes of MM patients, but also
laid the foundation for the further development of next-generation molecules, i.e., carfil-
zomib and ixazomib. In addition to proteasome inhibition, the effects of BTZ are closely
related to epigenetic changes. First, BTZ cytotoxic effects are mediated, among others,
through a global decrease in methylation in target malignant cells. Therefore, hypomethy-
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lation is a vital aspect of BTZ’s mechanism of action. Furthermore, the development of BTZ
resistance is also associated with changes in the methylome. In addition, drugs interfering
with epigenetic mechanisms, such as AZA or DAC, have been shown to be effective in
two different ways. In the first place, it should be mentioned that they have been demon-
strated to restore the BTZ sensitivity of BTZ-resistant malignant clones. Moreover, in
combination with BTZ, they have a synergistic effect on cells previously not exposed to
the proteasome inhibitor. Finally, epigenetic alterations contribute to the development of
BTZ adverse effects, such as drug-induced peripheral neuropathy. In addition to various
changes in global methylation status, the role of non-coding RNA and histone modifica-
tions, particularly in patients with certain cytogenetic abnormalities, is still a subject of
ongoing research.

It should be noted that majority of studies were conducted in vitro. Therefore, it is of
a paramount importance to further explore this area in a clinical setting. This approach
would lead to clinically relevant results that could improve patient outcomes.

9. Future Perspectives

BTZ induces genome-wide methylation changes, which, on one hand, are part of its
mechanism of action. On the other hand, they mediate the development of BTZ resistance.
The reversibility of methylation changes renders them an interesting research area and
a potential therapeutic strategy. Methylation inhibitors have already been shown to act
synergistically with BTZ and counteract BTZ resistance when administered to resistant
clones. However, there are aspects of epigenetic alterations that need to be further explored.
There are novel molecules with a dual mechanism of action, targeting two different epige-
netic modifications. They inhibit G9% and DNMT simultaneously. Their efficacy has been
confirmed in the treatment of solid tumors such as cholangiocarcinoma and hepatocellular
carcinoma [113,114] and several hematologic malignancies, be it acute myeloid leukemia
(AML), acute lymphoblastic leukemia (ALL), or diffuse large B-cell lymphoma (DLBCL),
both in cell lines and in mouse xenograft models [115]. A similar molecule that, in addition
to inhibiting G9% and DNMT, also interfered with histone deacetylases was tested in MM.
The results revealed that the anti-MM effects were achieved through histone-3 acetyla-
tion, DNA hypomethylation, and decreased histone-3 methylation at lysine-9. Efficacy
was confirmed first in MM cell lines and subsequently in a mouse xenograft model [116].
Despite promising results, these molecules have not been tested in combination with other
drugs. The combination of epigenetic agents with BTZ may be investigated due to the fact
that both BTZ cytotoxicity and the development of resistance are largely dependent on
epigenetic changes, which renders this an interesting research direction.
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Abstract: Multiple myeloma (MM) is a plasma cell malignancy that accounts for 1% of all cancers and
is the second-most-common hematological neoplasm. Bortezomib (BTZ) is a proteasome inhibitor
widely implemented in the treatment of MM alone or in combination with other agents. The develop-
ment of resistance to chemotherapy is one of the greatest challenges of modern oncology. Therefore,
it is crucial to discover and implement new adjuvant therapies that can bypass therapeutic resistance.
In this paper, we investigated the in vitro effect of methylation inhibitor 5-Aza-2'-deoxycytidine on
the proliferative potential of MM cells and the development of resistance to BTZ. We demonstrate
that alterations in the DNA methylation profile are associated with BTZ resistance. Moreover, the
addition of methylation inhibitor 5-Aza-2'-deoxycytidine to BTZ-resistant MM cells led to a reduc-
tion in the proliferation of the BTZ-resistant phenotype, resulting in the restoration of sensitivity
to BTZ. However, further in vitro and ex vivo studies are required before adjuvant therapy can be
incorporated into existing treatment regimens.

Keywords: multiple myeloma; bortezomib; resistance; methylation inhibitor; 5-Aza-2'-deoxycytidine

1. Introduction

Multiple myeloma (MM) is the second-most-common hematological malignancy, with
a complex and multifaceted pathogenesis. MM affects a significant number of people
worldwide, with an age-standardized rate of 1.78 per 100,000 individuals in 2020 [1]. It par-
ticularly affects patients over 65 years of age but may also occur in younger individuals [2].
The severity of this medical condition is significant, but progress in pharmacotherapy and
a profound comprehension of molecular mechanisms have improved the overall progno-
sis and survival. B lymphocytes transformed into antibody-producing plasma cells are
involved in the pathogenesis of MM. Pathologically altered plasma cells have a proclivity
for monoclonal, irreversible, and uncontrolled proliferation. This leads to the destruction
and impaired functioning of bone marrow and even end-stage organ damage [3]. A com-
plex array of genetic and epigenetic changes, chromosomal aberrations, and angiogenesis
disorders plays a crucial role in the pathogenesis of MM. Cytogenetic abnormalities such
as del(17p), t(4;14), t(14;16), t(14;20), 1q gain, and p53 are associated with poor prognosis
and high-risk MM [4]. Radiation and exposure to certain chemical substances, i.e., asbestos
or benzene, are considered risk factors for MM [5]. MM develops from a premalignant
condition known as monoclonal gammopathy of undetermined significance (MGUS) or
smoldering myeloma (SMM). MGUS is mostly asymptomatic, discovered accidentally,
and manifests itself especially in laboratory tests. MGUS progresses to MM with a risk
of 1% per year. SMM is a transitional stage between MGUS and MM, with a 10% risk of
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progression per year [6-9]. MM patients mainly present with fatigue and bone pain. About
75% of patients suffer from anemia, which contributes to fatigue, and about 80% exhibit
osteolytic changes in the skeleton. Although pathognomonic, hypercalcemia (15%) and
renal failure (20%) are slightly less common [10]. The treatment of MM continues to be a
challenge for hematologists. Despite significant progress in the pharmacotherapy of MM,
which has resulted in prolonged survival, the vast majority of patients experience a relapse
of the disease and cannot be cured. The most acclaimed drugs used in the treatment of
MM patients are alkylating agents (melphalan and cyclophosphamide), corticosteroids,
immunomodulatory drugs (IMiDs (thalidomide, lenalidomide, pomalidomide)), and pro-
teasome inhibitors (bortezomib, carfilzomib, and ixazomib) [11]. Bortezomib (BTZ) is a
first-generation proteasome inhibitor and a highly effective agent against MM [12]. BTZ
inhibits the ubiquitin-proteasome catalytic pathway in cells by directly binding to the 20S
proteasome complex [13]. Such interference leads to the accumulation of misfolded and
otherwise defective proteins and induces MM cell death [14,15]. Despite the satisfactory
effects of BTZ therapy, many patients acquire resistance. The development of resistance is
often associated with disease relapse. Several mechanisms contribute to therapy failure,
such as abnormal drug transport, activation of detoxification systems, changes in drug
targets, cell cycle or apoptosis dominance, and the distortion of signaling pathways [16].
The abovementioned factors lead to increased BTZ excretion, interfere with the formation
of the BTZ-proteasome complex and impair the therapeutic response. The development of
resistance to BTZ is the basis for the search for new therapeutic targets or mechanisms to
suppress resistance.

Epigenetics deals with mechanisms regulating gene expression that do not result
from changes in the DNA sequence. It includes DNA methylation, histone modifications,
chromatin-regulating proteins in cells, and non-coding RNA [16-18]. There are several
studies reporting methylation changes associated with chemotherapy resistance in solid
tumors. For example, the hypermethylated TGBI promoter in breast cancer is associated
with trastuzumab resistance in HER2+ patients [19]. Alterations in methylome were
shown to mediate resistance to IMiDs in MM. Cereblon (CRBN) enhancer methylation
inhibits CRBN expression, which confers resistance to IMiDs. Moreover, in in vitro studies
investigating DNA methyltransferase inhibitors (DNTMis), sensitization to lenalidomide
treatment was demonstrated in two MM cell lines [20]. DNMT inhibitors are becoming
increasingly attractive therapeutic agents. Azacytidine (AZA) and decitabine are the most
successful epigenetic drugs used in in vitro studies of MM therapy [21].

We also investigated the role of epigenetic alterations in the development of BTZ
resistance. In one of our previous studies, we established a BTZ-resistant neuroblastoma
cell line. Subsequently, we analyzed the methylome of both resistant and sensitive cells
and demonstrated that changes in the methylation profile contribute to the development
of resistance to this compound [22]. Similarly, in another study, we focused on MM cell
lines. First, we established the BTZ-resistant U266 MM cell line (cells were cocultured with
BTZ; three repeated treatments were required to obtain the BTZ-resistant phenotype); then,
implementing next-generation sequencing, we investigated the mechanisms underlying the
development of BTZ resistance. In parallel, we demonstrated the contribution of oxidative
phosphorylation and the role of SNORD-family genes that mediate epigenetic changes.
Moreover, we showed that vitamins D and K act synergically with BTZ [23]. Therefore,
we hypothesized that, first, changes in methylome mediate resistance to BIZ and, second,
epigenetic agents such as AZA may act synergistically with BTZ and even restore sensitivity
to this compound.

The aim of this study was to investigate alterations in methylome affecting the pro-
liferative potential of MM cells associated with the development of resistance to BTZ. In
our research, we focused on methylation, which is crucial for the gene regulation process,
including both activation and suppression [24]. It is worth emphasizing that methylation
is a reversible process and serves as a starting point in therapy. The hypermethylation of
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gene promoters may result in the suppression of individual genes, potentially causing the
development of multidrug resistance (MDR) [25].

It has been shown several times that resistance to BTZ results from epigenetic alter-
ations, among other causes [23,26]. Therefore, we investigated the impact of changes in
the DNA methylation profile on the development of this phenotype. Furthermore, we
examined the effect of a methylation inhibitor on the proliferative potential of BT Z-resistant
MM cells.

2. Results
2.1. Proliferation Assay

Analysis of the proliferation results showed a fully BTZ-resistant phenotype after the
third treatment of U266 cells. BTZ-resistant cells showed a similar proliferation rate to that
of control cells; therefore, we can consider them resistant to BTZ (control = 506.3, SD =+ 28.4;
BTZ =486.03, SD =+ 52.8) (Figure 1). U266 cells were treated simultaneously with BTZ and
the methylation inhibitor to examine whether its use would inhibit the development of
a resistant phenotype. The obtained results clearly show a decrease in proliferation with
increasing dose of the methylation inhibitor. After the first treatment, when the phenotype
of U266 cells was not yet resistant to BTZ, the differences in the degree of proliferation
reached several percent when comparing different doses of 5-Aza-2'-deoxycytidine to each
other. However, the lowest level of proliferation was already observed at the highest dose
of 5-Aza-2'-deoxycytidine. After the second treatment, a decreasing level of proliferation
was clearly observed after the use of 5-Aza-2"-deoxycytidine in relation to both control cells
and cells treated with BTZ alone. Additionally, a dose of 5-Aza-2'-deoxycytidine 1000 nM
most effectively slowed down cell proliferation. Proliferation on day 10 was 62.2% lower
compared to proliferation at the remaining doses.

Three treatments of myeloma cells with 5-Aza-2'-deoxycytidine at a dose of 1000 nM
reduced the proliferation of BTZ-resistant cells by approximately 72% (p < 0.0004) (Figure 1).
Based on the obtained results, a dose of 1000 nM 5-Aza-2'-deoxycytidine was selected for
further procedures.

2.2. Effect of a Methylation Inhibitor on the Development of BTZ Resistance in U266
Myeloma Cells

Methylation analysis provided data immediately after the second (BTZ_m_i_2 and
BTZ_2) and third (BTZ_m_i_3 and BTZ_3) treatments of U266 cells. In addition, we per-
formed an analysis 10 days after the third treatment (BTZ_m_i_10d_3) (nothing was added
to the medium at that time) to demonstrate whether the resulting changes in methylation
levels were permanent and transmitted to daughter cells despite treatment discontinuation.
No significant changes in the methylation profile were observed after the first treatment. A
detailed analysis of the methylation profile is presented below.

2.3. Results of DNA Methylation Profile Analysis Obtained after Two Treatments

Bioinformatics analysis showed 301 sites (299 hypomethylated and 2 hypermethylated)
with altered methylation in myeloma cells treated twice with BTZ and a methylation
inhibitor compared to cells treated twice with BTZ alone (Figure 2A). The beta delta values
shown in the graphs were obtained by calculating the ratio of the normalized fluorescence
intensity values of the probe between the methylated and unmethylated signals (0 = fully
unmethylated; 1 = fully methylated). The distribution of methylation changes is shown
on each chromosome separately in Figure 2A. Hypermethylation was only observed on
chromosomes 4 and 11.
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Figure 1. Graphs showing the level of proliferation of U266 cells after each treatment with BTZ
and/or a methylation inhibitor (BTZ_m i). Data were not normally distributed; therefore, differences
between the groups were analyzed with a Kruskal-Wallis test followed by a post-hoc Dunn test with
Bonferroni correction for multiple testing. p < 0.05 was considered statistically significant; * p < 0.05,
**p <0.01, ** p <0.001.
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Figure 2. Graphs showing the DNA methylation profile of U266 myeloma cells after two (A) and
three (B) simultaneous treatments with BTZ and a methylation inhibitor (BTZ_m_i) compared to
cells treated with BTZ alone (BTZ). In addition, (C) shows the DNA methylation profile 10 days after
the last treatment. Circular charts show differences in methylation levels in BTZ- and methylation-
inhibitor-treated U266 cells relative to cells treated with BTZ (p < 0.05). In each section, the distribution
of DNA methylation changes on individual chromosomes is presented (orange indicates hypomethy-
lation, and green hypermethylation; p < 0.05). BTZ—bortezomib; BTZ_2—bortezomib, second
treatment; BTZ_m_i—bortezomib and methylation inhibitor; BTZ_m_i_2—bortezomib and methy-

lation inhibitor, second treatment; BTZ_3—bortezomib, third treatment; BTZ_m_i_3—bortezomib

and methylation inhibitor, third treatment; BTZ_m_i_10d_3—bortezomib and methylation inhibitor
10 days after third treatment.

Moreover, bioinformatics analysis showed 2996 sites with altered methylation (only
hypomethylated) in myeloma cells treated three times with BTZ and a methylation inhibitor
compared to cells treated three times with BTZ alone (Figure 2B). The number of changes
in the methylation level increased by almost 10-fold after the third treatment compared
to the results obtained after the second treatment (second treatment: 301 changed sites vs.
third treatment: 2996 changed sites).

Changes in methylation after double treatment of U266 cells with BTZ (BTZ_2) or
BTZ and a methylation inhibitor (BTZ_m_i_2) in selected genes are shown in the heat
map (Figure 3). The most interesting changes in methylation from the point of view
of resistance development were observed in the following genes: FBXW?7, ORAI3, and
TBC1D16. It is also worth mentioning genes that regulate proliferation processes (ZD-
HHCS5) and epigenetic modifications (KDM2B), as well as those that act as a transcription
factor (COMMD3). The observed changes in these genes may significantly influence the
development of resistance to BTZ.

Gene set enrichment analysis (GSEA) performed after double treatment of U266 cells
with BTZ and a methylation inhibitor compared to cells treated twice with BTZ alone
showed process changes correlated only with hypomethylation (Figure 4). GSEA allowed
for the isolation of 20 statistically significant processes whose genes showed reduced
methylation levels in cells treated with BTZ and a methylation inhibitor compared to cells
treated with BTZ alone. The most interesting, statistically significant processes (p < 0.05)
seem to be RNA splicing and epigenetic alterations, such as histone deacetylation, protein
deacetylation, regulation of histone modification, and histone deacetylation, which are
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important in considering the impact of epigenetic modifications on the development of
BTZ resistance.
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Figure 3. Heat map showing beta values representing the methylation level of selected genes in
cells treated twice with BTZ (BTZ_2) and with BTZ and a methylation inhibitor (BTZ_m_i_2). Beta
values of “1” indicate full methylation (red), and “0” indicates no methylation (blue) (p < 0.05). Gene
symbols and methylation sites are marked on the heat map. The heatmap results were visualized
using R library ComplexHeatmap. Island—CpG island; 5UTR—5' untranslated region; shore—the
2 kb sequences directly up- and downstream of CpG islands; shelf—the 2 kb sequences directly
adjacent to the shore; opensea—outside of the shelf region.

2.4. Results of DNA Methylation Profile Analysis Obtained after Three Treatments

Bioinformatics analysis showed 2996 sites with altered methylation (only hypomethy-
lated) in myeloma cells treated three times with BTZ and a methylation inhibitor compared
to cells treated three times with BTZ alone (Figure 2B). The number of changes in the
methylation level increased by almost 10-fold after the third treatment compared to the
results obtained after the second treatment (second treatment: 301 changed sites vs. third
treatment: 2996 changed sites).

Analysis of changes in methylation levels in individual genes after three treatments
with BTZ and a methylation inhibitor relative to cells treated with BTZ alone showed
hypomethylation of the following genes: MIR21, PRC1, AKAP13, and ORAI3 (Figure 5),
which are directly related to the development of drug resistance.

GSEA performed after the third treatment of U266 cells with BTZ and a methylation
inhibitor compared to cells treated three times with BTZ alone showed process changes
correlated only with hypomethylation (p < 0.05) (Figure 6). The process of RNA splicing
plays a very important role in the development of drug resistance. The formation of
abnormal splice variants or splicing machinery disorders may cause the development of
drug resistance and promote the development of cancer [27]. This process deepens with
subsequent treatments (second-treatment NES = —1.78 p = 3.4 x 10~1%; third-treatment
NES = —2.37; p = 8.2 x 10723 (Figures 4 and 6). Other processes that drew our attention
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during the GSEA analysis concern DNA damage and repair processes. These processes
participate in the development of resistance through the DNA modifications, which allow
cancer cells to survive in environments with high levels of genotoxic stress provided by
the therapy [28,29]. These biological processes were also identified 10 days after the last
treatment, confirming both the importance of these changes in the process of BTZ resistance
development and their persistence and transmission to daughter cells.
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Figure 4. GSEA shows NES (normalized enrichment score) values indicating changes in DNA
methylation in genes involved in the regulation of the listed biological processes in U266 cells treated
twice with BTZ and a methylation inhibitor compared to cells treated twice with BTZ alone. Red
indicates hypomethylation, and green indicates hypermethylation.
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Figure 5. Heat map showing beta values representing the methylation levels of selected genes in cells
treated three times with BTZ (BTZ_3) or BTZ and a methylation inhibitor (BTZ_m_i_3). Beta values of
“1” indicate full methylation (red), and “0” indicates no methylation (blue) (p < 0.05). Gene symbols
and methylation sites are marked on the heat map. The heatmap results were visualized using R
library ComplexHeatmap). Island—CpG island; 5'UTR—5' untranslated region; shore—the 2 kb
sequences directly up- and downstream of CpG islands; shelf—the 2 kb sequences directly adjacent
to the shore; opensea—outside of the shelf region.

2.5. Results of DNA Methylation Profile Analysis Obtained 10 Days after the Third Treatment

Three 24 h treatments of cells with BTZ and a methylation inhibitor induced permanent
changes in a large number of genes, especially in the case of genes responsible for the
development of resistance, such as FBXW7, ORAI3, MIR21, and PRC1 (Figures 7 and 8).
Analysis of the data presented in Figure 7, which shows the beta values of the selected
genes immediately after the third treatment and 10 days later, showed comparable levels
of methylation at both time points. In addition, a bioinformatics analysis was performed
comparing the results of the DNA methylation level immediately after three treatments
(BTZ_m_i) vs. 10 days later (BTZ_m_i_10days). The analysis did not show significant
changes in DNA methylation. This confirms that the induced changes in DNA methylation
are permanent and transmitted to daughter cells despite the withdrawal of factors. There
was no enrichment in methylation according to GSEA analysis (Figure 9).

Bioinformatics analysis conducted 10 days after the third treatment of cells with BTZ
and a methylation inhibitor compared to cells treated with BTZ alone revealed 3023 (3009
hypomethylated and 14 hypermethylated) altered methylation sites (Figure 2C). These
results are slightly different from those obtained immediately after the third treatment.
Areas of hypermethylation were observed on chromosomes 1-5, 9, 12, and 18 (Figure 2C).
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and green indicates hypermethylation.
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Figure 7. Beta delta values (mean n = 3; p < 0.05 for all results) for selected genes relevant to
the development of BTZ resistance measured immediately and 10 days after the third treatment.
BTZ—bortezomib; BTZ_m_i—bortezomib combined with a methylation inhibitor.

T Group

0.42]0.51]0.55]0.32 0.31| cg21808368
0.41] 0.5 |0.38]0.35 ©g 15918990
0.48)0.46[0.42| 0.3 0.24| cg27063335
0.61 ©g20515823
0.36]0.49 0.22| cg00912518
0.39]0.24 [0.22 ©g01572266
0.320.31]0.26 ©g08931836
0.3 |0.31(0.33 ©g27041724
0.73|0.78| 0.7 ©g19752768
07]07 |07 ©g24135206
0.22 0.23|0. 0.72| cg18427589
0.23[0.19]0.26 | 0.59 0.71| cg25105522
0.44]0.44 [ 0.42 ©g16286776
0.45)0.48 | 0.41 ©g 26813834
0.44]0.42 [ 0.38 ©g21392845
0.45]0.44 [ 0.38 ©g 10834480
0.42]0.41[0.36 ©g20986484
0.340.34 [0.28 0.75| cg07240880
0.4 1039 [0.35 ©g 14944270
0.34]0.38 [ 0.34 ©g 24670151

BCL11A
FAM198B
EBF1
PCED1B-AS1
MBP
PTPRG
ITGB6
MLLT3
SWAP70
ccDcssc
ORAI3
MAP3K14
EIF2C2
PRC1
NEURL4
TRAF3IP2
ACSL1
ST7-0T4
SETDB2
GGA3

Body-opensea

TSS1500-opensea

Body-opensea

TSS200-opensea

Body-shore
TSS1500-shore
Body-opensea
TSS1500-shore
3'UTR-opensea
Body-shelf
TSS200-island
Body-opensea
Body-island
TSS1500-shore

Body-shore

TSS1500-opensea

TSS1500-shore
Body-shore
3'UTR-shore
Body-shore

beta Group

= 1 EBTZ3
B BTZ m_i_10d_3
05

oo

Figure 8. Heat map showing beta values representing the methylation level of selected genes in
cells treated three times with BTZ (BTZ_3) or BTZ and a methylation inhibitor 10 days after the
third treatment (BTZ_m_i_3). Beta values of “1” indicate full methylation (red), and “0” indicates

no methylation (blue) (p < 0.05). Gene symbols and methylation sites are marked on the heat
map. The heatmap results were visualized using R library ComplexHeatmap. Island—CpG island;
5'UTR—5' untranslated region; shore—the 2 kb sequences directly up- and downstream of CpG
islands; shelf—the 2 kb sequences directly adjacent to the shore; opensea—outside of the shelf region.
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Figure 9. GSEA shows NES values indicating changes in DNA methylation in genes involved in the
regulation of the listed biological processes in U266 cells 10 days after the third treatment of cells
with both BTZ and a methylation inhibitor compared to cells treated three times with BTZ alone. Red
indicates hypomethylation, and green indicates hypermethylation.

3. Discussion

Although MM remains an incurable disease, the clinical outcomes of MM patients
have improved significantly over time with the development and implementation of vari-
ous chemotherapy regimens. BTZ is a proteasome inhibitor that is an essential component
of various anti-MM treatment regimens. Initially, it was successfully applied in a monother-
apy [29,30]. Currently, BTZ is administered in combination with other molecules, e.g.,
monoclonal antibodies [31,32] or immunomodulatory drugs such as thalidomide [33],
lenalidomide [34], and pomalidomide [35]. Moreover, there are treatment regimens consist-
ing of more than three drugs, and often, BTZ is one of the basic ingredients, as in the D-VTd
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protocol (daratumumab, bortezomib, thalidomide, and dexamethasone) [36]. As mentioned
above, BTZ is widely used to treat MM. It can be hypothesized that almost every MM
patient will be exposed to BTZ during treatment. Exposure to BTZ exerts environmental
pressure on malignant plasma cells, which, in turn, may ultimately result in the selection
BTZ-resistant clones. Although the exact basis of BTZ resistance is multifactorial and has
not been fully elucidated, there are several mechanisms mediating this treatment-hindering
phenomenon. BTZ is a proteasome inhibitor that selectively and reversibly blocks its
chymotryptic site [30,37]. Therefore, upon exposure to BTZ, drug-induced environmental
pressure causes MM cells to develop proteasome alterations that may impede the anti-MM
activity of BTZ. Indeed, such a hypothesis was demonstrated to drive BTZ resistance in
different models [38,39]. Another mechanism contributing to BTZ resistance is related to the
bone marrow microenvironment and the interplay between proinflammatory macrophages
and MM cells [40].

There is a shortage of studies investigating the role of epigenetic alterations in the
pathophysiology of acquired BTZ resistance. Therefore, we previously investigated the
molecular background of this phenomenon in various models. For instance, we demon-
strated that changes in the methylome of neuroblastoma cells contribute to resistance to this
compound. We performed repeatedly treated SH-SY5Y neuroblastoma cells with BTZ until
resistance was acquired. Our results showed that BTZ induces methylation changes affect-
ing the proliferative potential of neuroblastoma cells [22]. Using a similar methodology,
we also investigated the mechanisms underlying BTZ resistance in MM. We established
the BTZ-resistant U266 MM cell line by repeated coincubation with BTZ. Among others,
we showed that SNORD-family genes were upregulated compared to control cells, sug-
gesting the involvement of epigenetic mechanisms [23]. In another study, treatment of
BTZ-resistant mantle cell lymphoma cells with BTZ and DNA methyltransferase inhibitor
decitabine (DAC) resulted in the death of around 80% of cells. It should be noted that both
BTZ and DAC monotherapy killed approximately 10-25% of BTZ-resistant mantle cell
lymphoma cells [41]. Other studies have highlighted the role of long non-coding RNA in
conferring BTZ resistance in MM [42,43].

Because SNORD:s are involved in mediating epigenetic changes [44], we hypothesized
that epigenetic alterations play a role in the development of BTZ resistance and, secondly,
that epigenetic drugs such as 5-Aza-2'-deoxycytidine may potentially be beneficial in
BTZ-resistant MM.

In the present study, based on our previous findings [22,23], we hypothesized that
alterations in the methylation profile may mediate BTZ resistance and that epigenetic
agents such as 5-Aza-2'-deoxycytidine may act synergistically with BTZ, similarly to VD
and VK. We deepened our analysis and investigated the effect of a methylation inhibitor
on the proliferative potential of MM cells and the development of BTZ resistance. In this
paper, we demonstrated that alterations in the methylation profile are associated with
BTZ resistance. First, our results revealed that the addition of methylation inhibitor 5-Aza-
2'-deoxycytidine to BTZ-resistant MM cells led to a reduction in the proliferation of the
BTZ-resistant phenotype, resulting in the restoration of sensitivity to BTZ. Moreover, a
comparison of the global DNA methylation profile between the second and third treat-
ments showed a continuous decrease in methylation. What should be emphasized is that
no hypermethylation sites were found after the third treatment (BTZ_m i vs. BTZ_3). It
can therefore be concluded that a decrease in methylation results in the restoration of
chemosensitivity. Liu et al. demonstrated that BTZ induced global hypomethylation in
acute myeloid leukemia cells both in vitro and in vivo [45]. Hence, it can be hypothesized
that a good response to treatment is primarily associated with loss of methylation. In-
creased methylation may contribute to the development of a BT Z-resistant phenotype. The
addition of a methylation inhibitor may act synergistically or, when added to resistant MM
cells, restore sensitivity to BTZ. Heatmap analysis of selected genes after the second and
third treatments revealed significant differences in methylation levels between BTZ_2 and
BTZ_m_2 and between BTZ_3 (resistant cells) and BTZ_m_3. More precisely, the develop-
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ment of BTZ resistance is associated with an increase in methylation, while drug sensitivity
is associated with hypomethylation. Similar phenomena have been observed by other
researchers. For instance, in an in vitro study, Hu and colleagues demonstrated that CD9
downregulation by methylation decreased BTZ sensitivity in U266 MM cells. Moreover,
they demonstrated that a methylation inhibitor, namely 5-Aza-2-deoxycytidine, upregu-
lated CD9 and raised sensitivity to BTZ [46]. Due to the complex nature of interactions
in the human body, the results obtained in in vitro studies provide only first insights and
may not be entirely conclusive in terms of translation to clinical conditions. De Larrea and
coworkers investigated the relationship between overall survival (OS), progression-free
survival (PFS), and both global and gene-specific methylation profiles in MM patients
treated with BTZ-based chemotherapy regimens. A proportion of 62% of the analyzed
patients responded to treatment (complete remission, 6.7%; partial response, 44%; minimal
response, 10.7%). Globally, they observed low methylation status across the entire cohort.
Nevertheless, patients with more than 3.95% of total DNA methylated achieved better OS
than patients with more unmethylated DNA (median of 30 versus 15 months; p = 0.004).
On the other hand, they demonstrated that hypomethylation of the NFKB1 and CXCR4
genes was associated with a better response to treatment [47].

In addition to the trend that global DNA hypomethylation confers BTZ sensitivity,
our heat maps we demonstrate the methylation status of selected genes, as well as various
processes, according to GSEA analysis. We identified several genes that differed in methy-
lation status between MM cells treated with BTZ alone and those incubated additionally
with a methylation inhibitor. For instance, after second passage, we identified differences
in methylation levels in the island area of the ORAI3 gene, the overexpression of which
has been linked to chemotherapy resistance in breast cancer [48]. Furthermore, the 5 UTR-
opensea region of the FBXW7 gene was markedly less methylated in BTZ-treated MM cells.
This gene and, more specifically, its downregulation have also been shown to play a role in
mediating drug resistance and chemotherapy response in cancers [49-52]. After the third
passage, we once again identified hypomethylation of the ORAI3 gene in MM cells incu-
bated with BTZ and a methylation inhibitor (BTZ-sensitive cells) and hypermethylation in
BTZ-resistant MM cells. Moreover, we identified differences in the methylation status of the
MIR21 gene, which is linked to chemotherapy resistance in various cancers, such as ovarian
cancer [53] and renal carcinoma [54]. In addition, the PRC1 gene was demonstrated to be
associated with drug resistance and poor clinical outcomes in various malignancies [55-57].

GSEA analysis showed statistically significant changes in several key processes in-
volved in the development of resistance. The most important seems to be RNA splicing.
The influence of RNA splicing on the development of drug resistance has been demon-
strated in many oncological diseases. In some cases of chronic myeloid leukemia (CML),
expression of high levels of alternatively spliced BCR-ABL mRNA with a 35 bp insertion
(35INS) between exons 8 and 9 of the ABL kinase domain has been observed. This insertion
shifts the frame, leading to the addition of 10 residues and the truncation of 653 residues
due to early termination. These changes provide resistance to imatinib, which depends on
the level of expression [58]. In breast and ovarian cancer cells, a mutation was induced in
exon 11 of BRCA1, expressing the BRCA1-Al1q splice variant lacking most of exon 11. The
introduction of the mutation resulted in a frameshift to exon 11. The nascent BRCA1-Allq
protein was able to promote partial resistance to the PARP inhibitor (PARPi) and cisplatin
compared to full-length BRCA1 both in vitro and in vivo [59].

We identified differences in the methylation status of various genes that have been
demonstrated to play an important role in mediating chemotherapy resistance. However, it
should be noted that the vast majority of them were hyper- or hypomethylated in regions
other than the promoter. Therefore, one may presume that their methylation status does
not necessarily accurately reflect expression. To draw more firm conclusions, expression
should be assessed at the RNA and protein levels.

78



Int. J. Mol. Sci. 2023, 24, 16780

14 0f18

4. Materials and Methods
4.1. Cell Culture and Course of the Experiment

The U266 human multiple myeloma cell line (ATCC, Manassas, VA, USA) was used in
this experiment. U266 cells were cultured using RPMI-1640 medium (ATCC, Manassas, VA,
USA, cat no. 30-2001), which contained 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium
pyruvate, 4500 mg /L glucose, and 1500 mg/ L sodium bicarbonate and was supplemented
with 15% fetal bovine serum. The medium was changed every three days.

U266 cells were treated with BTZ at 2.75 nM (Cell Signaling Technology, Danvers, MA,
USA) and methylation inhibitor 5-Aza-2'-deoxycytidine at 1 uM (Sigma Aldrich, St. Louis,
MO, USA) three times for 24 h at 10-day intervals. The experiment was carried out in three
technical repetitions. The dose of BTZ and a protocol for obtaining a resistant cell line were
established in our previous article [23] and caused the death of over 50% of cells after the
first treatment. The third treatment resulted in a fully BTZ-resistant cell phenotype. For this
experiment, the concentration of 5-Aza-2'-deoxycytidine was determined by applying three
experimental doses (10 nM, 100 nM, and 1000 nM) and performing a proliferation assay
(results are presented in Section 2.1). DNA was isolated from the cells, and a proliferation
assay was performed after each treatment, with some cells were left for further proliferation
in medium without BTZ and 5-Aza-2'-deoxycytidine. DNA was also isolated from cells
left for 10 days in a growth medium (free of BTZ and methylation inhibitor) after the
third treatment to verify whether the changes in the methylation profile caused by 24 h
incubation were permanent and transferred to the daughter cells.

4.2. DNA Extraction and Bisulfite Conversion

A PureLink Genomic DNA Mini Kit (Thermo Fisher, Waltham, MA, USA) was used
for DNA isolation. Extraction was performed according to the manufacturer’s instructions.
A Genomic DNA ScreenTape kit (Agilent Technologies, Santa Clara, CA, USA) was used to
measure the concentration and quality of genetic material. The analysis was performed
using TapeStation 4510 (Agilent Technologies, Santa Clara, CA, USA). For further proce-
dures, samples showing DINs > 9 were used, proving the good quality of the material.
An EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA, USA) was used for DNA
conversion, with aims of deaminating unmethylated cytosines, resulting in uracil molecules
in place of cytosines. Methylated cytosines do not react with sodium bisulfate and there-
fore remain unchanged after this reaction. All conversion procedures were carried out in
accordance with the manufacturer’s recommendations. An amount of 500 ng of DNA from
each sample was used for conversion.

4.3. Methylation Arrays

Changes in the DNA methylation profile were detected using a human Infinium
Methylation EPIC BeadChip kit (Ilumina, San Diego, CA, USA). Each technical replicate in
the experiment was analyzed (1 = 3). The procedure was performed strictly according to
the array manufacturer’s instructions. A NextSeq550 instrument (Illumina, San Diego, CA,
USA) was used to scan the arrays.

4.4. Dose Titration of 5-Aza-2'-Deoxycytidine

To determine the appropriate dose of methylation inhibitor, U266 cell proliferation
analysis was performed at three doses of 5-Aza-2'-deoxycytidine (10 nM, 100 nM, and
1000 nM). Proliferation analysis was performed using an Alamar Blue mitochondrial dye
conversion assay kit (Thermo Fisher, Waltham, MA, USA). The assay was performed in
96-well plates (1 x 10* U266 cells/well). Each measurement was carried out in 8 wells.
Proliferation-level analysis was performed after each of three 24 h treatments of cells with
BTZ (control cell) (2.75 nM) or BTZ (2.75 nM) and methylation inhibitor (10 nM, 100 nM,
and 1000 nM). After each treatment of U266 cells, proliferation analysis was performed
5times (1, 3, 6, 8, and 10 days after administration).
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4.5. Bioinformatics Analysis of Genome-Wide Methylation

Bioinformatics analyses were performed in the R programming environment using
appropriate Bioconductor libraries. We screened for methylation changes using an Illumina
Infinium Methylation EPIC Beadchip array. The array evaluated the methylation status of
more than 850,000 CpG loci. Analyses were carried out in the R programming environment
with the relevant Bioconductor libraries. The “ChAMP” pipeline was used to process
the raw microarray data files (.idat) with the default processing options [60,61]. Probes
meeting any of the following criteria were removed from the final dataset: detection
p-value > 0.01, <3 beads in at least 5% of samples per probe, non-CpG probes, SNP-related
probes, multihit probes, and probes located on chromosomes X and Y. Quality control
and normalization of the obtained results were then performed. Batch effects and other
unwanted variation were removed by the “sva” Bioconductor library [62]. A linear model
from the “limma” package was employed to compute the adjusted p value and beta
values (methylation scores for each CpG based on the fluorescent intensity, which varied
between 0 (unmethylated) and 1 (completely methylated)) [63]. For each CpG probe, the
delta beta value corresponding to differential methylation in compared groups was also
calculated. A methylation difference with adjusted p < 0.05 and | delta betal > 0.2 was
considered statistically significant. The results were visualized using the following R
libraries: “ggplot2”, “ggprism”, “ComplexHeatmap”, and “ggpubr” [62,63].

Significantly hypermethylated and hypomethylated probes associated with specific
genes were analyzed separately for functional annotation and clustering using the DAVID
bioinformatics tool [64,65]. The ENTREZIDs of the methylated genes were matched with
relevant GO terms, and significantly enriched gene ontological (GO) terms were further
selected from BP DIRECT’s GO database. Ontological groups with a corrected p value of
less than 0.05 (after Benjamini-Hochberg correction) were visualized as bubble plots.

Gene set enrichment analysis (GSEA) was performed using the “clusterProfiler” li-
brary [27] to determine the level of depletion or enrichment in GO terms by calculating a
normalized enrichment score (NES) with a corresponding p value. Delta beta values were
sorted and used as an argument for the “gseGO” function. Enrichment of gene sets was
performed for the GO category of “biological process,” assuming that the minimum size of
each gene set for analysis was 50, with a p-value cutoff of 0.05. The ten ontology groups
with the highest enrichment scores (highest NES values) and those with the most depleted
enrichment scores (lowest NES values) were visualized as a bar chart. Enrichment charts
for the five most enriched and depleted GO terms were also presented.

5. Conclusions

Changes in DNA methylation influence the development of the BTZ resistance pheno-
type, and an attempt to limit them by using a methylation inhibitor resulted in a significant
reduction in the development of this phenotype. The conducted study may indicate
the direction of further clinical trials aimed at modifying existing treatment regimens or
developing new ones by including a methylation inhibitor, which can significantly re-
duce/eliminate the common problem of developing resistance to chemotherapy in patients
with MM.

6. Study Limitations

Our study revealed interesting results that may provide a molecular basis for future
clinical trials and contribute to improving the clinical outcomes of MM patients. Never-
theless, it has some drawbacks. First, this was an in vitro study. Laboratory conditions
do not always accurately reflect the complexity of interactions occurring in the human
organism. Therefore, a similar experiment should be performed in an animal model and,
ultimately, in a clinical trial. The second disadvantage is that this study was conducted
on a single cell line. Repeating the experiment in different MM cell lines and obtaining
similar results would strengthen our conclusions and provide stronger evidence to support
our hypothesis.
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Abstract: Multiple myeloma (MM) is a plasma cell malignancy that, despite recent advances in
therapy, continues to pose a major challenge to hematologists. Currently, different classes of drugs
are applied to treat MM, among others, proteasome inhibitors, immunomodulatory drugs, and
monoclonal antibodies. Most of them participate in an interplay with the immune system, hijacking
its effector functions and redirecting them to anti-MM activity. Therefore, adjuvant therapies boosting
the immune system may be potentially beneficial in MM therapy. Vitamin D (VD) and vitamin K
(VK) have multiple so called “non-classical” actions. They exhibit various anti-inflammatory and
anti-cancer properties. In this paper, we investigated the influence of VD and VK on epigenetic
alterations associated with the proliferative potential of MM cells and the development of BTZ
resistance. Our results showed that the development of BTZ resistance is associated with a global
decrease in DNA methylation. On the contrary, both control MM cells and BTZ-resistant MM cells
exposed to VD alone and to the combination of VD and VK exhibit a global increase in methylation.
In conclusion, VD and VK in vitro have the potential to induce epigenetic changes that reduce the
proliferative potential of plasma cells and may at least partially prevent the development of resistance
to BTZ. However, further ex vivo and in vivo studies are needed to confirm the results and introduce
new supplementation recommendations as part of adjuvant therapy.

Keywords: multiple myeloma; vitamin D; bortezomib; drug resistance

1. Introduction

Multiple myeloma (MM) is an incurable plasma cell malignancy; nevertheless, the
implementation of novel therapies has significantly improved patient outcomes. One of
the turning points in MM therapy was the implementation of bortezomib (BTZ), a potent
anti-MM drug that could be included in numerous chemotherapy regimens. It acts as a pro-
teasome inhibitor. More precisely, BTZ reversibly blocks the 26S proteasome unit. Blocking
this molecular pathway inhibits the degradation and thus the turnover and metabolism of
proteins, events that are essential for cell proliferation and survival, ultimately leading to
growth inhibition and apoptosis [1]. In addition to the main mechanism of action, there
are also less-known downstream mechanisms that interfere with cellular metabolism. It
has been shown that BTZ can induce epigenetic changes in cells exposed to the drug. Im-
portantly, epigenetic alterations appear to be responsible for some adverse effects and may
also contribute to the occurrence of BTZ resistance. For instance, BTZ can induce complex
epigenetic alterations in nerve cells, including changes in methylation profile as well as
in miRNAs expression, which subsequently regulate the expression of their target genes.
All these changes were demonstrated to contribute to the development of BTZ-induced
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peripheral neuropathy in MM patients [2]. Moreover, in the neuroblastoma cell line, BTZ
has the propensity to induce aberrant expression of miRNAs and alter miRNA-mRNA
interactions in nerve cells, enhancing apoptosis and neuronal death as well as inhibiting
neurogenesis [3]. In addition, global changes in the methylation profile were associated
with the development of BTZ resistance in a human neuroblastoma cell line [4].

Vitamin D (VD) is a prohormone that, after hydroxylation in the liver and kidneys,
acts through the vitamin D receptor (VDR). VDR is located in the nucleus and regulates the
expression of multiple genes when activated [5]. It is very well-known that VD actions are
tightly bound to calcium metabolism and bone health [6]. However, the VDR is located
not only in tissues related to calcium metabolism and bone health, such as the intestines,
bones, and kidneys, but also in numerous other cell types. The location of VDR implies
that VD has under its influence multiple processes in many different tissues. In addition
to the main mechanism of action via VDR, there are also membrane receptors respon-
sible for non-genomic mechanisms. Their activation results in the activation of various
downstream activities such as the opening of ion channels and subsequent generation of
signaling molecules and second messengers [7]. Several studies suggest that VD itself
has no significant potential to directly induce epigenetic changes [8,9]. Nevertheless, it
was demonstrated by Chauss and colleagues that VD can exert epigenetic changes in
helper T cells [10]. In addition, our team demonstrated the upregulation of genes from the
SNORD family, which is associated with, among others, methylation, in the U266 MM cell
line treated with different combinations of BTZ, VD, and vitamin K (VK) [11]. Therefore,
we decided to investigate epigenetic changes and their role in the development of BTZ
resistance. VD research is currently experiencing its renaissance.

There is a focus on its so-called non-classical actions, i.e., not directly related to
bone health, phosphate, and calcium metabolism. Its influence on both the adaptive and
innate immune response is particularly important [12]. Modulation of the immune system
results in plenty of anti-cancer entities. VD has been shown to induce differentiation and
decrease the proliferation of malignant cells [5]. Its anti-tumor activity was demonstrated
for solid tumors, for instance, by enhancing the response to chemotherapy [13], as well
as hematological malignancies, including MM [14,15]. The exact role of VD in MM has
been reviewed by our team elsewhere [16]. On top of VD, VK (particularly the K2 MK7
isoform) was demonstrated to exhibit various anti-cancer effects [17], which were also
apparent in hematological malignancies [18,19] including MM [20]. Although, as mentioned
above, VK possesses anti-cancer properties, these are not as prominent as in VD. In fact,
VK is rarely supplemented alone in different settings than coagulation abnormalities
due to VK deficiency or VK antagonists. Nevertheless, there is evidence that VD and
VK act synergistically, especially in terms of bone and cardiovascular health. Moreover,
VK prevents calcification [21-24]. This provides the rationale for supplementation with
both vitamins together, rather than considering VK as an independent anti-MM agent.
Therefore, it may be hypothesized that those vitamins may enhance their biological effects
when administered together in MM. If their efficacy was confirmed in clinical trials, these
vitamins could in the future be recommended for MM patients as an adjuvant therapy.
We recently demonstrated that VD and VK have the potential to affect the proliferative
potential of MM cells in vitro. Moreover, we found that one of the underlying mechanisms
is mediated by genes belonging to the SNORD family, which are associated with epigenetic
alterations [11]. After establishing that VD and VK treatment could induce epigenetic
modifications in MM cells, we decided to further explore this area.

In our previous paper, we thoroughly described the proliferation analysis. Briefly, after
the first treatment with BTZ, a reduction in proliferation of 70.06% was noted compared
to control cells (p < 0.0001). After the second treatment with BTZ, there was a decrease in
proliferation by 24.12% (p < 0.0001). The third treatment resulted in the development of a
BTZ-resistant phenotype. The addition of 25(OH)D3 resulted in a decrease in proliferation
by more than 20%. Similar effects were observed when VK was added. In non-BTZ-resistant
cells, vitamins exhibited synergic effects with BTZ. What is particularly important is that
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vitamins reduced the proliferation of BTZ-resistant U266 MM cells. To see a detailed
analysis, please refer to our previous paper [11].

The aim of this study was to further investigate the role of VD and VK2 MK7 in MM.
We wanted to assess the effect of VD and VK on epigenetic alterations associated with the
proliferative potential of MM cells and the development of BTZ resistance. Furthermore,
we intend to provide a molecular background for subsequent clinical trials. The results are
presented by dividing them into three sections. The first shows the influence of methylation
on the development of BTZ resistance, the second shows the influence of VD and VK
on the alteration of the methylation profile in cancer cells not resistant to BTZ, and the
third presents the methylation profile after the action of VD and VK on cancer cells with a
BTZ-resistant phenotype.

2. Materials and Methods
2.1. Cell Culture and the Course of the Experiment

The human multiple myeloma cell line U266 (ATCC, Manassas, VA, USA) was used
in this study. U266 cells were cultured according to the manufacturer’s instructions with
RPMI-1640 medium (ATCC, Manassas, VA, USA, cat no. 30-2001) modified to contain 2 mM
L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg /L
sodium bicarbonate. A complete growth medium was prepared by adding fetal bovine
serum to the basal medium to a final concentration of 15%. The medium was changed
every three days. U266 cells were treated three times with BTZ at 2.75 nM (Cell Signaling
Technology, Danvers, MA, USA) and /or 25(OH)D3 (VD) (10~° M) (Sigma-Aldrich, Saint
Louis, MO, USA), and/or K2MK?7 (VK) (10’5 M) (Sigma-Aldrich, Saint Louis, MO, USA)
for 24 h with 10-day intervals between treatments. The dose of BTZ was established in our
previous articles [11,25] and causes over 50% of cell death after the first treatment. The third
treatment results in a BTZ-resistant cell phenotype. In addition, the effectiveness of the
BTZ-resistant cell line derivation scheme was confirmed on the SH-SY5Y neuroblastoma
cell line in our previous article [4]. Vitamin concentrations were established in our previous
article [11]. DNA was isolated from the cells after each treatment and portions of the cells
were left to proliferate further in a medium without BTZ and vitamins. In the experiment,
four study groups (D—treated with vitamin 25(OH)D3; BTZ—treated with bortezomib;
DK—treated simultaneously with vitamin 25(OH)D3 and K2MK?7; BTZ_DK—treated si-
multaneously with bortezomib, vitamin 25(OH)D3, and K2MK?7); and a control group
were distinguished.

2.2. DNA Extraction and Bisulfate Conversion

DNA was isolated from three separate cell incubations for all groups. PureLink
Genomic DNA Mini Kit (Thermo Fisher, Waltham, MA, USA) was used for DNA isolation
following the manufacturer’s instructions. The concentration and quality of the isolated
DNA were measured using TapeStation 4510 (Agilent Technologies, Santa Clara, CA, USA)
and the Genomic DNA ScreenTape kit (Agilent Technologies, Santa Clara, CA, USA).
All samples showed DINs > 9, which confirms the high quality of the genetic material.
The bisulfate conversion was performed using the EZ DNA Methylation-Gold Kit (Zymo
Research, Irvine, CA, USA) according to the manufacturer’s instructions. In total, 500 ng of
DNA from each sample was used for conversion.

2.3. Methylation Arrays

An Infinium MethylationEPIC v2.0 BeadChip Kit, human (Illumina, San Diego, CA,
USA) was used to analyze the methylation profile. Methylation arrays were performed
in triplicate for each group included in the experiment (n = 3). Methylation arrays were
made strictly in accordance with the manufacturer’s instructions. In short, after bisulfate
conversion, the genetic material was amplified for 24 h. The DNA was then fragmented and
precipitated, allowing the material to hybridize with the BeadChips array. Hybridization
was carried out for 20 h at 48 °C. The next steps were to wash out non-hybridized and
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non-specifically hybridized DNA from the BeadChips, add labeled nucleotides to extend
the primers hybridized with the sample, and stain them. The NextSeq550 instrument
(INumina, San Diego, CA, USA) was used to scan the arrays.

2.4. Bioinformatics Analysis of Genome-Wide Methylation

Screening for methylation changes was performed using the Illumina Infinium Methy-
lation EPIC Beadchip array (Illumina, San Diego, CA, USA). The analyses were carried out
in the R programming environment with the relevant Bioconductor libraries. We presented
a detailed description of bioinformatics analyses in our previous article [25].

2.5. Gene Expression Analysis by gRT-PCR

The qRT-PCR method was used to analyze the expression of selected genes (ARHGAP26,
MYH10, PMP2, RFX8, BAMBI, CLEC12b). The main criterion for selecting the above genes
was their significant variability in the methylation level between the studied groups and
their possible involvement in the discussed processes. Primers were designed using the
BLAST program (Table 1). The qRT-PCR method consists of two stages. The first one requires
performing the mRNA reverse transcription process (0.1 pg) using the First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA), and the second one is a gPCR
reaction using the SYBR Green PCR Master Mix kit (Bio-Rad, Hercules, CA, USA). The
GAPDH gene was used as an endogenous control gene. gPCR reactions were performed on a
Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad Inc., Hercules, CA, USA).

Table 1. Primer sequences used in the qRT-PCR reactions.

Gene Primer Sequences
F 5-CCTTAGGGGCAGAGTTGCTC-3’
ARHGATZS R5'-CAGCCCCGATCTGTTCCTTT-3'
MYHI10 F 5'-CCAAACGTCAGGGAGCATCT-3
R 5-GGTGGCTCATGAAGACCAGA-3'
PMP?2 F 5-AAGCTCTGGGTGTGGGGTTA-3
R 5'-TGCAGGGTTACGATGCTCTT-3
REXS F 5'-AGCAGCTCCATGTCACACAG-3'
R 5'-TCCTTGACTTGCTTGAGCGT-3
BAMBI F5'-GGTGCAGGAGCTGACTTCTT-3
R 5’-ATTCCAGCTCCCTTGGATGC-3
CLEC12b F5-AAAAGAGGGCATCCAGCTCC-3'

R 5-GCCCAGTTGCTGGGATAAGT-3

3. Results
3.1. DNA Methylation Changes

Analysis of global changes in the methylation profile was performed after each treat-
ment in each group. However, the article presents the results obtained after the last, third,
treatment. After the first treatment with BTZ and/or vitamins, we did not obtain any
significant changes in methylation. After the second treatment, there were slight changes in
the groups: BTZ_DK_2 vs. BTZ_2 (21 genes with altered methylation); D_2 vs. Control_2
(128 genes with altered methylation); DK_2 vs. Control_2 (150 genes with altered methyla-
tion). The results of the bioinformatics analysis after the second treatment are included in
the Supplementary Material (Figures S1-S3).

3.1.1. DNA Methylation Changes Associated with the Development of Resistance of U266
Myeloma Cells to BTZ

First, we investigated the epigenetic mechanisms involved in the development of BTZ
resistance. We compared control MM cells with BTZ-resistant plasma cells and performed
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a bioinformatics analysis that revealed epigenetic alterations and mechanisms underlying
the development of resistance to BTZ.

Bioinformatics analysis showed 413 sites with altered methylation in cells treated
three times with BTZ compared to untreated control cells (Figure 1A). Delta beta values
were calculated according to the normalized ratios of probe fluorescence intensity between
methylated and unmethylated signals (value 0 = fully unmethylated, 1 = fully methylated).
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Figure 1. Methylation profile after three consecutive BTZ treatments of U266 myeloma cells.
(A,B) charts show differences in methylation levels in BTZ-treated U266 cells relative to untreated
control cells (p < 0.05). Orange represents hypomethylation and green represents hypermethyla-
tion (C) View of changes in the level of methylation in individual chromosomes. Orange repre-
sents hypomethylation and green represents hypermethylation (p < 0.05). (D) Classification of
differentially methylated sites in the genome according to their location relative to the CpG is-
lands (p < 0.05). (E) Classification of differentially methylated sites in the genome according to
their location relative to the transcription start site (TSS) (p < 0.05). (D—treated with vitamin
25(OH)D3; BTZ—treated with bortezomib; DK—treated simultaneously with vitamin 25(0OH)D3
and K2MK7; BTZ_DK—treated simultaneously with bortezomib, vitamin 25(OH)D3, and K2MK7;
Control—control group; 3—third incubation).

The analysis identified 398 hypomethylated and 15 hypermethylated sites (Figure 1A,B).
In addition, these differences are shown on each chromosome (Figure 1C). Hypermethylated
sites are marked in green and hypomethylated sites in orange. Further analysis allowed the
classification of the altered sites according to the location of the CpG islands (regions with
a high concentration of phosphate-linked cytosine-guanine pairs found in many gene pro-
moters) (Figure 1D) and the transcription start site (TSS) (Figure 1E). Changes in methylation
levels were observed in the following regions of the genome: open sea (isolated CpG sites in
the genome that do not have a specific designation), shelf (regions 2—4 kb from CpG islands),
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shore (regions 0-2 kb from CpG islands). Most of the altered sites, both hypo- and hyper-
methylated, were found in the open sea. Overall, 19.1% of hypomethylated sites and 6.67%
of hypermethylated sites were observed in CpG islands. In addition, no hypermethylated
shelf changes were observed. An increased level of methylation in relation to TSS was mainly
observed in the IGR (intergenic region) and decreased in the body. More importantly, no
hypermethylation was observed in TS51500. In contrast, hypomethylation sites were observed
in both TSS1500 and TSS200 (Figure 1E).

Methylation levels in selected genes in control cells and cells treated three times
with BTZ are shown in Figure 2 as a heatmap. The most important observations are the
hypomethylation of the FBXL6, CLRN3, and PMP2 genes in BTZ-treated cells relative
to control cells. Their high expression is associated with tumor progression and poor
prognosis in oncological patients [26]. At the same time, hypermethylation of the VPS53
gene was observed (Figure 2), which enhances the process of apoptosis and autophagy.
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Figure 2. The heat map shows the methylation level of selected genes in control cells and cells
treated three times with BTZ. Methylation results are presented as beta values where 1 means full
methylation (red) and 0 means no methylation (blue) (p < 0.05). In addition, gene symbols and
methylation locations are marked on the heat map. Heatmap results were visualized using the R
library ComplexHeatmap, version 2.13.1.

Gene Set Enrichment Analysis (GSEA)

GSEA is a bioinformatics tool that enables the isolation of groups of genes related to a
specific biological process or signaling pathway. Figure 3 shows the processes whose genes
altered methylation levels in cells treated three times with BTZ compared to control cells.
Only processes whose genes were hypomethylated were identified (p < 0.05). The most
important processes seem to be the regulation of histone methylation, histone modification,
protein deacylation, regulation of telomere maintenance, DNA-templated transcription,
and elongation.

The development of BTZ resistance is associated with alterations in epigenetic mecha-
nisms. We demonstrated above that BTZ-resistant plasma cells exhibit a different methyla-
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tion profile than control MM cells. Taken together, the development of BTZ resistance is
associated with the global hypomethylation of MM cells.
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Figure 3. GSEA shows biological processes whose genes showed a change in methylation levels in
U266 cells treated three times with BTZ compared to control cells. Red indicates hypomethylation
and green indicates hypermethylation. NES—normalized enrichment score.

3.1.2. Effect of VD on DNA Methylation Changes in U266 Myeloma Cells

Subsequently, we intended to explore if VD has the proclivity to induce epigenetic
changes in control MM cells. Therefore, we investigated changes in the global methylation
profile in control MM cells. In addition, we analyzed how exposure to VD affected various
cellular processes and identified the genes whose methylation profile was most altered.

Bioinformatics analysis showed 950 sites with altered methylation in cells treated three
times with VD compared to untreated control cells (Figure 4A). The analysis identified
53 hypomethylated sites and 897 hypermethylated sites (Figure 4A,B). In addition, these
differences are shown on each chromosome (Figure 4C). Hypermethylated sites are marked
in green and hypomethylated in orange. Further analysis allowed the classification of
altered sites according to the location of the CpG islands (Figure 4D) and the transcription
start site (TSS) (Figure 4E).
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Figure 4. Methylation profile after three VD treatments of U266 myeloma cells. (A,B) Charts show
differences in methylation levels in U266 cells treated with VD relative to untreated control cells
(p < 0.05). Orange represents hypomethylation and green represents hypermethylation (C) View of
changes in the level of methylation in individual chromosomes. Orange represents hypomethylation
and green represents hypermethylation (p < 0.05). (D) Classification of differentially methylated sites
in the genome according to their location relative to the CpG islands (p < 0.05). (E) Classification of
differentially methylated sites in the genome according to their location relative to the transcription
start site (TSS) (p < 0.05). (D—treated with vitamin 25(OH)D3; BTZ—treated with bortezomib;
DK—treated simultaneously with vitamin 25(OH)D3 and K2MK7; BTZ_DK—treated simultaneously
with bortezomib, vitamin 25(OH)D3, and K2MK?7; Control—control group; 3—third incubation).

Most altered sites, both hypo- and hypermethylated, were found in the open sea. In
total, 5.66% of hypomethylated sites and 10.36% of hypermethylated sites were observed
in CpG islands. Both increases and decreases in methylation relative to TSS were mainly
observed in the IGR and body (the entire gene from the transcription start site to the end
of the transcript) (Figure 4E). More importantly, no hypomethylation was observed in the
3'UTR, a regulatory region that can affect the expression of many genes.

Methylation levels in selected genes in control cells and triple-VD-treated cells are
shown in Figure 5 as a heatmap. The most important observations are the hypomethylation
of the CLEC12B and BAMBI genes, which are responsible for inhibiting the proliferation of
cancer cells. The study also observed an increase in the methylation levels of genes (NTNT,
MYH10) involved in tumor development, progression, proliferation, and migration.
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Figure 5. The heat map shows the methylation level of selected genes in control cells and triple-VD-
treated cells. Methylation results are presented as beta values where 1 means full methylation (red)
and 0 means no methylation (blue) (p < 0.05). In addition, gene symbols and methylation locations
are marked on the heat map. (D—treated with vitamin 25(OH)D3; BTZ—treated with bortezomib;
DK—treated simultaneously with vitamin 25(OH)D3 and K2MK?7; BTZ_DK—treated simultaneously
with bortezomib, vitamin 25(0OH)D3, and K2MK?7; Control—control group; 3—third incubation).
Heatmap results were visualized using the R library ComplexHeatmap.

Gene Set Enrichment Analysis (GSEA)

Figure 6 shows the processes whose genes altered methylation levels in triple-VD-
treated cells compared to control cells. Hypo- and hypermethylated genes were identi-
fied and assigned to the specific processes they regulate (p < 0.05). The most important
hypermethylated gene processes are histone methylation, mRNA destabilization, and
protein methylation.

VD significantly affects the methylation profile in MM cells. Both hypo- and hyper-
methylation were observed. More precisely, we identified genes in which various regions
were predominantly hypermethylated, yet in some of them, hypomethylation was also
observed. Similarly, in multiple cellular processes, we revealed hyper- and hypomethyla-
tion. Nevertheless, in summary, co-culturing with VD is associated with a global increase
in methylation.

3.1.3. Effect of VD and VK on DNA Methylation Changes in U266 Myeloma Cells

Next, we evaluated the impact of the combination of VD and VK on the methylation
profile in control MM cells.
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Figure 6. GSEA shows biological processes whose genes showed a change in methylation levels in
U266 cells treated three times with VD compared to control cells. Red indicates hypomethylation and
green indicates hypermethylation. NES—normalized enrichment score.

Bioinformatics analysis showed 805 sites with altered methylation in cells treated three
times with VD and VK compared to untreated control cells (Figure 7A). The analysis iden-
tified 36 hypomethylated sites and 769 hypermethylated sites (Figure 7A,B). In addition,
these differences are shown on each chromosome (Figure 7C). Hypermethylated sites are
marked in green and hypomethylated in orange. Further analysis allowed the classification
of the altered sites according to the location of the CpG islands (Figure 7D) and the tran-
scription start site (TSS) (Figure 7E). Most altered sites, both hypo- and hypermethylated,
were found in the open sea. In addition, 8.33% of hypomethylated sites and 12.48% of
hypermethylated sites were observed in CpG islands. Regarding TSS, an increase in the
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level of methylation was observed mainly in the body, and a decrease in IGR (Figure 7E).
More importantly, no hypomethylation was observed in the 3'UTR.
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Figure 7. Methylation profile after three VD and VK treatments of U266 myeloma cells. (A,B) Charts
show differences in methylation levels in U266 cells treated with VD and VK compared to un-
treated control cells (p < 0.05). Orange represents hypomethylation and green represents hyper-
methylation (C) View of changes in the level of methylation in individual chromosomes. Orange
represents hypomethylation and green represents hypermethylation (p < 0.05). (D) Classification
of differentially methylated sites in the genome according to their location relative to the CpG
islands (p < 0.05). (E) Classification of differentially methylated sites in the genome according
to their location relative to the transcription start site (TSS) (p < 0.05). (D—treated with vitamin
25(0OH)D3; BTZ—treated with bortezomib; DK—treated simultaneously with vitamin 25(0OH)D3
and K2MK7; BTZ_DK—treated simultaneously with bortezomib, vitamin 25(OH)D3, and K2MK7;
Control—control group; 3—third incubation).

Methylation levels in selected genes in control cells and triple-VD- and -VK-treated
cells are shown in Figure 8 as a heatmap. The most important finding is the hypomethyla-
tion of the RFX8 gene in cells treated three times with VD and VK. This gene is thought
to be involved in the regulation of transcription by RNA polymerase Il and thus, in the
regulation of various processes [27]. Moreover, hypermethylation of the NTN 1 gene was
noted, whose epigenetic regulation was associated with the development of colorectal
cancer [28].

Figure 9 shows the processes whose genes had altered methylation levels in triple-
VD- and -VK-treated cells compared to control cells. Hypo- and hypermethylated genes
have been identified and assigned to the individual processes they regulate (p < 0.05).
Hypermethylated gene processes are RNA localization, DNA-templated transcription,
elongation, and telomere organization.
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Figure 8. The heat map shows the methylation level of selected genes in control cells and triple-
VD- and -VK-treated cells. Methylation results are presented as beta values where 1 means full
methylation (red) and 0 means no methylation (blue) (p < 0.05). In addition, gene symbols and
methylation locations are marked on the heat map. Heatmap results were visualized using the R
library ComplexHeatmap.

MM cells exposed to the combination of VD and VK exhibited a similar methylation
profile to control cells co-cultured with VD alone. Similarly, we identified genes in which
various regions were predominantly hypermethylated; however, hypomethylation was
also observed in some of them. Moreover, we detected both hyper- and hypomethylation
in various cellular processes. In conclusion, similarly to VD alone, the combination of VD
and VK is associated with a global increase in methylation.

3.1.4. DNA Methylation Changes Induced by VD and VK in U266 Myeloma Cells in a
BTZ-Resistant Phenotype

We established that VD alone and in combination with VK has the potential to induce
epigenetic alterations in control MM cells. Thus, we hypothesized that these vitamins
may also affect the methylation profile in MM cells exhibiting a BTZ-resistant phenotype.
Therefore, we conducted a similar analysis to explore the impact of both VD and VK on
BTZ-resistant MM cells.

Bioinformatics analysis showed 121 sites with altered methylation in cells treated three
times simultaneously with BTZ, VD, and VK compared to cells treated three times with
BTZ alone (Figure 10A). The analysis identified 27 hypomethylated sites and 94 hyperme-
thylated sites (Figure 10A,B). In addition, these differences are shown on each chromosome
(Figure 10C). Hypermethylated sites are marked in green and hypomethylated in orange.
Further analysis allowed the classification of the altered sites according to the location
of the CpG islands (Figure 10D) and the transcription start site (TSS) (Figure 10E). Most
altered sites, both hypo- and hypermethylated, were found in the open sea. Overall, 18.52%
of hypomethylated sites and 5.32% of hypermethylated sites were observed in CpG islands.
Anincreased level of methylation in relation to TSS was mainly observed in the IGR and
decreased in the body. More importantly, no hypomethylation was observed in the 3'UTR
(Figure 10E).
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Figure 9. GSEA shows the biological processes whose genes showed a change in methylation
levels in U266 cells treated three times with VD and VK compared to control cells. Red indicates
hypomethylation and green indicates hypermethylation. NES—normalized enrichment score.

Methylation levels in selected genes in cells treated three times with BTZ, VD, and VK
(BTZ_DK_3) and in cells treated with BTZ alone cells are shown in Figure 11 as a heatmap.
The most important observation is the hypermethylation of the ARHGAP26 gene in cells
treated three times with BTZ, which is involved in tumorigenesis and progression of human
cancers [29].
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Figure 10. Methylation profile after three subsequent BTZ, VD, and VK treatments of U266 myeloma
cells. (A,B) Charts show differences in methylation levels in U266 cells treated with BTZ, VD, and
VK relative to cells treated with BTZ alone (p < 0.05). Orange represents hypomethylation and
green represents hypermethylation (C) View of changes in the level of methylation in individual
chromosomes. Orange represents hypomethylation and green represents hypermethylation (p < 0.05).
(D) Classification of differentially methylated sites in the genome according to their location relative to
the CpG islands (p < 0.05). (E) Classification of differentially methylated sites in the genome according
to their location relative to the transcription start site (TSS) (p < 0.05). (D—treated with vitamin
25(OH)D3; BTZ—treated with bortezomib; DK—treated simultaneously with vitamin 25(0OH)D3
and K2MK7; BTZ_DK—treated simultaneously with bortezomib, vitamin 25(OH)D3, and K2MK7;
Control—control group; 3—third incubation).

Figure 12A shows the processes whose genes altered methylation levels in triple-BTZ-
treated cells compared to cells treated three times with BTZ, VD, and VK. Hypo- and
hypermethylated genes have been identified and assigned to the individual processes they
regulate (p < 0.05). The most important hypomethylated gene processes are cell-cell fusion
and cell-substrate adhesion and hypermethylated are RNA 3'-end processing, mRNA
3’-end processing, positive regulation of DNA biosynthetic process, and regulation of
cell aging.

Figure 12B shows global changes in methylation in control cells in comparison with
BTZ_3, D_3, and DK_3 cells as well as in BTZ_3 cells compared with BTZ_DK_3 cells.
(D—treated with vitamin 25(OH)D3; BTZ—treated with bortezomib; DK—treated simulta-
neously with vitamin 25(OH)D3 and K2MK7; BDK—treated simultaneously with borte-
zomib, vitamin 25(OH)D3, and K2MK?7; Control—control group; 3—third incubation)
(p <0.05).
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Figure 11. The heat map shows the methylation level of selected genes in cells treated three times
with BTZ alone (BTZ_3) and with BTZ, VD, and VK (BTZ_DK_3). Methylation results are presented
as beta values, where 1 means full methylation (red) and 0 means no methylation (blue) (p < 0.05).
In addition, gene symbols and methylation locations are marked on the heat map. (D—treated
with vitamin 25(OH)D3; BTZ—treated with bortezomib; DK—treated simultaneously with vitamin
25(OH)D3 and K2MK7; BTZ_DK—treated simultaneously with bortezomib, vitamin 25(OH)D3, and
K2MK?7; Control—control group; 3—third incubation). Heatmap results were visualized using the R
library ComplexHeatmap.

The combination of VD and VK is associated with a global increase in methylation in
BTZ-resistant MM cells. However, it should be noted that this effect is not as prominent as
in control MM cells. Nevertheless, BTZ-resistant cells, when co-cultured with VD alone or
with VD and VK, at least temporarily regained sensitivity to BTZ, which is a promising
result and may provide a background for future studies.

3.2. Expression of Selected Genes

We selected genes (ARHGAP26, MYH10, PMP2, RFX8, BAMBI, CLEC12b) with sig-
nificant changes in methylation level to validate their expression using qRT-PCR in U266
myeloma cells (Table 2). The selected genes confirmed the actual impact of the methylation
level on gene expression (according to the principle of the higher the methylation level, the
lower the gene expression and vice versa). From the point of view of the effect of vitamins
D and K on the U266 myeloma line, not resistant to BTZ, an important observation is an
almost 60% decrease in the expression of the MYH10 gene after three exposures to vitamin
D in relation to the control cells and a 73% increase in the expression of the CLEC12b
gene. Additionally, after three exposures to both vitamins, a 70% increase in RFX8 gene
expression was observed compared to control cells.
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Figure 12. (A) GSEA shows biological processes whose genes showed a change in methylation levels
in U266 cells treated three times with BTZ, VD, and VK compared to cells treated three times with
BTZ alone. Red indicates hypomethylation and green indicates hypermethylation. NES—normalized
enrichment score. (B) number of observed methylation changes. Orange indicates hypomethylation,
green indicates hypermethylation.
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Table 2. Real-time quantitation of selected genes in the U266 cell line.
G Control_3 BTZ 3 D_3 DK_3 BTZ_DK 3

Mean + SD; 95% CI Mean + SD; 95% CI Mean + SD; 95% CI Mean + SD; 95% CI Mean + SD; 95% CI
ARHGAP26 1.00 £ 0.08;0.75-1.25 0.78 + 0.09; 0.50-1.06 1.16 + 0.01; 1.01-1.31 1.34 + 0.11; 1.00-1.68 1.69 +024;0.94-2.43
MYHI10 021 £0.03; —0.28-0.71 0.06 £ 0.01; 0.01-0.10 0.09 + 0.02; 0.03-0.16 0.18 &+ 0.07; —0.06-0.42 0.19 £ 0.04; 0.06-0.32

PMP2 0.05 + 0.02; -0.01-0.12 0.11 + 0.04; —0.02-023 0.36 + 0.24; —039-1.11 0.41 + 0.03; 0.30-0.52 044 +0.17; -0.09-0.98

RFX8 023 +0.04; 0.10-0.35 0.13 + 0.03; 0.02-0.25 0.40 = 0.12; 0.02-0.78 0.73 + 0.16; 0.21-1.25 033 +0.13; —0.09-0.75

BAMBI 11.50 + 1.94; 5.57-17.42 11.55 + 1.41; 7.26-15.84 1546 +1.37;10.98-19.95 29.10 + 7.02; 7.73-50 46 2058 + 4.66; 6.39-34.77
CLECI12b 0.16 + 0.09; —0.15-0.46 0.10 £ 0.01; 0.04-0.15 0.22 £+ 0.07; —0.02-045 0.38 £ 0.1; 0.06-0.69 035 £ 0.07; 0.12-0.58

SD—standard deviation, 95% CI—95% confidence interval of the mean (D—treated with vitamin
25(0OH)D3; BTZ—treated with bortezomib; DK—treated simultaneously with vitamin 25(OH)D3 and K2MK7;
BTZ_DK—treated simultaneously with bortezomib, vitamin 25(0OH)D3, and K2MK7; Control—control group;
3—third incubation).

However, the most important result is a significant 54% increase in ARHGAP26 gene
expression in the BTZ-resistant U266 myeloma cells that were administered vitamin D and
K three times compared to BT Z-resistant cells. This result confirms that the lower level of
methylation of this gene in BTZ_DK_3 cells (beta value = 0.52 & 0.01) compared to BTZ_3
(beta value = 0.75 & 0.00) correlates with a higher level of its expression.

4. Discussion

Multiple myeloma remains an incurable disease in most cases. However, the imple-
mentation of novel therapies has significantly improved patient outcomes. The underlying
background of contemporary treatment strategies relies, among others, upon the modu-
lation of the immune system and enhancing its activity against malignant plasma cells.
Thalidomide and its derivatives, named lenalidomide and pomalidomide, belong to the
class of immunomodulatory drugs (IMiDs). Their pleiotropic mechanisms of actions reach
far beyond the simple degradation of Ikaros and Aiolos, two transcription factors essen-
tial for B cells, including plasma cells [30,31]. Another class of drugs that modulate the
immune system are monoclonal antibodies. Daratumumab and isatuximab are anti-CD38
monoclonal antibodies that have significantly improved clinical outcomes for patients
with MM [32,33]. BTZ and carfilzomib belong to a proteasome inhibitor drug class and
block the 26S proteasome unit. Blocking this molecular pathway inhibits the degradation
and thus, the turnover and metabolism of proteins that are essential for cell proliferation
and survival, ultimately leading to growth inhibition and apoptosis [1,34]. Therefore, a
BTZ-based regimen can be considered an anti-plasma cell therapy. A combination of drugs
modulating the immune system and “anti-plasma cell” drugs such as BTZ turned out to be
a highly effective treatment for MM [35-38]. Considering the above, the implementation of
complementary, adjuvant therapies enhancing the activity of the immune system appears
to be a reasonable strategy in the treatment of MM.

VD and VK, with particular emphasis on VD, exhibit multiple so-called “non-classical
actions” that are peculiarly associated with the modulation of the immune system [39].
In addition to healthy cells, the presence of VDR has been demonstrated in malignant
cells [40]. Therefore, it can be hypothesized that VD may potentially affect them and
thus, interfere with cancer growth and progression. Indeed, there is ample evidence that
malignant growth is prone to VD-related suppression. Fife at al. investigated the effects of
VD on the MDA-MB-435 human breast cancer cell line, the LNCaP human prostate cancer
cell line, and the U20S human osteosarcoma cell line. The study demonstrated that VD
inhibits proliferation and induces apoptosis in all three tested cell lines [41].

VD anti-cancer activity is not limited to solid tumors but also affects hematological
malignancies. Moreover, what is particularly important, VD affects MM cells, exerting
its tumoricidal properties. Although most of the studies published to date have been
conducted in vitro on MM cell lines, they have yielded promising and encouraging results.
Moreover, human studies already conducted confirm the benefits of implementation of VD
in the treatment of MM. For instance, according to Busch et al., maintaining a proper VD
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concentration in MM patients seems to be of paramount importance, especially alongside
IMiD-based treatment regimen. They demonstrated in vitro that VD is a key molecule
for restoring and maintaining the effector functions of myeloma-associated macrophages
and that VD supplementation in combination with IMiDs can enhance the therapeutic
efficacy of anti-CD38 antibodies. However, clinical effectiveness needs to be verified in
clinical studies [15]. On top of vitamin D itself, its analogs, such as EB1089, also exhibit
anti-MM activity. Most importantly, EB1089 has reduced hypercalcemic effects. Despite the
promising results of in vitro studies, VD analogs should be further investigated in clinical
trials [42-44]. Maintaining proper VD status in MM patients appears to be particularly
important. For instance, there is an association between low serum VD status and the
prevalence of peripheral neuropathy in the population of MM patients [45]. In addition,
according to a study by Wang and colleagues, patients with VD deficiency who were treated
with either BTZ or lenalidomide were significantly more likely to develop severe peripheral
neuropathy of both motor and sensory types [46]. Furthermore, in a study by Eicher et al.,
patients with MM without VD deficit who underwent high-dose chemotherapy followed by
autologous hematopoietic stem cell transplantation have been shown to have lower overall
mortality and longer overall survival and progression-free survival [47]. Nevertheless,
it should be noted that studies revealing that low VD status is associated with poorer
prognosis in MM or in increase in complications such as peripheral neuropathy, or between
appropriate serum VD concertation and good clinical outcome, are correlational studies
without any intervention (such as VD supplementation). Therefore, clinical trials are
needed to ultimately prove the causative relationship between VD status and better clinical
outcomes in MM. Interventional studies and clinical trials should be conducted to further
explore this area. Particularly interesting would be a study exploring the relationship
between VD serum concentration and gene expression profile, similarly to an interesting
study conducted by Donati et al. They demonstrated that VD deficiency indeed affects
gene expression and activates stress-protective and pro-survival pathways mediated by
NE-«B in classical Hodgkin’s lymphoma [48].

We also investigated the potential role of VD in MM. We have demonstrated that
25(OH)D3 has the potential to inhibit the proliferative potential of MM cells. Furthermore,
we have shown that 25(OH)D3 can overcome resistance to BTZ in vitro and that its anti-MM
properties are at least partially controlled by epigenetic alterations [11].

We have herein deepened our research and thoroughly investigated the epigenetic
mechanisms underlying the anti-MM activity of 25(OH)D3 and its role in the development
of BTZ resistance. In this study, we showed that the development of BTZ resistance is
associated with global changes in methylation. More precisely, MM cells with a BTZ-
resistant phenotype were hypomethylated, mainly in the open sea, compared to control
cells. In particular, hypomethylation of the FBXL6, CLRN3, and PMP2 genes was observed
in BTZ-resistant cells compared to control cells. Their high expression is associated with
tumor progression and poor clinical outcomes in oncology patients [26,49]. Since these
genes have been found to be hypomethylated, it can be hypothesized that given biological
processes controlled by them tend to be more active in comparison to control cells and in
this way contribute to the resistance development. In addition, GSEA analysis revealed
only processes that were hypomethylated. The most significant were histone methylation,
histone modification, and protein diacylation, as well as regulation of telomere maintenance.
These results suggest that epigenetic mechanisms are associated with BTZ resistance.
Globally, resistance to BTZ is associated with hypomethylation. The role of epigenetic
mechanisms in tumor progression and the development of drug resistance has been studied
in various malignancies. For instance, hypomethylation in prostate cancer is associated with
poorer clinical outcomes and more aggressive metastatic disease [50]. Moreover, according
to a systematic review by Zelic et al., global DNA methylation levels were consistently
lower in prostate cancer tissue compared to healthy prostate tissue. At the same time,
methylation levels were lower in more aggressive tumors [51]. Alterations in methylation
have also been studied in MM. The results of the study conducted by Sieve and colleagues
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revealed that global loss of methylation may be a hallmark of progressive disease with
poorer clinical outcomes. They found that an extremely high overlap of hypomethylated
genes was associated with poorer survival. Interestingly, most of the hypomethylated genes
were outside the CpG islands [52]. Moreover, it has been shown that global changes in
methylation can play a significant role in myelomagenesis and promote the transition from
monoclonal gammopathy of unknown significance (MGUS) to fully symptomatic MM [53].
We have demonstrated in our previous study that incubation with VD or with both VD
and VK has the potential to reduce the proliferation of U266 MM cells, including cells
exhibiting a BTZ-resistant phenotype [11]. Consistent with our results in this study, the
reduced proliferative potential is also reflected in the altered methylation profile. MM cells
incubated with VD or with both VD and VK are globally hypermethylated. Consistently
with the overall methylation profile, we observed hypermethylation of genes involved in
cancer development and progression. For instance, in control U266 MM cells incubated
with VD only, an increase in the methylation levels of the NTN1 and MYH10 genes was
observed. These genes are involved in the development, progression, and proliferation
of tumors in a variety of cancers, including hematological malignancies. For instance,
Huang et al. demonstrated that NTN1 expression was upregulated in B-ALL patients with
high and intermediate risk. Therefore, NTN1 can be considered an oncogene [54]. On
the other hand, MYH10 acts as a tumor suppressor and its downregulation is associated
with poor outcomes in hepatocellular carcinoma [55]. The exact role of these genes in MM
requires further studies. Similarly, in BTZ-resistant cells, we observed hypermethylation
in the ARHGAP26 gene, which is involved in tumorigenesis and progression of human
cancers. However, in various types of cancer, its expression changes significantly [29].
For instance, Qian et al. demonstrated that ARHGAP26 hypermethylation resulted in
reduced gene expression, which may be an early event in the pathogenesis of AML. Similar
associations were observed by Bojesen and colleagues [56,57]. On the other hand, Li et al.
showed an increase in its expression in prostate cancer [58]. Our observations of the
global methylation profile in BTZ-resistant MM cells and VD-incubated control cells are
consistent with the trend shown by other researchers that hypomethylation is associated
with cancer development and progression [59-61]. On the contrary, it can be hypothesized
that hypermethylation suggests a decreased proliferative potential of malignant cells and a
better response to therapy. The results of our preclinical study in an in vitro model revealed
intriguing relationships and associations that should be further investigated and provided
the background for subsequent clinical trials in MM.

5. Conclusions

VD and VK have the potential to induce epigenetic changes in MM cells. Moreover,
these alterations are associated with the proliferative potential of plasma cells as well
as the development of resistance to BTZ. Globally, hypermethylation is correlated with
decreased proliferative potential of malignant plasma cells, and hypomethylation with BTZ
resistance. There is an urgent need to conduct in vivo studies in clinical trials to determine
whether similar relationships will also occur in patients with multiple myeloma. If the
results turn out to be consistent, it will be necessary to introduce new supplementation
recommendations as part of adjuvant therapy.

6. Study Limitations

Although our study provided novel insights into the role of VD and VK2 MK7 in
MM and shed more light on the regulation of epigenetic mechanisms, it has several draw-
backs. First, our study was conducted on only one MM cell line. Second, our study
provided preliminary results with the intention to shed more light on the pathophysiology
of BTZ-resistance and potential easy-to-implement and cost-effective adjuvant therapies.
Nevertheless, it should be emphasized that the obtained results require further validation
in more complex preclinical models, e.g., using different MM cell lines, especially those
obtained from MM patients and other second-generation proteasome inhibitors (PIs) such
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as carfilzomib and ixazomib. Ultimately, the results obtained should be evaluated in an
animal model, and finally, in a clinical trial.

Supplementary Materials: The following supporting information can be downloaded at: https: / /www.
mdpi.com /article/10.3390/nul16010142/s1, Figure S1: Methylation profile after second subsequent
BTZ, VD, and VK treatments of U266 myeloma cells; Figure S2: Methylation profile after second VD
treatments of U266 myeloma cells.; Figure S3: Methylation profile after second VD and VK treatments of
U266 myeloma cells.
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Zatacznik nr 4 - Oswiadczenia wspotautoréow

Szczecin, 16.01.2024

dr hab. n. med. Karolina tuczkowska
Zalkdad Patologii Ogdlnej
Pomaorskiego Uniwersytetu Medycznego

Oswiadczam, ze w publikacji naukowe] tuczkowska K*, Kulig P*, Rusifiska K, Baumert B, Machaliriski B.
5-Aza-2"-Deoxycytidine Alters the Methylation Profile of Bortezomib-Resistant U266 Multiple Myeloma
Cells and Affects Their Proliferative Potential. /nternational Journal of Molecwlar Sciences. 2023;
24(23):16780. https://doi.org/10.3390/ijms242316780 mdj udzial polegat na opracowaniu
metodologii, uczestniczeniu w analizie formalnej, pisaniu manuskryptu oraz przygotowaniu rycin.

Oswiadczam, ze w publikacji naukowej tuczkowska K*, Kulig P*, Baumert B, Machaliriski B. Vitamin D
and K Supplementation Is Associated with Changes in the Methylation Profile of U266-Multiple
Myeloma Cells, Influencing the Proliferative Potential and Resistance to Bortezomib. Nutrients. 2024;
16(1):142. https://doi.org/10.3390/nul6010142 moj udziat polegal na opracowaniu metodologii,
uczestniczeniu w analizie formalnej, pisaniu manuskryptu, przygotowaniu rycin oraz pozyskaniu
funduszy.
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Oswiadczam, ze w publikacji naukowej Kulig P, tuczkowska K, Bakinowska E, Baumert B, Machaliriski B.
Epigenetic Alterations as Vital Aspects of Bortezomib Molecular Action. Concers. 2024; 16(1):84.
https://doi.org/10.3390/cancers16010084 mdj wkiad polegat na korekcie manuskryptu.
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Szczecin, 16.01.2024
Estera Bakinowska
Zakiad Patologii Ogéinej
Pomorskiego Uniwersytetu Medycznego

Oswiadczam, ze w publikacji naukowej Kulig P, tuczkowska K, Bakinowska E, Baumert B, Machaliriski B.
Epigenetic Alterations as Vital Aspects of Bortezomib Molecular Action. Cancers. 2024; 16(1):84.
https://doi.org/10.3390/cancers16010084 moj wklad polegat przygotowaniu rycin.
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Szczecin, 16.01.2024

Lek. Klaudia Rusiriska
Zakiad Patologii Ogéinej
Pomorskiego Uniwersytetu Medycznego

O$wiadczam, ze w publikacji naukowej tuczkowska K*, Kulig P*, Rusifiska K, Baumert B, Machalifiski
B. 5-Aza-2"-Deoxycytidine Alters the Methylation Profile of Bortezomib-Resistant U266 Multiple
Myeloma Cells and Affects Their Proliferative Potential. International Journal of Molecular Sciences.
2023; 24(23):16780. https://doi.org/10.3390/ijms242316780 méj udzial polegat na pomocy w pisaniu
manuskryptu,
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Szczecin, 16.01.2024

dr hab. n. med. Barttomiej Baumert
Klinika Hematologii i Transplantologii
Pomorskiego Uniwersytetu Medycznego

Oswiadczam, ze w publikacjinaukowej tuczkowska K*, Kulig P*, Rusifiska K, Baumert B, MachalifiskiB.
5-Aza-2'-Deoxycytidine Alters the Methylation Profile of Bortezomib-Resistant U266 Multiple Myeloma
Cells and Affects Their Proliferative Potential. International Journal of Molecular Sciences. 2023;
24(23):16780. https://doi.org/10.3390/ijms242316780 méj udziat polegat na korekcie manuskryptu.

Oswiadczam, ze w publikacji naukowej tuczkowska K*, Kulig P*, Baumert B, Machalinski B. Vitamin D
and K Supplementation Is Associated with Changes in the Methylation Profile of U266-Multiple
Myeloma Cells, Influencing the Proliferative Potential and Resistance to Bortezomib. Nutrients. 2024;
16(1):142. https://doi.org/10.3390/nu16010142 méj wktad polegat na analizie formalnej oraz korekcie
manuskryptu

Oswiadczam, ze w publikacji naukowej Kulig P, tuczkowska K, Bakinowska E, Baumert B, Machaliriski B.
Epigenetic Alterations as Vital Aspects of Bortezomib Molecular Action. Cancers. 2024; 16(1):84.
https://doi.org/10.3390/cancers16010084 moj wktad polegat na korekcie manuskryptu.
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Szczecin, 16.01.2024

prof. dr hab. n. med. Bogustaw Machaliriski
Kierownik Zaktadu Patologii Ogéinej
Pomorskiego Uniwersytetu Medycznego

Os$wiadczam, zew publikacjinaukowe] tuczkowska K*, Kulig P*, Rusifiska K, Baumert B, MachalifiskiB.
5-Aza-2’-Deoxycytidine Alters the Methylation Profile of Bortezomib-Resistant U266 Multiple Myeloma
Cells and Affects Their Proliferative Potential. International Journal of Molecular Sciences. 2023;
24(23):16780. https://doi.org/10.3390/ijms242316780 moj udziat polegat na konceptualizacji,
nadzorze merytorycznym, korekcie manuskryptu oraz pozyskaniu finansowania.
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Oswiadczam, ze w publikacji naukowej tuczkowska K*, Kulig P*, Baumert B, Machaliriski B. Vitamin D
and K Supplementation Is Associated with Changes in the Methylation Profile of U266-Multiple
Myeloma Cells, Influencing the Proliferative Potential and Resistance to Bortezomib. Nutrients. 2024;
16(1):142. https://doi.org/10.3390/nu16010142 méj wkiad polegat na konceptualizacji, nadzorze
merytorycznym, korekcie manuskryptu oraz pozyskaniu finansowania.

Oswiadczam, ze w publikacji naukowej Kulig P, tuczkowska K, Bakinowska E, Baumert B, Machaliriski B.
Epigenetic Alterations as Vital Aspects of Bortezomib Molecular Action. Cancers. 2024; 16(1):84.
https://doi.org/10.3390/cancers16010084 maéj wktad polegat na nadzorze merytorycznym, korekcie
manuskryptu oraz pozyskaniu finansowania.
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Oswiadczam, ze w publikacji naukowej tuczkowska K*, Kulig P*, Rusiriska K, Baumert B, Machaliriski B.
5-Aza-2'-Deoxycytidine Alters the Methylation Profile of Bortezomib-Resistant U266 Multiple Myeloma
Cells and Affects Their Proliferative Potential. International Journal of Molecular Sciences. 2023;
24(23):16780. https://doi.org/10.3390/ijms242316780 mdj udziat polegat na analizie formalnej,
pisaniu manuskryptu oraz przygotowaniu rycin.

Oswiadczam, ze w publikacji naukowej tuczkowska K*, Kulig P*, Baumert B, Machaliriski B. Vitamin D
and K Supplementation Is Associated with Changes in the Methylation Profile of U266-Multiple
Myeloma Cells, Influencing the Proliferative Potential and Resistance to Bortezomib. Nutrients. 2024;
16(1):142. https://doi.org/10.3390/nu16010142 méj udziat polegat na analizie formalnej oraz pisaniu
manuskryptu.

Oswiadczam, ze w publikacji naukowej Kulig P, tuczkowska K, Bakinowska E, Baumert B, Machalifiski B.
Epigenetic Alterations as Vital Aspects of Bortezomib Molecular Action. Cancers. 2024; 16(1):84.
https://doi.org/10.3390/cancers16010084 méj wkiad polegat przeprowadzeniu przegladu literatury
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