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OSSZEFOGLALAS

A sejtciklus zavarainak jelentsége szamos betegség pathogenezisében keriilt leirasra az
elmult évek soran, igy a sejtciklusfiiggd valtozasok ismerete diagnosztikai €s terapids
megkozelitésbal is igen 1ényegessé valt.

A terapias hatas fokozasa volt célunk a dolgozat alapjat képezé munka els6 felében,
mely sordn egy napjainkban is alkalmazott kemoterapids szer, a paclitaxel
sejtciklusfiiggd effektivitasbeli kiilonbségeit vizsgaltuk. A paclitaxel a sejtek
szinkronizacidjat okozza a mitozis (M) fazisban. Vizsgalatainkkal arra kerestiik a
valaszt, hogy fokozhato-e a szer citotoxikus hatdsa, amennyiben a kezelni kivéant
sejtvonal osztodasi karakterisztikdjat figyelembe véve idozitett, ismétlodo kezeléseket
alkalmazunk. Egy gyorsan szaporodd sejtvonal (Sp2) osztodasi ciklusdra alapozott
kezelési séma kidolgozasat kovetden kimutattuk, hogy a masodik kezelés hatékonysaga
a Go/M fazisban a legmagasabb. Egy hosszabb duplikéacios (generacios) iddvel bird
sejttipussal (Jurkat) 1étrehozott kevert tenyészetet az Sp2-re optimalizalt kezeléseknek
kitéve képesek voltunk a két sejtvonalon eltérd hatas kifejtésére. Eredményeink azt
mutatjak, hogy az osztddasi karakterisztika ismeretében a kemoterdpids hatékonysag
novelhetd. Megfelelden iddzitett kezelésekkel az egészséges testi sejteken okozott
mellékhatas csokkenése mellett a tumorsejtekre kifejtett citotoxicitas fokozhato.

A munka masodik részében a sejtciklus-szabalyozasban szerepet jatszo egyik
poszttranszlaciés modosuléds, az O-tipusu fehérjeglikozilacid (O-GIcNAc) valtozasait
kovettlik végig a sejtciklus soran, szinkronizalt HeLa sejteken. Bar a modosulasnak a
sejtciklus bizonyos mozzanataiban betoltott szerepe részletesen vizsgalt, a globélis O-
glikozilacios statusz osztodas alatti valtozasairol szo6l6 kozlemények ellentmondésosak.
Munkank soradn kimutattuk, hogy a mitézis folyaman az O-GlcNAc szint jelentdsen
megemelkedik, western blottal ugyanekkor egy jellegzetes O-GlcNAc-mintazatbeli
eltérést azonosithato, egy 100 kDa magassagban megjelend jel formajaban. A malignus
sejtek magas tapanyagfelvételének és emelkedett O-glikozilacios statuszanak ismerete
mellett eredményiink, miszerint a mitdzis alatt a ,,nutrient sensor” funkciét betolté O-
GlcNAc modosulas jelentdsen megnd, tovabb erdsiti azt a korabbi feltételezést, hogy az
O-glikozilacido és az azt regulald enzimek a tumorképzddés folyamatanak fontos

szereploi.



1. BEVEZETES

I.1. DAGANATOS MEGBETEGEDESEK

A daganatos megbetegedések a morbiditas és mortalitds szempontjabol vilagszerte a
statisztikdk vezetd helyén dallnak, ezéltal az egyik legjelentésebb népegészségiigyi
problémat képviselve napjainkban. Az Egészségligyi Vilagszervezet (World Health
Organization, WHO) adatai szerint 2012-ben az 0j tumoros megbetegedések szdma
hozzavetdlegesen évi 14.1 millidra nétt, amely becslések szerint a kdvetkezd két évtized
soran 22 milliéra emelkedhet.! Ugyanezen idétartam alatt az évi 8.2 millié daganatos
megbetegedésbdl eredd haldlozas 13 milliora néhet. A ndvekedés hatterében eldregedd
népességiink mellett fontos tényezd a megvaltozott életstilus, amely az ismert
rizik6faktorok magasabb eléfordulasat (pl. dohanyzas, tilstly, mozgasszegény életmod)
vonta magéval. 2012-ben a vilagszerte leggyakrabban diagnosztizalt daganatok a
kovetkezOk voltak: tido, emld, vastagbél (1. abra). A tumorbdl ereddé mortalitas
tekintetében ugyanakkor a tiid6-, maj- és gyomordaganatok alltak vezetd helyen (2.

abra).’
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1. abra. Az 5 leggyakoribb daganatos megbetegedés incidencidaja vilagszerte 2012-ben,
a WHO adatai alapjan. (Kép forrasa: International Agency for Research on Cancer,
2018.)
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2. abra. A daganatos megbetegedések mortalitasa vilagszerte 2012-ben, a WHO adatai
alapjan. (Kép forrasa: International Agency for Research on Cancer, 2018.)

1.2. AZ EUKARIOTA SEJTCIKLUS

Az eukaridta sejtek osztodasa rendkiviil komplex, szigortan szabalyozott esemény.
Jelentdségét tobbek kozott az organogenezis, a szoveti regeneracio, koros esetekben
hiperplazia, tumorképzddés esetén lathatjuk. A folyamat sordn az anyasejt minden
komponensét, beleértve genetikai allomanyat is, megdupldzza. Fizioldgids esetben
végeredményként vele genetikailag megegyezd két leanysejt képzddik. A sejt ezalatt
szamos ellenérzéponton halad 4t annak érdekében, hogy az osztdédas megfeleld modon

menjen végbe.

Eukariota él6lényekben a sejtciklus négy fazisa kiilonithetd el: Gi, S, G2 és M. A
lednysejt eloszor az ugynevezett G fazisba keriil, melyben valtozé ideig tartozkodik.
Amennyiben a sejt - a kornyezeti tényezoktdl és mitotikus szignalok jelenlététdl
fliggben - az osztddas iranyaba elkotelezddik, az elsd restrikcids ponton athaladva az S
(szintézis) fazisba 1ép.’> Az S fazis sordn torténik a DNS replikacidja, melynek sikeres
megtorténte utdn a Gy fazisban a sejt felkésziil a kettéosztodasra. A Gi, S és G
fazisokat egyiittesen interfazisnak nevezziik. Ebben tolti a sejt ideje tilnyomo részét.
Bar Altaldban a Gi a sejtciklus leghosszabb szakasza, ennek id6tartama a

legvaltozékonyabb is. Ebbdl a fazisbol nem megfeleld kornyezeti koriilmények esetén



(pl. tapanyaghiany) a sejt egy nyugvo, ugynevezett Go stadiumba Iéphet ki, melybol

idedlis kdrnyezeti tényezdk esetén képes visszatérni a G| fazisba (3. abra).
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3. abra. A4 sejtciklus folyamata vazlatosan. (Sajat abra.)

Az interfazist kdvetden a sejt Gjabb ellendrzéponton halad at. Ennek feltétele a DNS
hibatlan megkettézddése, melynek teljesiilése esetén végbemegy a tényleges sejtoszlas
az M, azaz mitozis fazisaban. Habar ez a szakasz a legrovidebb idétartamu, benne
tovabbi négy alfazist kiilonitiink el: pro-, meta-, ana- és telofazist; melyek soran
kiilonb6z6 események jatszodnak le, szigorlan meghatarozott sorrendben. A
profazisban a maghartya dezintegralodik, az 6rokitdanyag kromoszémakba szervezddik,
a mitotikus orso kialakuldasa megkezdddik. A metafazis soran kifejlodik a mitotikus
ors0, a kromoszoéméak a mikrotubulusok segitségével az osztddas egyenlitéi sikjaban
sorakoznak fel, melynek lezajlasa ismét egy ellendrzéponton vald athaladashoz
szlikséges. A kromatiddk anafdzisban torténd szétvalasa utan a telofazis folyaman
kialakulnak a podlusokban elhelyezkedd kromatidak koriil az 0 maghartydk, majd

megtdrténik a lednysejtek tényleges szegregicioja, a citokinézis (4. abra).*?
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4. abra. A mitozis szakaszai
(Kép forrasa: Peterson E. A. és mtsai (2010) Clin Genet.)

A teljes sejtciklus és az egyes fazisok iddtartama sejttipustdl fiiggéen nagymértékben
valtozik. Gyorsan o0sztod6 emberi sejt tipikus ciklusideje kb. 24 orat tesz ki (kb. 11 ora
Gi, 8 ora S, 4 o6ra Gz, 1 6ra M fazis), mig mas sejttipusok ennél joval gyorsabb
osztodasra képesek. Igy az élesztésejtek akar 90 perc alatt athaladnak a teljes

sejtcikluson, s6t, embrionalis sejtek ennél révidebb ciklusiddvel is rendelkezhetnek.®

1.3. SEJTSZINKRONIZACIOS MODSZEREK

Nativ sejtkultiraban a sejtek aszinkronizaltak, egymastol fiiggetlen mdédon haladnak a
sejtciklusban, egy adott pillanatban annak kiilonb6zd fazisaiban talalhatok. Mivel az
ilyen tenyészet vizsgalatdval nem nyerhetd érdemi informécio a sejtciklusfiiggd
folyamatokrol, sziikkség volt ) modszerek kifejlesztésére az azonos fazisban levd
sejtpopulacidk, Un. fazis-homolog sejtcsoportok gylijtéséhez. Ennek egyik modja a

sejtszinkronizécio, melynek szamos tipusa ismert az irodalomban.

Sejtkultarak szinkronizaldsa soran a kozos [épés, hogy egy-egy adott ponton
felfiiggesztjiik a sejtciklus progresszidjat. A sejt ezt a pontot elérve a ciklusban nem
képes tovabbhaladni. Idével a populécid dsszes sejtje elér ehhez a pontoz, igy az Gsszes
sejt az adott fazisban szinkronizalodik. A gatlds felolddsa wutdn a sejtek
tovabbhaladhatnak ciklusukban, mar egymadssal szinkronizalt mdédon. Ezt kovetden
meghatdrozott idépontokban mintat gylijtve képesek vagyunk az adott fazisban 1évo

sejtcsoport ciklusfiiggd paramétereit vizsgdlni. A szinkronizdlds nehézségei kozé



tartozik, hogy a sejtciklus adott szakaszaban blokkolt sejt bizonyos id6 eltelte utan az
apoptdzis utjara 1ép. Ezaltal tehat 100%-o0s szinkronizaltsdgot nehéz 1étrehozni, ugyanis
mire az populacio utolso sejtje is elérné azt a fazist, melyben a blokk torténik, nagy

es¢ly van ra, hogy az oda els6ként jutott sejt mar pusztuldsnak indul. (6. abra)
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5. abra. A sejtszinkronizdcio menete. A. Aszinkron populacio a G, fazis kezdetén
alkalmazott blokk idépontjaban. B. A ciklusido egy részének eltelte utan megkezdodik az
akkumulacio G fazis kezdetén. C. A legkorabban blokkolt sejtek apoptozisnak indulnak,

mig a kezdetben G és S fazisban levok még nem érték el a blokkolt pontot a
sejtciklusban. (Sajat dbra.)

Emiatt sziikséges minden egyes sejtpopulacidora és a vizsgalni kivant fazisra
optimalizalni a kezelések idOtartamat, hogy a lehetdé legmagasabb szinkronizaltsagi
fokot érjiik el, minél kevesebb apoptotikus sejt 1étrejottével. Emellett a kezelések soran
problémat jelenthet a szinkronizaciohoz hasznalt szerek esetleges mellékhatésa, illetve a
tenyészetek altaldban relative gyorsan torténd ismételt aszinkronizalodasa (altalaban
néhany ciklus zajlik szinkronizalt mdodon, az id6 eldrehaladtaval az &sszehangoltsag

mértéke csokken), mely korlatozza a lehetséges vizsgalatok idejét, szamat.

Altalanossagban elmondhatd, hogy legcélszertibb olyan szinkronizaldsi moédszert
valasztani, amely a vizsgalni kivant fazis kezdetéhez lehetd legkdzelebbi blokkot
eredményez. A modszerek altaldban tipanyag (leggyakrabban szérum) megvondsan,
vagy kiilonb6z6 kémiai gatloszerek alkalmazdsan alapulnak. A legelterjedtebb

kezeléseket az 1. tablazatban foglaltuk 6ssze.
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KoraiG;  Tapanyag-megvonas
Lovastatin

Kés6iG, Mimozin

G,/S Afidikolin
Hidroxiurea
Timidin

G,/M Nocodazol
Paclitaxel

M Mitotikus lerdzas

1. tablazat. 4 leggyakrabban alkalmazott sejtszinkronizdcios modszerek

A tapanyag megvondsa altal a sejt a G fazis kezdetén ragad, mivel nem képes athaladni
az elsd restrikcids ponton. A lovastatinkezelés a p21 és p27 cdk inhibitorok sejten beliili
akkumulaciéja révén szintén a korai G; fazisban eredményez blokkot.” A késéi G
fazisban akadalyozza a sejtciklus-progressziét a mimozin, maig nem teljesen tisztazott
mechanizmussal.® A G1/S fazis hatiran, a DNS szintézis gatlasa révén allitja le a
progressziot az afidikolin, a hidroxiurea, és a nagy mennyiségben alkalmazott
timidinnel vald kezelés.” A mikrotubulusok megfeleleld miikodésének gatlasaval a
G2/M féazisok hataran érhetiink el blokkot, melyre a leggyakrabban alkalmazott szerek a
nocodazol és a paclitaxel.’ Végiil, M fazisa populacié szelektiv gylijtésére az
ugynevezett mitotikus lerdzas altal nyilik lehetségiink. A modszer adherens
tenyészetek esetén alkalmazhat6, melyek a mitozis soran kerek format vesznek fel,
adhézidjuk csokken. A modszer soran a sejteket eldzetes szinkronizaciot kovetden vagy
anélkiil mechanikai rdzasnak tessziik ki, ezaltal a kerek, M fazisban levo sejtek szelektiv

gytijtése torténik.”1°
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1.4. PACLITAXEL

1.4.1. A paclitaxel alkalmazasa

A daganatkezelés egyik legfobb eszkOze a sugar- €s sebészeti kezelések mellett a
kemoterapia. A citotoxikus szerek megjelenése nagy lépést jelentett az onkoterapia
tertiletén, mivel ez az egyetlen olyan mddszer, amely a betegség szisztémas, egész
szervezetet érintd jellegére képes hatni, igy nem csupdn a szolid tumorok metasztazis-
kezelésének kérdésében eredményezett jelentds eldrehaladdst, hanem még inkabb a
disszeminalt malignus betegségek (leukémiak, limfomak) terapidjaban. Ennek ellenére a
kemoterapids szerek elterjedése, Gjabb agensek kifejlesztése mellett az elmult 40 év

soran a daganatos megbetegedések mortalitasa csupan koriilbeliil 13%-kal csokkent.!!

A paclitaxel (taxol) az egyik legismertebb természetes eredetli kemoterdpids szer,
melyet elséként a tiszafa (Taxus brevifolia) kérgébdl izolaltak.!> A ndvénybdl nyert
mintak tumorellenes hatasanak felfedezése 1962-re tehet6 egy, az Egyesiilt Allamokbeli
Nemzeti Rakkutatd Intézet (NCI, National Cancer Institute) altal tdmogatott program
keretein beliil. A pontos hatéanyag azonositasa csak néhany évvel kés6bb tortént meg,
majd ezt kovetéen kezdddhetett a paclitaxel bioldgiai hatasainak részletesebb
tanulmanyozéasa. 1977-ben az NCI képes volt igazolni a paclitaxel daganatellenes
aktivitasat B16 egér melanoma modellen, majd egyéb tumorokkal rendelkezd xenograft

modelleken is.!3

A szer daganatellenes hatasa napjainkban mar igen széles korben igazolt. Az Amerikai
Elelmiszer- és Gyogyszerellendrz6 Hatosag (U.S. Food and Drug Administration; FDA)
engedélyezte a paclitaxel klinikai haszndlatdit emld-, ovarium- és tiidétumorokban,
valamint Kaposi sarcoma kezelésében. Off-label mddon hasznélatos endometridlis,
cervix, prosztata, gastro-oesophagealis, illetve fej-nyaki tumorok esetén, valamint egyes
sarcomdkban, lymphomdakban és leukaemiakban.!* Alkalmazasa leggyakrabban 135
mg/m?, illetve 175 mg/m? dézisban, 3 vagy 24 6ra alatt beadott infuzidkban torténik, 21
vagy 7 napos kezelési ciklusokban. A taxanokat gyakran alkalmazzik kombinacios

kezelésben egyéb kemoterdpais szerekkel vagy radioterapiaval, pl. antracyclinekkel,
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trastuzumabbal, cyclophosphamiddel vagy platinaalapti agensekkel az emlétumorok

terapajaban. 13161718

1.4.2. A paclitaxel szerkezete, hataismechanizmusa

A paclitaxel szerkezetét tekintve egy diterpenoid pszeudoalkaloid, melynek empirikus
képlete Cs7H51NO14 (6. abra), molekulatomege 853.9 g/mol. A Ci3 atomon
elhelyezkedd oldallanc képezi a molekula aktiv részét, mely a mikrotubulusokhoz,

elsésorban a B-tubulinhoz kotddik. '3

6. abra. 4 paclitaxel kémiai szerkezete
(Kép forrdsa: Zhang D. és mtsai (2014) Drug Des Devel Ther.)

A mikrotubulusok alfa- és béta-tubulindimér molekulakbol felépiild polimerek.
Elsddleges szerepiik a mitotikus orso felépitése a sejtosztodas soran, de emellett vitalis
interfazis-funkciokban is részt vesznek, igy a sejt alakjanak fenntartasaban,
motilitisban,  jelatviteli és intracellularis  transzportfolyamatokban.'”  Mas
mikrotubulusokra hat6 szerekkel, pl. a kolhicinnel, vinkaalkaloidokkal - melyek a
mikrotubulusok felépiilését gatoljak — ellentétben, a paclitaxel a tubulin-polimerizaciot
serkenti, illetve annak depolimerizacidjat gatolja. Az igy képz6dd mikrotubulusok
kiilonosen stabilak és diszfunkcionalisak. A mitézishoz és a vitdlis interfazis-
folyamatokhoz sziikséges normal mikrotubulus-dinamika hianyanak kovetkeztében a

sejtek a meta/anafazis hatdran rekednek, majd elpusztulnak. %%

13



Mivel a sejtek mitozisban val6 tovabbhaladasa gatolt, a blokk a sejtciklus M fazisaban
kovetkezik be.'??!?2 Amennyiben a blokddot feloldjuk, mielétt az apoptozis folyamata
elindulna, a paclitaxel okozta mitdzis-megallast felépiilés és a sejtciklusba vald
tovabblépés kovetheti. Ezaltal érthetd, hogy a taxol-indukalta sejthalalnak abszolut
feltétele a mitdzison vald athaladas.?® Irodalmi adatok alapjan azonban a taxol okozta
apoptdzis nemcsak a mitozis-megallds kovetkeztében, hanem interfazisban levd
sejteken vald hatas eredményeként is létrejohet.?*® A szer citotoxikus hatdsa mégis az
M fazis soran a legkifejezettebb.?’” Csupan 5 nM paclitaxel-koncentracié elég ahhoz,
hogy az osztdédasban megallitsa, illetve azt kovetden elpusztitsa a malignus sejteket. Az
effektivitas, a sziikséges koncentracid ¢és a kezelési idétartam azonban nagymértékben
fiigg a célzott sejttipustdl.?” A kezelésnek tehat a sejtciklus dinamikajahoz sziikséges
igazodnia. Wang ¢és munkatarsai 2013-ban kimutattak, hogy ovarium-sejtvonal
szinkronizalasa megsziinteti a sejtek paclitaxellel szembeni rezisztencigjat.’! Emellett a
paclitaxel okozta mitdzis-megallas és szinkronizacid tumorsejtek radioterapidra valo
szenzitizacidja céljabol is hatdsosnak bizonyult,”®?° ugyanis a G, illetve M a

sugarterapia szempontjabol is legérzékenyebb fazisok.

1.5. O-GLIKOZILACIO A SEJTCIKLUSBAN

1.5.1. Poszttranszlacios modosulasok a sejtciklus szabalyozasaban

A sejtciklus  folyamatainak  Osszehangolt —milkddése szigorGh  szabalyozas
kovetkezménye, melyben transzkripcids, transzlacids, poszttranszlacids, valamint
lebomlasi folyamatok egyarant kozremiikodnek. A sejtciklus minden egyes 1épése tobb
sz4dz regulator befolyasa alatt all. E regulatorok miikodését intrinzik (mutéacid) és
extrinzik faktorok (kornyezeti tényezdk, kemikalidk) egyarant befolyasolhatjak,
esetenként akar sulyos kovetkezményekkel jarva. Ilyen kovetkezmény lehet malignus
tumor képzddése, de szerepet tulajdonitanak a sejtciklus-szabalyozds zavarainak az

Alzheimer-kor, diabetes, illetve egyes autoimmun betegségek pathogenezisében is. 3173

Ko6zponti szabalyozok a csupan bizonyos fazisokban expresszalodd (ciklikusan

kifejez6dd) ciklin fehérjék, és a velilkk komplexet képezd ciklin-dependens kindzok
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(cdk-k).>*3% Ezek, a szintén szamos regulétor (pl. p53, p21, p16, cdc25) befolyasa alatt
allo szerin/treonin kinazok a sejtciklus bizonyos pontjain aktivaléodva koordinaljak az
egyes fazisok kozti progressziot. A ciklin és cdk fehérjékkel tucatnyi egyéb kindz és
foszfataz all kapcsolatban, melyek id6- és térbeli szabalyozottsagarol kiterjedt
ismeretanyaggal rendelkeziink.?*2"3° Az utobbi évtizedekben a foszforilacié mellett
azonban egyéb poszttranszlacios modosulasok is egyre nagyobb figyelmet kaptak. igy
deriilt fény az ubikvitinacid, a SUMOIl4cid, a poli-ADP-ribozilacid, a hiszton-acetilacio

¢€s nem utolso sorban az N- és O-glikozilacio jelentdségére a sejtosztodas folyamataban.
40-46

1.5.2. A fehérjék O-tipusu glikozilacioja

Az O-GlcNAc egy, a fehérjék szerin (Ser) és treonin (Thr) oldallancait érintd,
dinamikus poszttranszlaciés modosulas. A folyamat sordn citoplazmatikus, nuklearis,
valamint mitokondrialis fehérjék Ser, illetve Thr aminosavainak hidroxilcsoportjan
keresztiil egy O-B-N-acetilgliikozamin (O-GIcNAc) kapcsolddas jon 1étre. Ez a latszolag
egyszeri modosulds azonban igen jelentds szerepet tolt be fiziologids és
pathofiziologias allapotokban egyarant. Az altala érintett fehérjék szama az egyre javulo
technikai feltételeknek koszonhetéen (pl. tomegspektrometriai modszerek) az elmult
néhany évben megsokszorozddott. Napjainkig tobb mint 3000 O-glikozilalt fehérje
keriilt leirdsra, melyek a génexpresszio, transzlacio, fehérjedegradacio, szignal
transzdukcid, és tobbek kozott a sejtciklus-szabalyozas szempontjabol is kiemelkedd

jelentéséggel birnak.*’

A fehérjék O-tipusu glikozilacidjanak az O-GIcNAc kapcsolodason til ismert formai az
O-mannozilacio, O-fukozilacid, O-tipusi gliikoz-, galaktéz-, vagy N-acetil-
galaktozamin(O-GalNAc)-kotés. Ezek egy része (O-mannozilacio, O-fukozilacio, O-
GalNAc) ugyancsak Ser ¢és Thr aminosavakat érint, mas része azonban egyéb
aminosavakon keresztiili kapcsolodast jelol. A modosulasok kozt fontos eltérés a
kapcsolodo cukoroldallanc tipusa és a kotésben résztvevd aminosavak mellett a kotés
kiilonbozd szubcellularis kompartmentben valo 1étrejotte is (pl. az O-GIcNActdl eltérd

moddon az O-tipuséd gliikozkotés és az O-mannozilacid folyamata az endoplazmatikus

15



retikulumban kezdddik).*** A dolgozat tovabbi részében az O-glikozilacio kifejezés
alatt az O-GlcNAc-modosulas értendd. Ezt a reakciot két enzim katalizélja: az O-
GlcNAc transzferaz (OGT) és az O-GlcNAcaz (OGA). Elobbi felelés az O-GIcNAc
uridin-difoszfat-N-acetilgliikozamin (UDP-GIcNAc), amely a hexdzamin bioszintézis
utvonal (HBP) végterméke (7. abra). Ebbe, a gliikkdz-, aminosav-, zsirsav- és nukleotid-

metabolizmust dsszekapcsold Gitvonalba 1ép be a szervezetbe jutod gliikkéz 2-4%-a.>°

51-53

Az O-glikozilacié a fehérjék aktivitdsanak moddositasa, degradéciotol vald

5455 intracelluldris  lokalizacidjanak vagy interakcidinak,’® > esetleg

védelme,
hidrofobicitasanak megvéltoztatisa révén fejti ki hatdsat.®® Ezaltal szdmos szinten
befolyasolja a sejt mikodését, igy a transzkripcidra, az epigenetikara, vagy éppen a

jelatviteli folyamatokra hatva.
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7. abra. A hexozamin bioszintézis utvonal (HBP) és az O-glikozilacio folyamata
vazlatosan. (Sajat abra.)

Bar az OGA ¢és OGT enzimek egyarant megtaldlhatok a citoplazmaban ¢és a
nukleuszban, az OGT domindnsan nukleéaris, mig az OGA dontéen citoszolikus

6163 Nem meglepd ezaltal, hogy mar korai tanulmanyok a

elhelyezkedésti.
transzkripcids faktorok igen jelentds részének O-tipust glikozilacigjardl szamoltak be
(példaul a jol ismert p53, c-myc vagy NFkB esetén).** Jelenlegi becslések alapjan az O-
GIcNAc altal modositott fehérjéknek koriilbeliill 25%-a vesz részt a transzkripcid

szabélyozasaban.* A médosités érintheti a faktor magba térténé transzlokaciojat, DNS-
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kotését, transzaktivaciojat, illetve stabilitasat.> Az utébbi években intenziv kutatasok
folytak az OGT epigenetikai reguldtorokkal valé interakcidinak vizsgalatara.®®-*® Ennek
koszonhetéen leirasra keriilt az O-glikozilacié hiszton-mddositasokkal (acetilacio,
metilacid, ubikvitinacid) és DNS-metilacioval valo kapcsolata, bar a mdgottes

interakciok részleteiben még nem ismertek 568

A naszcens polipeptidlanc
transzlaciéval egy id6ben torténd O-glikozildcidja ugyancsak a képzddd
fehérjemennyiséget szabalyozza az ubikvitinaciotol, igy az azonnali degradéciotol

55

védve.” Ugyanigy, a mar érett fehérje stabilitdsanak, élettartamanak noveléséhez

jarulhat hozz4 az O-GlcNAc modosulds a poli-ubikvitinici6 gatldsa révén.>’

A hatdsok jelentés része azonban nem a proteinszintézis, hanem az egyéb
poszttranszlaciés modosuldsok befolydsoldsa révén torténik. Idetartozik az emlitett
ubikvitinaciora kifejtett hatds, azonban legrészletesebben az O-GlcNAc foszforilacidval
vald versengése ismert. Létrejohet kompeticid azonos szerin vagy treonin aminosavért
(4n. Yin-Yang helyek), de egymdashoz kozeli modositasi helyek is befolyasolhatjak
egymast (n. ,,proximal site effect”).?*’® Az O-glikozilacié egyik fontos jellemzdje a
HBP utvonaltdl valo fiiggése révén, hogy a sejt metabolikus allapotanak befolyasa alatt
all. Napjainkban a jelatviteli folyamatokban,®® a stressz-adaptacioban,’! de a sejtciklus-

szabalyozasban betdltott szerepét is szamos tanulméany vizsgalja.’>"?

1.5.3. Az O-glikozilacio jelentosége a sejtciklus soran

Irodalmi adatok alapjan az O-GIcNAc statusz manipulalasa a sejtciklus
progresszidjanak zavaraihoz vezet.”*’® A médosulas optimdlis mértéke sziikséges a

7778 a mitotikus orso kialakulasahoz,” illetve

megfeleld ardnyl hiszton-foszforilacidhoz,
a sejtciklusban szintén jelentds szerepet betdltd c-myc fehérje expresszidjahoz is.®
Emellett az egyik legmagasabb O-glikozilaltsagi fokot mutat6 fehérjek a maghartyaban
elhelyezkedé nukleoporinok.®'¥? Rajtuk keresztiil, illetve a transzportaland6 fehérjék
modositasa révén az O-GlcNAc hatdssal bir a sejtmag be- illetve kifelé iranyulod
transzportfolyamataira. Tobbek kozott befolyasolja a béta-katenin  nukledris
transzportjat, mely a wnt jelatvitelben résztvevd transzkripcids koaktivatorként a

génexpresszid egyik fontos reguldtora, lényeges szerepet tolt be a sejtek
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cres

inverz kapcsolatban all a béta-katenin nukleéris lokalizacigjaval és transzkripcios
aktivitdsaval. Magas transzkripcios aktivitdsu tumorsejtekben a fehérje minimalisra
csokkent O-GIcNAc moédosulasat talaltak, mig egészséges sejtekben a béta-katenin
jelentds mértékben O-glikozilalt.’® Az O-GlcNAc modifikacié hatasait irtak le az NFkB
aktivaciojaval ¢és nukledris transzlokacigjaval kapcsolatban is. Bar az egyes
tanulmanyokban eltéré hatdsokat észleltek, valosziniisithetd, hogy ennek hatterében

kiilonbozd glikozilacids helyek, s az altaluk kivaltott eltérd hatdsok allnak 33—

Osszességében, bar az O-GleNAc modositasnak a sejtciklus szabalyozasaban betdltott
szerepe vitathatatlan, ezzel kapcsolatban részletes ismeretek még nem allnak
rendelkezésre, a globalis O-glikozilacios valtozasok sejtciklus - illetve kiilondsen a

mitdzis - alatti valtozasairdl kozolt eredmények pedig ellentmondasosak. 76788690
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II. CELKITUZESEK

1. A dolgozat alapjat képez6 munka célja egy olyan citotoxikus kezelési séma
kidolgozasa volt, melyet specifikusan egy sejtvonalra optimalizalunk azaltal,
hogy figyelembe vessziik annak osztodasi karakterisztikajat. Az ehhez sziikséges

1épések a kovetkezok voltak:

a. Két kiilonbozé sejtvonal (Sp2, illetve Jurkat) osztodasi ciklusanak
jellemzése, a duplikacidos 1id0 meghatdrozasan tal az egyes fazisok

(kiilonosképpen a Gz és M fazis) idétartaméanak megallapitasa.

b. Idoézitett, ismétlodd paclitaxelkezelések optimalizalasa az Sp2 sejtek
ciklusanak megfeleléen. A kezelések idétartamanak és idOpontjanak
meghatarozasa annak érdekében, hogy az elsd kezelés altal a sejtek nagy
hanyada szinkronizalodjon, majd az ismételt kezelés minél hatdsosabb

legyen.

2. Eltérd effektivitds kimutatdsa az Sp2 és egy tdle eltérd duplikacids iddvel
rendelkezd sejtvonal kozott, az eldbbire optimalizalt kezelés révén; a klinikai
gyakorlatban megcélozni kivant tumorsejtek és az eltérd osztodasi kinetikdval

rendelkezd egészséges testi sejtek analogidjaként:
a. Jurkat sejtvonal osztddasi karakterisztikajanak megallapitasa.
b. Jurkat és Sp2 sejteket tartalmazo kokultira ismétlodo, Sp2 sejtekre
optimalizalt kezelésének vizsgalata.
3. Tovabbi cél volt, hogy az O-glikozilacids statusz valtozasait nyomon kovessiik a

sejtciklus sordn. Ennek céljabol a kovetkezoket végeztiik el:

a. Paclitaxellel szinkronizalt HelLa sejtek O-GlcNAc mintazatanak

vizsgalata.
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Dupla timidin blokk alkalmazésa utdn HeLa sejttenyészet O-glikozilacios
statuszanak detektéldsa a sejtciklus kiillonbozo fazisaiban, majd szelektiv,

mitotikus sejtpopulacidban ugyanezen vizsgalatok elvégzése.
Magporusfehérjék O-glikozilacidjanak detekcioja a mitdzis soran.

Az O-GlcNAc modosulas sejten beliili eloszlasanak, citoszkeletalis

fehérjékkel valo esetleges kolokalizaciojanak analizise.
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III. ANYAG ES MODSZER

II1.1. SEJTKULTURAK

Vizsgéalatainkat HeLa (ATCC CCL-2 humdan cervixcarcinomdbdl szarmazo
epithelsejtek), Sp2 (ATCC CRL-1581 egér hybridoma), valamint zold fluoreszcens
proteint (GFP) tranziensen expresszald Jurkat (ATCC TIB 152 human akut T-sejtes
leukaemia) sejtvonalakon végeztik. (A sejtvonalak a PTE Immunologiai és
Biotechnolégiai Intézetébdl Dr. Balogh Péter és Dr. Boldizsar Ferenc ajandéka).

A tenyésztés EMEM (Eagle’s Minimal Essential Medium) és Ham’s F12 médiumok 1:1
arany( keverékében tortént, mely 10% fotalis borjuszérumot (FBS), 1% nem-
esszencialis aminosavkeveréket, penicillint (100 U/ml) és streptomycint (100 pg/ml)
tartalmazott. A kulturakat 37 °C-os hémérsékletli, 5% CO»-t tartalmazd, parasitott
atmoszféraju termosztatban tenyésztettilk. A sejtek passzalasa 2-3 naponta tortént. A

kisérleteket 12-24 6raval megeldzden a sejteken médiumcserét végeztiink.

II1.2. SEJTSZINKRONIZALAS

II1.2.1. Paclitaxelkezelés

A kezelésekhez friss, 6 mg/l-es paclitaxel torzsoldatot hasznéltunk, melyet a
kereskedelmi forgalomban levdé, human gydgydszatban alkalmazott 6 mg/ml-es
paclitaxel oldatbol (Teva Gyogyszergyar Zrt.) készitettiink. A kezelések komplett
tartalmu, parasitott levegdjii inkubatorban. Ezt kdvetden a sejteket centrifugaltuk (500
RCF, 5 perc) és haromszor mostuk tiszta, paclitaxelmentes, teljes médiumban a
citotoxikum maradéktalan eltavolitasa céljabol, majd teljes, paclitaxelmentes
médiumban torténd reszuszpendalds utan a sejteket kiilonb6zd ideig inkubaltuk. A
kisérletek egy részében ezt egy masodik paclitaxelkezelés (0.05 mg/l, 8 oran at) kovette,

mely utan ismételt regeneralodasi fazis tortént. (12.A abra)
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I11.2.2. Dupla timidin blokk

Dupla timidin blokkal valé szinkronizalas soran adherens Hela sejttenyészetet ~40%-0s
konfluencia elérésekor vetettiink ald kezelésnek. Ennek sordn 2 mM timidint adtunk a
sejtteny€szté médiumhoz, melyet 19 oran at tartd inkubacios periddus kovetett 37 °C-on
(8. abra). Ezt kovetden a sejteket 9 6ran at timidinmentes médiumban tartottuk. Végiil
ismét 2 mM timidintartalmi médiumban valé inkubacié tortént 16 o6ran at, majd a
sejteket friss, komplett médiumban reszuszpendaltuk. A mintavételt a timidin blokk
feloldasa utan kozvetleniil, illetve 4 ora elteltével végeztikk, hogy Gi és S fazisu
sejtpopulaciokat gyljtsiink. A szinkronizacid sikerességét propidium-jodiddal

kombinalt flow cytometrias analizissel ellendriztiik.

»M17 o M2”

.G ,8” —t— .,
Oh 4h 13h ,G,

9h
R A AR
TIaT e T s erizes

8. abra. A dupla timidin blokk és a mitotikus lerazas sémdja.
(Sajat abra.)

I11.2.3. Mitotikus lerazas

Annak érdekében, hogy a mitdzis fazisaban levo, szelektivebb sejtcsoportot nyerjlink, a
dupla timidin blokkot kdvetd mitotikus lerazas modszerét valasztottuk. 9-13 oraval a
timidin blokk feloldasa utdn 25 percenként erds mechanikus rdzasnak tettiik ki a
tenyészetet, mely altal a lekerekedett, mitotikus sejtek a tenyésztflaskatol elvaltak és
Osszegyljtottiik dket. Az els6 6 (,,M17) és az utols6 3 (,,M2”) frakcidt pooloztuk, majd
az utolso lerazast kovetden a flaskaban kitapadva maradt sejtek szolgaltattdk a G, fazisu

mintakat (8. abra).
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II1.3. SEJTSZAMLALASI MODSZEREK

Méréseink soran kiilonboz6 sejtszamlalasi modszereket hasznaltunk. HeLa sejtek esetén
a szamlalas célja az volt, hogy kiilonb6z6 idépontokban meghatarozzuk az éppen
mitézisban 1évl, lekerekedett sejtek mennyiségét. Ehhez a  szinkronizalt
sejttenyészetben a dupla timidin blokk utan a 8. abran megjel6lt idopontokban Leica
DM IL inverz mikroszkdp alatt, 10x objektivet hasznalva meghatdroztuk a kerek sejtek
szamat legalabb 5 latotérben. Minden szamlalas utan erdteljes razassal eltavolitottuk a
lekerekedett sejteket a flaskabol, igy a kdvetkezd idépontban csupan az Ujonnan
mitozisba Iépett sejtek keriiltek a szamlalasba.

Paclitaxellel végzett kisérleteink sordn a szamlélas célja az ¢l6 sejtek mennyiségének
meghatarozasa, illetve kokultaraban a Jurkat és Sp2 sejtek aranyanak megallapitasa
volt. Ennek megfelelden a sejtszdmokat a kiindulasi idopontban, majd a kisérletek soran
tripankék festék segitségével, haemocytométerrel hataroztuk meg, sztereomikroszkop
alatt. Roviden, 90 pl homogén sejtszuszpenzidhoz kevertiink 10 pl 2% tripankéket
tartalmazo 0.9%-os natriumklorid-oldatot, majd a sejteket azonnal megszamlaltuk
haemocytométer segitségével. Azokat a sejteket tekintettilk ¢lonek, melyek a
tripankéket nem vették fel. A sejtszdmokat a haemocytométer legalabb 18 régidjabol
szarmazo értékek atlagaként hataroztuk meg, melyet elosztottunk a kisérlet kezdetén
kapott atlagos sejtszammal.

A Jurkat és Sp2 kokultaraban tortént vizsgalatok sordn a két sejttipus aranyat homogén
sejtszuszpenzioban, flow cytometridval (Cytomics FC 500 flow cytometer, Beckman
Coulter) mértiikk. A GFP-pozitiv Jurkat-sejtek Sp2-sejtektdl valo elkiilonitése az eldre
iranyul6 fényszoras (forward scatter, mely aranyos a sejtmérettel), valamint az 525 nm-
en (FL1 csatorna) mért fluoreszcenciaintenzitis szimultan detekciojaval tortént. Minden

kisérletben azonos szelekcios régiokat hasznalunk és 10000 partikulumot detektaltunk.
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I11.4. SEJTCIKLUS-ANALIZIS

A sejtciklus vizsgalatat flow cytometria segitségével végeztiikk permeabilizalt sejteken,
propidium-jodiddal (PI) valé jelolést kovetden. Ez a fluoreszcens festék a DNS-t
kvantitativan festi. Az igy megjelolt sejtek megfeleld hulldmhosszon mért
fluoreszcenciaintenzitasa tehat korrelal azok DNS-tartalmaval. Mivel a DNS-mennyiség
megkettézédése az S fazis soran torténik, a Go és G fazisban levd sejtek aranya jol
elkiilonithetd a G> és M fazisban levokétdl a modszer segitségével. A Go/Gi, illetve
GoM fazisokon beliili tovabbi differencidlds azonban nem lehetséges. A G2/M fazisu

sejtek fluoreszcenciaja kétszerese lesz a Go/G1 fazist sejtekének (9. abra).

9. abra. A DNS-mennyiség valtozasa a sejtciklus soran propidium-jodid jelolés
alapjan. (Sajat abra)

A méréshez adherens sejtek esetében eldszor a tenyésztdflaskatol valo elvalasztasra volt
sziikség, amely 0.25% tripszint és 0.5 mM EDTA-t tartalmaz6 foszfat pufferes
sooldatban (PBS) val6é 3 perces kezeléssel tortént 37°C-on. Ezutan a tripszin
neutralizalasa céljabol a reszuszpendalt sejteket komplett médiumban mostuk. Az ezt
kovetd lépések az adherens és a szuszpenzidos kultardk esetén megegyeztek. PBS
oldattal torténd mosas utan koriilbeliil 10° sejthez cseppenként 1 ml jéghideg, 97%-os
etanolt adtunk alapos vortexelés kdzben. Az etanollal fixalt sejteket 4 °C-ra helyeztiik

legalabb 15 percig, majd haromszori PBS-es mosast kovetden propidium-jodid (PI)
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oldatban (PBS, 0.1% Triton-X 100, 20 pg/ml PI, 0.2 mg/ml RNaz A) reszuszpendaltuk
Oket. SzobahOmérsékleten, sotétben torténd 30 perces inkubacidé utdn a
fluoreszcenciaintenzitast Cytomics FC 500 flow cytometerrel, 620 nm hullamhosszon
(FL3 csatorna) detektaltuk. A kapuzasi beallitasok és a régiok (Go/Gi, S és Go/M fazis)
aszinkron sejteken torténd kijelolése utdn minden minta esetén azonos beallitasokat

alkalmaztunk.

I11.5. WESTERN BLOT, IMMUNPRECIPITACIO

Western blot vizsgéalatainkhoz HeLa sejteket PBS oldatos mosast kovetden jégen tartott
RIPA pufferbe gytijtottiink 6ssze (10 mM Tris pH 7.2, 100 mM NaCl, 1 mM EDTA, 1
mM EGTA, 0.1% SDS, 1% Triton-X 100, 0.5% dezoxikolat, 10% glicerol, protedz
inhibitor cocktail: 1 tabletta/10 ml (Roche)). A mintakat 30 perces inkubaci6 utan 10
percig, 4°C-on, 3000 rpm fordulatszdammal centrifugaltuk. A  feliiliszo
fehérjetartalmanak meghatarozasat Bio-Rad DC Assay Kit segitségével végeztik el,
majd a lizdtumokat Laemmli-pufferrel kiegészitve (4x torzsoldat: 0.25 M Tris-HCI, pH
6.8, 40 v/v% glicerin, 27.74 mM SDS, 8 v/v% P-merkapto-etanol, 0.01 v/v%
bromfenolkék) 5 percig forraltuk. Az immunprecipitacios vizsgalatra szant sejtek lizise
IP pufferben tortént (25 mM Tris pH 7.2, 150 mM NaCl, 1 mM EDTA, 1% Triton-X
100, 5% glycerol, 1 tabletta/10 ml protedz inhibitor cocktail, 0,05% Na-azid és 100 uM
O-(2-acetamido-2-deoxi-D-glukopiranozilidén)-amino-N-fenilkarbamat ~ (PUGNACc)).
Az immunprecipitacid sordn a lizdtumot egy éjszakan 4at, 4°C-on MADb414,
magporusfehérjék ellen termeltetett egér monoklonalis antitesttel inkubaltuk, majd az
elegyhez Protein A szefardéz gyongyoket (Sigma-Aldrich) adtunk. Harom ordn 4t
torténd tovabbi inkubéciot kovetden a gyongyoket centrifugalassal osszegytijtottik, a
nem kotddott fehérjéket mosassal eltavolitottuk. A kikotddott fehérjéket végiil 0.1 M,

pH 2.8 glicinoldattal elualtuk, és a mintdkhoz 4x Laemmli-puffert adtunk.

A fehérjéket ezutan SDS-tartalmu, 8%-o0s poliakrilamid gélelektroforézissel szeparaltuk,
majd polivinil-difluorid (PVDF) membranra elektroblottoltuk (Millipore). A
membranok Osszfehérje-jelolése SYPRO Ruby Protein Blot Stain (BioRad) segitségével
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tortént a gyartd utasitasainak megfeleléen. A membranokat blokkolast kovetéen O-
GlcNAc ellenes CTD110.6 (egér monoklonalis IgM, 1:2000, Sigma-Aldrich), szintén
O-GlcNAc ellenes RL2 (egér monoklonalis IgG, 1:1000, Thermo Fisher Scientific),
MAb414 (1:1000, Biolegend), illetve anti-aktin (nyul poliklonalis ellenanyag, 1:1500,
Sigma-Aldrich) elsddleges antitestekkel jeldltiik, a gyartok altal javasolt protokoll
szerint. Végiil, a megfeleld, tormagyokér peroxiddzzal konjugalt masodlagos
antitestekkel (1:2500) valé inkubacio tortént. Az eldhivast Femto kemilumineszcens
szubsztrattal (Thermo Fisher Scientific) végeztilkk, Kodak Image Station 2000r
késziilékkel vizualizalva. A kapott jeleket Kodak 1D és Imagel analizis szoftverrel

értékeltik ki.

I11.6. IMMUNFLUORESZCENCIA

HeLa sejteket ~50% konfluencia eléréséig feddlemezeken tenyésztettiink, kétszer
jéghideg PBS oldattal mostuk, majd 10% formaldehid-tartalma PBS-ben, 30 percen at
fixaltuk 6ket. Ezutan a formaldehid autofluoreszcencidjanak kioltasa céljabol 10 percig,
50 mM ammoénium-klorid-oldatban valé inkubacio kovetkezett, majd a sejteket 0.25%

Triton-X 100 oldattal permeabilizaltuk.

A nem-specifikus kotéhelyeket 5% borji szérum albumint tartalmazé PBS oldattal
blokkoltuk 30 percig. Az elsddleges ellenanyagokkal vald jelolés (CTD110.6 (1:200),
RL2 (1:100), anti-o-tubulin (Sigma-Aldrich, 1:100)) 5% BSA/PBS-ben, 2 o6rén at
tortént szobahdmérsékleten. Haromszori PBS-es mosast kovetéen a masodlagos
antitestes jelolést 1 oran at, sotétben végeztiik. Az aktin lathatova tételéhez phalloidin-
Alexa Fluor 488 konjugatumot (Thermo Fisher Scientific, 1:20), a magfestéshez
Hoechst festéket (0,24 pg/ml, 15 min) hasznaltunk. Végiil a feddemezeket Vectashield

(Vector Laboratories) feddmédiummal targylemezeken rogzitettiik.

A fotokat CellD (Olympus) szoftverrel felszerelt Zeiss Axiovert 35 inverz fluoreszcens
mikroszkdppal készitettiik, a konfokalis képeket pedig Zeiss LSM 710 konfokélis 1ézer

scanning mikroszkop és ZEN szoftver segitségével, 63x objektivvel.
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IIL.7. ADATELEMZES

Eredményeinket GraphPad Prism szoftverrel értékeltiik ki. A statisztikai analizist
Student-féle t-probaval, tobbszords dsszehasonlitasok esetén pedig egyutas ANOVA-t
kovetd Bonferroni poszt-hoc teszttel végeztiik. A csoportok kozotti eltéréseket p<0.05

érték esetén tekintettiik statisztikailag szignifikansnak.
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IV. EREDMENYEK ES MEGBESZELES

IV.1. CITOTOXIKUS HATAS OPTIMALIZALASA SEJTCIKLUS-
FUGGO, IDOZITETT KEZELESSEL

IV.1.1. Eredmények

1V.1.1.1. Sp2 sejtek szinkronizadldsa paclitaxellel

Eldzetes kisérleteink soran 0.03-0.1 mg/l koncentracioja, 12-15 ora iddtartamu
paclitaxelkezelés elegendének bizonyult ahhoz, hogy az Sp2 sejtek a G2/M féazisban
rekedjenek anélkiil, hogy elindulna az apoptoézis. Ezért vizsgélatainkhoz 0.05 mg/l
blokkoltuk a sejteket a Go/M fazisban, majd a szer alapos kimoséasaval a blokadot
feloldottuk. A kisérletek szempontjabol ezt tekintettiik kiinduldsi idépontnak (0 h).
Amint az a 10. és 11. abrakon lathat6, az alkalmazott kisérleti beallitds komplett,
atmeneti blokkot eredményezett a G2/M fazisban, és annak megsziintetését kovetden a
sejtek képesek voltak tovabbhaladni a kovetkezd sejtciklusba. A szinkronizaciot
kovetden a Go/Gi, S, illetve Go/M fazisban levé sejtek aranyat 4 oOranként
meghataroztuk. A propidium-jodiddal jeldlt fixalt sejtek fluoreszcenciaintenzitasat flow

cytometer FL3 csatornajan mértiik, melynek eredménye a 10. és 11. abran lathato.
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10. abra. Paclitaxel-szinkronizaciot kovezo sejtciklus-analizis. A kezelés utan 4
oranként vett sejtmintdk propidium-jodiddal valo jelolése és flow cytometrias vizsgalata
(FL3 csatornan mért fluoreszcenciaintenzitds)
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11. abra. Az Sp2 sejtek aranya a Go/G1, S és G2/M fazisban a szinkronizacio utani
idészakban.

Mivel az egymast kovetd azonos fazisokat (pl. S-S vagy Go/M-G2/M) jel6ld csticsok
kozt eltelt id6 hozzéavetdlegesen 16 6ra volt, az Sp2 sejtek teljes sejtciklusanak ideje is
kortilbeliil 16 orara volt tehetd. Teljes, szinkronizalt sejtkultira egyes fazisainak az
id6tartama azonban nem csupan egy-egy individudlis sejtnek az adott fazisban eltoltott
idejét jelenti. Megallapitasanal ugyanis az Un. késlekedési id6t (Tq, delay time) is
figyelembe kell venni, mely a fazisba elsdként és utolsoként belépd sejt kozt eltelt
id6tartamot fejezi ki. A teljes populédciora vonatkoztatott fazisidoket (Tior) a kovetkezd

képlet szerint hataroztuk meg:
Tat+ T;‘a'zis =Ttotal,

ahol Truis az egy-egy sejt altal a fazisban toltott atlagos 1d6. Tior a teljes idétartam,
mely a populacio elsd sejtjének a fazisba vald belépésétdl az utolsonak abbol valo
kilépéséig eltelik (ez utdbbi a flow cytometrias mérési csucs kezdetétdl a végéig eltelt

1d6 is egyben, pl. 0-8 h a Go/G; fazisban, 11. abra). A fenti képletet a sejtciklus minden
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egyes fazisara alkalmazva a kovetkezO értékeket kaptuk: Go/Gi=1.5 ora, S=9.5 ora,
G2/M =5 6ra, Tq ~6.5 Ora.

1V.1.1.2. Az idozités jelentosége a paclitaxel citotoxikus hatdsdban

Mivel a paclitaxel foként a mitdzis alatt fejti ki hatasat, abbol a feltételezésbdl indultunk
ki, hogy létezik egy periodus a sejtek osztddasi ciklusa sordn, mely alatt érzékenyebben
reagalnak a kovetkezd kezelésre, nevezetesen a Go/M fazis korili idészak. E hipotézis
vizsgélatdhoz Sp2 sejteket paclitaxellel szinkronizaltunk, majd egy megfeleld
id6tartamu és optimalisan (a G2/M fazis lezajlasakor) idozitett masodik kezeléssel

torekedtiink a legmagasabb citotoxikus hatés elérésére.

A masodik kezelés iddtartamanak meghatarozasakor figyelembe kellett venni, hogy
annak éppen elég hosszu ideig kell tartania ahhoz, hogy a legtobb sejt belépjen a Go/M
fazisba (a szamitott 6.5 6rds Td értéknél hosszabb) és ott megallva 1d6t toltson.
Feleslegesen hosszu kezelési id6 azonban a késébbi, mas sejttipussal egy idében térténd
kezelések miatt is keriilendd volt. Az igy valasztott 8 oras id6tartam a vizsgalatok
szempontjabol megfeleldnek bizonyult. A masodik kezelés optimalis idépontjanak
megallapitdsdhoz azonos kiindulasi sejtszamt kulturakon kiilonb6zd kezelési sémak
effektivitasat hasonlitottuk 6ssze. Az elsd, szinkronizald kezelés minden esetben 0.05
mg/l paclitaxellel tortént, 14 6ran at. Mivel ~16 ora elteltével volt varhato a kdvetkezo
G2/M fazis idOpontja, a szinkronizalt sejteket 8-22 oOra kozti idOtartamra hagytuk
ciklusukban tovabbhaladni paclitaxelmentes médiumban, majd tettiik ki dket a masodik
kezelésnek (0,05 mg/l, 8 6ran at). Végiil a sejtek ismét citosztatikummentes médiumba
keriiltek, melybdl a kiindulasi idéponttdl szamitott 50. 6rdban, majd 24 ora elteltével
(74. ¢6ra) tripankék exkluzids festék segitségével meghataroztuk az €l sejtek szdmat

(12.A és B abra).

Eredményeink alapjan a masodik kezelés akkor volt a leghatdsosabb, ha ~12-14 o6raval
az els6 kezelés végét kovetden indult és 20-22 oraval azutan fejez6dott be. Ezzel
szemben, amennyiben a masodik kezelés az elsét koveté 22-30 oraval - vagyis

szamitasaink alapjan a kovetkezd G2/M fézis lezajlasa utan - tortént, szignifikansan tobb
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tulélo sejt maradt. Az optimalis és szuboptimalis idézités kozti kiillonbség a kezeléseket

kovetd 2 napon keresztiil tovabbkovetheté maradt. (12.B abra)

A Sejtszamlalas: 14 h
A 4
IRCCERELEN Viltozo idotartam  [EESRCEESRRIN  Utinkovetési fizis

—

Elo sejtek aranya
O

—

Elo sejtek aranya
%

0 4

12. abra. Az idozités

anﬁ

SOh 74h

W 50h

29

Kezelések kozt eltelt ido (6rak)

Hm74h

1l

Kezelések kozt eltelt ido (01 ak)

f*-ﬂ-

hatasa az Sp2 sejteken végzett, ismétlodo paclitaxelkezelés

hatékonysagara. (A) A kisérleti protokol sémdjal. (B) Az él6 sejtek aranya 50 és 74 oras
idopontban a kiilonbozo (8-22 ora) késleltetési idejii kisérletekben. Az adatok harom
fiiggetlen kisérlet atlagai =SD. *p<0.05 a 8 oras késleltetési idejii kisérlettel szemben,

**p<0.05 a 16 oras, p<0.05 a 20 oras, #p<0.05 a 22 oras késleltetési idejii kisérlethez

képest.
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1V.1.1.3. Sejtvonalak differencidaldsa ismételt, idozitett kezelések dltal

Kisérletsorozatunk utols6 1épéseként megvizsgaltuk, hogy egymast kovetd
paclitaxelkezelések segitségével elérhetd-e effektivitasbeli kiillonbség két, eltérd
sejtciklus-karakterisztikaval bird sejtvonal kozott. E célbol Jurkat sejteket kevertlink
O0ssze az Sp2 sejtvonallal. Eldzetes vizsgalatok alapjan a Jurkat sejtek ciklusideje
hozzévetdlegesen 24-36 oOranak bizonyult az Sp2 sejtekével megegyezd tenyésztési
koriilmények kozott (az adatokat nem tiintettiik fel). A két sejtvonal egymastol valo
konnyebb elkiilonitése céljabol olyan Jurkat sejtvonalat hasznaltunk, mely zold
fluoreszcens proteint (GFP-t) expresszal. Elsdként a két sejtvonal aszinkron
tenyészetének sejtciklus-jellemzdit hasonlitottuk 6ssze, majd ugyanezt elvégeztiik 14
ora id6tartamu, 0.05 mg/1 paclitaxelkezelést kovetden (mely az Sp2 sejtvonal szamara

optimalis, 13. abra).
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13. abra. Azonos idétartamu paclitaxelkezelés szinkronizacios hatasa két kiilonbozo
sejtvonalon. A sejtciklus-analizis a fixalt sejtek propidium-jodidos jelolését kovetoen
flow cytometriaval tortént. Fent lathato a sejtfazisok aszinkron allapotu megoszlasa, az
also sorban pedig a 14 oras kezelést koveto mintdzat. A régiok jelolése minden abran a
kovetkezo: Go/G1 (A), S (B), G2/M fazis (C).
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A Jurkat sejtek esetén a gyorsan osztodd Sp2 sejtekre optimalizalt 14 ords kezelés
effektivitdsa alacsonyabb volt, csak kismértékli szinkronitast eredményezett. A
kiilonboz6 fazisu sejtek aranyat aszinkron allapotban, illetve a 14 oras paclitaxelkezelést

kovetden a 2. tablazatban foglaltuk 6ssze.

Fazis Sp2 Jurkat
Aszinkron Kezelt Aszinkron Kezelt
Go/G, 37.7(+1.4)% 2.5(+0.9)%  55(+3.4)%  34.4(+3.8)%
S 40.2(£5.2)%  5(+0.8)%  23.5(#4.3)% 24.3(+3.6)%

G,/M | 22.5(+3.8)% 92.4(+1.5)% 21.5(x1.5)% 41.3(+7.4)%

2. tablazat. Sp2 és Jurkat sejtek megoszlasa a kiilonbozo fazisok kozott aszinkron
dllapotban, illetve 14 oras 0.05 mg/l paclitaxelkezelést kovetien.

Ezt kovetden az Sp2 és Jurkat sejtvonalat kezdetben (Oh) 1:1 ardnyban elegyitettiik
ald, majd a szer kimosdsat kovetden a sejteket hagytuk felépiilni. A két sejttipus
mennyiségének kovetése céljabol ismételt, fixalas nélkiili flow cytometrids méréseket
végeztiink a kezelés kezdetétdl szamitott 36., 50. és 74. ordban. A két sejttipust az
eléreiranyuld fényszoras (forward scatter, FS) és a zold fluoreszcenciaintenzitds (FL1
csatorna, GFP) alapjan kiilonitettiik el egymastol. Abban az esetben, amikor az elsé
kezelést nem kovette Gjabb paclitaxelterapia, az Sp2 sejtek gyorsan tulndtték a Jurkat
sejteket (14.A és B abra). A mésodik kezelés a korabbi mérésekre alapozva 22 6éraval
az elsd végét kovetden kezdddott, hogy az ,,szuboptimalis” legyen, mig az ,,optimalis”
1dozités 14 ora elteltével tortént. A szuboptimalis id6szakban alkalmazott kezelés utan
az Sp2/Jurkat sejtardny a masodik kezelés nélkiili eredményeket kozelitette.
Ugyanakkor, ha az elsdé paclitaxellel torténd inkubéaciot optimalisan iddzitett ismételt
kezelés kovette, az Sp2/Jurkat sejtarany az Sp2 sejtek gyorsabb osztodasa ellenére az

utankovetési 1d6 végéig szignifikansan alacsonyabb maradt.
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14. abra. Ismétlodo paclitaxelkezelés idozitésének hatasa eltéré sejtciklus-
karakterisztikaval biro sejtvonalakra.(A) Egyszeri paclitaxelkezelés hatdsa az 1:1
ardnyban kevert Sp2 és GFP" Jurkat sejtek elegyére. Az abrdkon ,,A”-val jelzett
régioban lathatok az Sp2 sejtek, a ,,B” régionak felelnek meg a GFP-t expresszalo
Jurkat sejtek, a ,,C-vel jelzett teriilet a sejttormeléket reprezentalja. (B) Ismétlodo
paclitaxelkezelés optimdlis és szuboptimdlis idézitésének hatdsa az Sp2 és GFP™ Jurkat
sejtek 1:1 aranyu kokulturajara. Az eredményeket atlag £SD-ként tiintettiik fel.
*0<0.05: optimalis versus szuboptimalis kezelés, #p<0.05: optimalis versus 2. kezelés
nélkiil, $p<0.05: szuboptimalis versus 2. kezelés nélkiil.
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IV.1.2. Megbeszélés

A jelenlegi onkologiai kezelések adott diagnozissal bird betegek esetében
meghatarozott, azonos idozitésii és idotartamu kezelési protokollok alapjan torténnek.
Munkénk soran paclitaxelt alkalmazva mind a sejtciklusban vald szinkronizacid, mind a
citotoxikus hatas elérése céljabol, egy ismétlodo, idozitett kezelési tervet dolgoztunk ki
az Sp2 sejtvonal osztddasi dinamikajara alapozva. Ennek segitségével jelentds

mértékben javitani tudtuk a paclitaxel altal kifejtett citotoxikus hatast.

A kidolgozott kezelési séma segitségével ezutan szelektiven céloztuk az Sp2 sejteket a
hosszabb duplikécios idejii Jurkat sejtvonallal vald kokultiraban. Kimutattuk, hogy az
ismétlodo kezelések optimalis idézitése révén két kiilonbozd osztddasi kinetikaval
rendelkezé sejtvonal kozott kiilonbség tehetd. Az Sp2 sejtvonalra optimalizalt,
megfelelden iddzitett, ismétlddd paclitaxelkezelés jelentdsen hatékonyabbnak bizonyult,
mint a Jurkat sejtek ellen. Eredményeink szerint a malignus sejtek osztddasi ciklusanak
analizise és az erre alapuldan tervezett kemoterapids rezsimek segitségével javithato

volna a tumorellenes terapiak hatékonysaga.

A daganatellenes terapia kimenetelének joslasara tobb sejtciklus-kinetikat leird
paraméter alkalmazhatdsaganak vizsgalata szerepel az irodalomban. Az eddigi
tanulmanyok azonban leginkdbb a radioterapia hatékonysagaval, annak esetleges
fokozasaval kapcsolatban torténtek. A vizsgalt paraméterek kozé tartozik példaul a
brom-dezoxiuridin (BrdU)-jelolodési index és a beldle szarmaztatott potencialis
duplikacios 1d6 (potential doubling time — Tpot). Ez utobbi a tumorsejtek elméleti
duplikécios idejét jelenti, amely abban az esetben &llna fenn, ha nem lenne

sejtpusztulds, vagyis minden sejt osztodna.’!:?

Eredményeink szintén azt mutatjak,
hogy a citotoxikus kezelés hatékonysagat a sejtciklus-jellemzdék (duplikacios 1dd, sejtek
megoszlasa az egyes fazisok kozott, illetve a fazisok iddtartama) jelentés mértékben
befolyasoljak. A jelenlegi onkoterdpias gyakorlat e tényezdket még figyelmen kiviil
hagyja, bar nagy valdsziniiséggel igen hasznos volna a kezelések megkezdése eldtt az

adott tumor sejtciklus-analizise, majd egyénre szabott kezelési sémak alkalmazasa.

A sejtciklus-jellemzOk mérésére napjainkban mar szamos maodszer all rendelkezésre. In

vivo BrdU beadasat kovetd késleltetett biopszia lehetévé teszi a malignus sejtek
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potencialis duplikacios idejének (Tpot) becslését.”? A moddszer azon alapul, hogy a
BrdU mint pirimidinanalog, az S fazisban torténé DNS-szintézis soran inkorporalodik a
sejtmagba. Ezaltal in vivo BrdU-infuziot kovetd flow cytometrids analizis alapjan
nemcsak az aktudlisan DNS-t szintetizalo sejtek aranya hatdrozhat6 meg, hanem
szamitdsok alapjan a DNS-szintézis idejérdl is nyerhetd informacio.”> Biopszias
mintabol vett sejtek sejtciklus-analizise a DNS-mennyiség alapjan, DNS-festék, pl.
propidium-jodid hasznalata és flow cytometria vagy mikroszkopia segitségével szintén
lehetséges volna. Ugyanakkor noninvaziv technikak mint pl. MRI is hasznalhat6 lenne
az o0sztodé sejtek aranyanak megitélésére.”* Igaz, a felsorolt modszerek mindegyike
rendelkezik limitaciokkal. A BrdU esetleges mellékhatasairol, sejtciklus-karakterisztikat
mddositd tulajdonsagairdl az utdbbi évek kutatdsai szamoltak be.”> Emellett ahhoz,
hogy a DNS-mennyiség analizise flow cytometridval kivitelezhetd legyen, kiilonalld
tumorsejtek szuszpenzidjat sziikséges eldallitani, amely bizonyos tumorszovetek
esetében nehézkes. Izolalt sejtek in vitro tenyésztése altal novelheté volna az
analizdlhat6 tumorsejtek szdma, azonban az igy nyert sejtciklus-tulajdonsdgok nem
feltétleniil tiikrozik az in vivo koriilmények kozotti jellemzdket. Talan a legnagyobb
nehézséget viszont a tumorszovetek inhomogenitasa jelenti, mivel a tumortdmeg egy
része akar nekrotikus, més teriileten lassabban nové lehet, mint amire a Tpot értékbol
kovetkeztethetnénk.”® gy a teljes tumor szempontjabol reprezentativ biopszias
mintagylijtés vagy az noninvaziv képalkotd technikdk tovabbfejlesztése igen fontos
volna annak érdekében, hogy javitani tudjuk az intratumordlis sejtciklus-analizis

lehetdségeit.

A tumorterapia kovetkeztében 1étrejovo bizonyos foku sejtszinkronizacid régota ismert.
Miaér az 1970-es években torténtek olyan probalkozasok, melyek célja a sejtciklus
manipulacidja, a sejtszinkronizacié volt.”” Az elmult évek kutatdsai soran azonban
sokkal inkdbb eldtérbe keriilt az 1) kemoterdpids agensek fejlesztése, pl. egyéb
sejtciklusra hatd szereké, melyek koziil tobb a ciklin-dependens kinaz inhibitorok kozé

sorolhato.”®

Az eddigi terapids megkozelitésekben a sejtosztodasra hatd szereket
leginkdbb differencialodast fokozo dgensekkel® vagy radioterapiaval kombindltak.'® A
paclitaxelt eredményesen hasznaltdk malignus sejtek szinkronizaciojahoz, azok
radioterdpidra vald szenzitizicidja céljabol.? S6t, Wang és munkatirsai a

paclitaxelkezelést megel6z6 sejtszinkronizacid hatasait is vizsgaltak, kimutatva, hogy a
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szinkronizaci6 csdkkenti a paclitaxelrezisztenciat sejtkulturas modellen.?! Tudomdsunk
szerint azonban jelenleg nincs olyan klinikai vagy preklinikai terépia, mely felhasznalna

a sejtciklus-analizisbdl nyert specifikus adatokat.

Munkénk soran a paclitaxelt mind a szinkronizalas, mind a malignus sejtek elpusztitasa
c€ljabol azonos, 0.05 mg/l-es, azaz 60 nmol/l koncentracidoban alkalmaztuk. A human
gyogyaszatban hasznalt kezelések soran a szer plazmakoncetracidja ennél joval
magasabb, 80-500 nmol/l kdzotti, de az intracellularis koncentracié az 1-9 umol/l-t is
elérheti.!*!%! A kisérleteinkben alkalmazott koncentracid tehat a terdpids tartomany also
értékével hasonlithato 6ssze. Az irodalombol ugyancsak ismert, hogy a paclitaxel hatasa
gyorsabban  szaporodd sejtek esetén kifejezettebb.”’ Ez a tény a szer
hatdsmechanizmuséval, annak mitozisban kifejtett hatasaval 6sszhangban all. Az Sp2
egy gyorsan osztddd sejttipus, atlagos populacioés duplikacios ideje 16 ora, igy
kifejezetten alkalmas az ismétlodd kezelések vizsgélatira. Az altalunk valasztott
sejtvonalak jol modellezhetik tehat a gyorsan osztédd tumoros sejteket a lassabban
0szt6do, egészséges testi sejtek mellett. A koriilbeliil egy napos sejtciklus-idével bird

k102,103

tumoro mellett azonban léteznek daganatok, melyek populédcios duplikacids ideje

néhdny naptél néhany honapig is terjedhet, tehat novekedési iitemiik igen eltérd lehet.!*
Ilyen esetben a paciens elméletileg hosszabb 1dé alatt is részesiilhetne a
paclitaxelkezelésben, mely révén tobb malignus sejt 1épne be, majd rekedne a sejtciklus
G2/M fézisaban, azonban a hosszabb expozicid a nem-malignus sejtekben okozott
citotoxikus karosodast is fokozna. Ez, a hagyomanyos daganatellenes kezeléseket érintd
hatrany az ismételt kezelési modszereket is érinti, azonban az elsd kezelés sikeressége
vagy sikertelensége a szinkronizaciot illetden nagymértékben meghatdrozza a soron

kovetkezd, idozitett kezelések effektivitasat, melyek id6tartama azonban mar

rovidithetd az els6 kezeléshez képest.

Fontos megjegyezni azt is, hogy a tumorok ndvekedése nemcsak a malignus sejtek
sejtciklus-kinetikajatol fiigg. A tumor mérete és elhelyezkedése, a tapanyagok
hozzéaférhetetlensége miatt bekovetkezé nekrozis, az immunrendszer tumorellenes
kapacitasa stb. egyarant jelentdsen befolyasolja. A daganat latszolagos novekedése tehat
nem feltétleniil reprezentalja jol a sejtek osztodasi gyorsasagat. A kezelések egy masik

nehezitdé tényezdje az, hogy a daganatsejteknek gyakran jelentds hanyada nyugvo
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allapotban (Go fazisban) van, ezaltal rezisztens a kemoterapidra és a szinkronizaciora.
Ennek kikiiszobolésére szamos technikat probaltak alkalmazni, melyek révén a nyugvo
allapotban 1€v6 sejtek a Gi fazis restrikcids pontjanak atlépésére birhatok. Metioninaz-
kezelés, telomeraz-dependens adenovirus- vagy Salmonella typhimurium A1R-terapia
egyarant hatasosnak bizonyult a malignus sejtvonalak sejtciklusba valé mobilizalasa

szempontjabol, 195107

A modszer ezen korlatozasai ellenére tigy gondoljuk, hogy az ismétlodo, iddzitett
kezelési technika altal nyujtott akar csak kismértékii javulds is hasznos volna az
onkoterapidban. A jovOben tovabbi vizsgalatok segitségével néhany limitacio
kikiiszobolhetévé valna. Novelhetné a modszer alkalmazhatdsagat a paclitaxel egyéb
szerekkel valdo kombindacioja, igy példaul a szinkronizacié rekombindns metioninazzal
val6 kivitelezése. Ez a viszonylag 0j szer ugyanis a metionin deplécioja révén képes

108109 Alkalmazhaté volna

szelektiven a daganatsejteket blokkolni az S/G; fazisban.
tehat szinkronizadci6d céljara, szelektivitisa miatt valosziniileg kevesebb mellékhatas
elérése mellett. Ezaltal az emlitett lassan, illetve eltéré ttemben osztédd tumorok

hosszabb szinkronizacios ideje kisebb problémat jelentene.

Osszegezve, kisérleteink alapjan adott sejttipus ciklusanalizisébdl nyert informaciok
segitségével megfelelden idozitett citotoxikus kezelés hatékonysdga novelhetd.
Sikeresen hasznaltunk egy szert, a paclitaxelt ismétlédo, terapiasan relevans dozisokban
malignus sejtek szinkronizacidjara, majd azt kovetd elpusztitdsara sejtkulturas
modellben. Ezen talmenden, megfelelden kivalasztott kezelési iddpontok segitségével
fokozni tudtuk a kezelés szelektivitasat egy adott sejttipusra nézve, mig a masik
sejtvonalat érintd, ,,kollateralis” karosodas csokkent. A klinikai gyakorlatban torténd
alkalmazashoz tovabbi vizsgalatok sziikségesek, valamint a tumorsejtek ciklus-

analizisének kidolgozéasa, melyre igéretes modszer lehet a noninvaziv MRI technika.
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IV.2. AZ O-GLIKOZILACIO VALTOZASAI MITOTIKUS HELA
SEJTEKBEN

IV.2.1. Eredmények
IV.2.1.1. O-glikozilacio paclitaxel-szinkronizdaciot kovetoen

Paclitaxellel végzett szinkronizacids kezeléseink soran 6sszehasonlitottuk Hela sejtek
O-glikozilacids mintazatat aszinkron és paclitaxellel szinkronizalt sejtcsoportok esetén.
Ehhez western blot modszert alkalmaztunk, a fehérjéket CTD110.6 anti-O-GIcNAc
antitesttel jelolve. Amint a 15. abran lathatd, egy enyhe O-glikozilacié-fokozodas volt

tapasztalhat6 4, illetve 8 6ras paclitaxelkezelés befejeztekor.
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15. abra. Aszinkron (Ctrl), 4 oran at (Pacli 4h), illetve 8 oran at paclitaxellel kezelt
(Pacli 8h), HelLa sejtek osszfehérje- (bal oldalon), illetve O-glikozilacios mintazata
CTD110.6 antitesttel detektalva (jobb oldalon).

1V.2.1.2. HelLa sejtek szinkronizaldasa dupla timidin blokkal

Az O-glikozilaciés mintazat sejtciklus soran torténd valtozdsainak tovabbi vizsgalata

c€ljabol olyan szinkronizacidos modszer alkalmazasara torekedtiink, mely kevés

potencialis mellékhatassal jar, minél inkdbb a fiziologias allapotot kozeliti. Ezért a
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kovetkezdkben a dupla timidin blokkal valo szinkronizalast valasztottuk. Aszinkron és
szinkron populdciok helyett pedig az egyes fazisokban elkiilonitve vizsgaltuk az O-

glikozilaciés mintazatot.

Dupla timidin blokkal valé szinkronizalas soran a Gi/S atmenet gatlasa torténik.!1%!!

Ennek megfeleléen, a modszert HelLa sejteken alkalmazva talnyomorészt Gi fazisu
sejtpopulaciot nyertiink (16.A abra). Szinkronizacidé utdn a Hela sejteket komplett
médiumba helyeztiik. Ezutan 4 6ranként mintat gyljtve a propidium-jodiddal jeldlt,
fixalt  sejtek =~ DNS-tartalmat  flow  cytometer = FL3  csatornan = mért
fluoreszcenciaintenzitdsa alapjan elemeztiik. Az eredmények azt mutattak, hogy 4 ora
elteltével a sejtek tovabbhaladtak a ciklus S fazisaba, 8 6ra utan pedig jelentds résziik
elérte a Go/M fazist. A kezelés utdn 12 oraval a sejtek koriilbeliil fele a mitdzison is
athaladt. Ennek megfeleléen a mérések soran megkiilonboztettiink ,,korai” és ,,kés6i”
G2/M fézist. Méréseink sordn a G és S fazisok mellett korai és késéi Go/M fazist
kiilonitettiink el. A ,.korai Go/M” jel6li azt az idészakot, melyben a populdcidé nagyobb
része még a Gy fazisban taldlhatd, mig a ,késéi Go/M” az a periddus, amelyben a
sejteknek egy jelentds része mar athaladt a mitdzison, mig a fennmarad6 hanyad annak
kezdetén tart. Ezek a jelzOk tehat a teljes populacido féazison beliili altagos

elhelyezkedésére vonatkoznak, nem pedig az egyes sejtek allapotat jelolik.
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16. abra. A sejtciklus jellemzése dupla timidin blokkot kovetden. (A) Propidium-
jodiddal jelolt sejtek DNS-tartalmanak flow cytometrias elemzése a szinkronizacio
vegetol mert 0, 4, 8 és 12 oras idopontokban. (B) Azonos idépontokban az atlagos
sejtméretet valtozasa az elbreiranyulo fényszoras (forward scatter, FS) altal detektdlva.
Az adatokat legalabb 3 fiiggetlen mérésbdl szarmazo atlag £SD értékek. *p< 0.05.

A megadott idépontokban a sejtmérettel korreldlo forward scatter (FS) értéket
ugyancsak megvizsgalva megallapithatod volt, hogy az a korai Go/M fézis idépontjaban
érte el a maximumot, majd a késéi G2/M sordn ismét lecsokkent, aldtdmasztva ezzel a

sejtek 1dokozben bekovetkezett kettéosztodasat (16.B abra).

43



IV.2.1.3. A szinkronizdcio onmagdban nem alkalmas az O-glikozilacios valtozdsok

detekciojara a G/M - G| dtmenet sordn

A G2/M fazisbol a Gi-be vald atmenet vizsgalatdhoz dupla timidin blokk feloldasat
kovetden 9, 10, 11 és 12 draval gyiijtottiink mintdkat. Méréseink alapjan a mitozis ~10-
11 ora elteltével kezdddott, 12 6ra utan pedig a populacio koriilbeliil fele mar atesett az
osztodason (10h iddpontban a sejtek csupan 6%-a, mig 12h elteltével mar 32%-a volt
G fazisban; 10h idépontban 68%, mig 12h elteltével mar csak 43% tartézkodott Go/M
fazisban; 17.A abra).

44



(o Tt T e T b ¥

10h

coapll  CMA3%
1 ]

y Y TR T T S b I |

12h

CTD 110.6

50 kD

7h 8h 9h 9%h 10h 10*h 11h 11®*h 12h  13h

50 kD
S Gy e =y ——

aktin

37 kD

17. abra. Globalis O-GlcNAc mintazat a Go/M fazis lefolyasa soran.(A)A DNS
mennyiség valtozasa a G»/M — G fazisok kozti atmenet idején (timidin blokk
megsziintetése utani 9., 10., 11. és 12. oraban).(B)Reprezentativ western blot membran
a fehérjek O-glikozilacios mintdzatdrol a szinkronizalds utani feltiintetett idopontokban.

Ezek alapjan a mitdzis szempontjabol kritikus idészaknak a poszt-szinkronizacids 8-13.
orat tekintettiik, igy kovetkezd 1épésként ebben az intervallumban végeztiink frakcionalt
mintavételezést. A mintakbol az O-GlcNAc-modositott fehérjék mennyiségét és

mintazatat western blot modszerrel, CTD110.6 anti-O-GIcNAc antitest segitségével
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végeztik. Amint a 17.B dbran lathatdo, a Go/M — G; éatmenetnek megfeleld
id6intervallum soran az O-glikozilacidt illetéen 1ényegi valtozast ezzel a modszerrel

nem tudtunk detektalni.

1V.2.1.4. Szelektiv, mitotikus sejtgyiijtéssel detektilhato O-GlcNAc-mintazatbeli

elteréesek

Habar a szinkronizdcioval nyert mintadkban a sejtek csaknem 70%-a a ciklus azonos
fazisaban tartdozkodott, a mitozison beliili egyes, rovid ideig tartd torténések eltérd
idépontokban zajlottak. Ahhoz, hogy egy szlikebb sejtpopulaciot nyerjiink, lekerekedett
sejteket gyljtottiink szinkronizalt HeLa kultarakbol. Ennek érdekében a mitozis
lezajlasa koriili idészakban rendszeresen meghatdroztuk a kerek sejtek mennyiségét.
Szamuk a 9. posztszinkronizacids orat kovetden kezdett emelkedni, majd 12-13 ora

kozott tet6zott (18.A abra).

Ennek fényében moddositottuk western blothoz hasznalt mintavételezési protokollunkat
a kovetkezok szerint: a dupla timidin blokkot kovetd 9. és 13. 6ra kozott 25 perces
1d6kozokben mitotikus lerdzassal gyljtottiik Ossze a lekerekedett sejteket (8. abra). Az
elsé 6 (,M17”) és az utols6é 3 (,,M2”) frakcidt pooloztuk, majd Gi, S és Gy fazisu
sejtekkel egyiitt western blot vizsgalatnak vetettiik ald a mintakat. A jelolést ismét a
CTD110.6, illetve a szintén O-GlcNAc oldallancokat felismer6é RL2 antitest
segitségével végeztilkk. Ezen kisérleteink soran a mintdk feldolgozasat annyiban
modositottuk, hogy a sejtek lizisét kovetd centrifugdlasi lépést kihagytuk, tehat teljes
sejtlizatumokkal dolgoztunk annak érdekében, hogy egyaltalan ne veszitsiink fehérjét
mintdinkbol. A mitotikus, illetve a G fazisi fehérjemintdkat ebben a kisérleti
beallitasban 6sszehasonlitva, mindkét ellenanyag 4ltal eltérd mintazatot észleltiink. Az
egyik legszembetlindbb kiilonbség a 100 kDa magassagban megjele sav volt a mitotikus

sejtek esetében (18.B abra).
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18. abra. O-glikozilalt fehérjek a sejtciklus fazisaiban.(A) Lekerekedett sejtek szamanak
valtozasa a timidin blokk feloldasat kovetéen.(B) Reprezentativ western blot a
kiilonbozo fazisokrol CTD110.6 és RL2 O-GlcNAc-et felismerd antitestek
segitségevel.(C)A teljes jelolodeés és 3 kiilonbozo sav (~150, 100 and 60 kDa
magassdagban, a B. abran nyillal jelélve)denzitometrias analizise az egyes fazisokban. A
feltiintetett adatok legalabb 3 fiiggetlen vizsgalat atlag+£SD értékei, *p<0.05 versus Gi.
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V.2.1.5. Az  O-glikozilacios  valtozasok  vizsgdlata  magporusfehérjék

immunprecipitacidjdaval

A magpoérusfehérjék (Nup, Nuclear pore protein) habar az egyik legmagasabb O-
glikozilaltsagot mutatod fehérjék koze tartoznak, a sejtciklus soran torténd glikozilacios
valtozasaikrol kevés ismerettel rendelkeziink. Ezért kovetkezd 1€pésben mitotikus
lerazassal gyljtott sejtek és interfdzisi mintdk immunprecipitaciojat végeztiik a tobb
magporusfehérjét felismerd, MAb414 elnevezésii, monoklonalis ellenanyaggal. Az O-
glikozilaciés mintdzatokat RL2 antitesttel detektaltuk (19. abra). Az immunprecipitacio
hatékonysdgat az anti-Nup antitesttel végzett western blottal ellendriztiik.
Eredményeink az irodalomnak megfeleléen erés O-GlcNAc jel6lddést mutattak a Nup
fehérjéken. Emellett a mitdzis soran a teljes sejtlizatumban észlelt, 100 kDa
magassagaban megjelend O-glikozilaciés mintdzatbeli valtozas is fellelhetd volt (19.

abra, nyil), melyet az a-Nup ellenanyag nem detektalt.

WB: aNup WB: aNup WB: RL2
L S et .
250 kD === * ol W a— '-
150 kD — T = e = I - .
a
100 kD - e e
75 kD
O KD |- —— - G S G — - e e
M M I 1 M M 1 M M1
Input IP: aNup IP: aNup

19. abra. A magporusfehérjék O-glikozilacios valtozasai mitotikus (M) és interfazisu (I)
sejtekben. A bal oldali western blot a teljes sejtlizatumok (Input) anti-Nup detekciojat
dabrazolja. A kézépso és jobb oldali dbra az anti-Nup ellenanyaggal kapott
immunprecipitatumok (IP: aNup) anti-Nup és RL2 jeloléssel kapott képe.
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1V.2.1.6. Az O-glikozilacios valtozasok detektalasa immunfluoreszencidval mitotikus

HelLa sejtekben

Annak érdekében, hogy az O-GlcNAc-modositott fehérjék mennyiségét ne csupan a
populacié szintjén, hanem sejtszinten detektalhassuk, illetve azok szubcellularis
eloszlasat megvizsgaljuk, aszinkron HeLa sejteket fedélemezeken tenyésztettiink, majd
formalin-fixalast kovetéen O-GIcNAc ellenes RL2 antitesttel jeldltiik. A mitdzisban
1évo sejteket Hoechst-féle nuklearis jelolés révén azonositottuk. Az osztodo sejteket
morfoldgiajuk alapjan korai (pro- és metafazisu (P-M)) €s késdi (ana- és telofazisu (4-
7)) mitotikus csoportokba soroltuk. Az osztddas alatt allo sejtekben szembetiinden
fokozott O-GIcNAc jelolddés volt észlelhetd. Az eredmények szamszeriisitése céljabol
az interfazist ¢és a mitotikus sejtek fluoreszcenciaintenzitasat megmértik és
Osszehasonlitottuk. Utdbbiak esetében szignifikdnsan magasabb fluoreszcencia-
intenzités értékeket kaptunk az interfazisu sejtekhez képest. A késdi mitdzisban azonban
jelentds csokkenést tapasztaltunk. Ennek hatterében az osztddas soran torténd sejtméret-
valtozasok hatésat feltételeztiik (a leanysejtek nagysaga kb. 50%-a a mitdzis kezdetéhez
viszonyitva). Ezért az 0Osszehasonlitast ismételten elvégeztik a sejtek méretére
normalizalt fluoreszcenciaértékekkel, amely a két mitotikus csoport kozt tapasztalt

kiilonbség megsziinését eredményezte (20. abra).
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20. abra. O-glikozilalt fehérjéek megoszildasa immunfluoreszens vizsgalattal. (A) HelLa
sejtek RL2 (zold) és Hoechst-féle (kék) jelolése, reprezentativ fotok. (B)A sejtek teljes
fluoreszcenciaintenzitdsa, a sejtméret és az datlagos, méretre normalizalt
fluoreszcenciaintenzitds valtozdsai interfazikus (1), pro- és metafazisu (P-M), illetve
ana- és telofazisu (A-T) sejtekben. Az adatokat az interfazisu sejtekhez viszonyitva (%)
dbrazoltuk. Minden oszlop minimum 50 interfdzisu, illetve minimum 10 P-M és A-T
sejtbol szarmazo mérésbol ered. Az adatokat atlag £SD értékekként tiintettiik fel,
*n<0.05 az interfazisu sejtekhez hasonlitva.

Mivel a citoszkeletalis fehérjék koziil a tubulin és az aktin az O-GIcNAc proteom
részeként, illetve a sejtciklusban betoltott szerepiikrél egyarant ismertek, kovetkezd
Iépésként az O-GIcNAc moédosulasnak az emlitett fehérjékkel valdo kapcsolatat
vizsgaltuk.!'>!!3 Ehhez aszinkron HeLa tenyészeten CTD110.6 és anti-tubulin, illetve

az aktin detektdldsdhoz phalloidin-Alexa Fluor 488 kettds jeloléseket végeztiink. A
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CTD110.6 antitest az RL2-vel kapott képhez hasonlot eredményezett. A mitotikus
sejtek erds anti-O-GIcNAc jelolodésiik alapjan egyértelmiien elkiilonithetoek voltak az
interfazisu sejtektél. A tubulin-jelolés altal lathatova valt mitotikus orsot tartalmazéd
sejtekben az emelkedett O-GlcNAc-szignal ugyancsak jelen volt, de epifluoreszecns
mikroszkopia soran tubulinnal vagy aktinnal valé kolokalizaciét nem észleltiink (21.

abra).
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21. abra. O-glikozilalt fehérjék megosziasa a sejtciklus kiilonbozo fazisaiban levé Hela

sejtekben tubulin-, illetve aktin-jelolés mellett. Reprezentativ epifluoreszcens képek (A)

CTD110.6 (piros), anti-tubulin (zold) és Hoechst-féle magfestéssel (kek); (B) CTDI110.6

(piros), phalloidin-Alexa Fluor 488 (aktin, zold) és Hoechst-féle magfestéssel (kék). (C)

Konfokalis mikroszkoppal késziilt képek a megjelolt antitestek segitségével. A meta- és
telofazisu sejteket az abran szimpla, illetve dupla nyillal jeloltiik.
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Ezt kovetéen, a pontosabb vizualizacid céljabol az vizsgalatokat konfokalis
mikroszkopiaval egészitettiik ki (21.C abra). Ennek sordan mind az interfazist, mind a
mitotikus sejtekben tobbnyire homogén, citoplazmatikus, granularis O-GlcNAc-
nem volt lathatd, azonban ez az antitest interfazisu sejtekben sem mutat jelolodést a
nukleusz teriiletén (megjegyzendd, hogy az IgG tipusi RL2-vel szemben a CTD110.6
IgM izotipusu ellenanyag, melynek kovetkezménye lehet, hogy utobbi nem képes a
magba penetralni). A kettds jelolés azonban ez esetben sem mutatott érdemi

kolokalizaciot a fibrillaris megjelenésti, eltéré eloszlast mutatd citoszkeletalis
fehérjékkel.

1V.2.2. Megbeszélés

Kutatadsunk soran egy olyan fehérjemodosulas sejtciklus alatt torténd valtozasait
kivantuk elemezni, melynek az osztdodas szabalyozasaban betoltott szerepével egyre
tobb tanulmany foglalkozik. Hela sejtek globalis O-glikozilacids szintjének ¢és
mintdzatanak valtozasait detektaltuk tehat a sejtciklus kiilonb6z6 fazisai soran, dupla
timidin blokkot kdvetden. Kimutattuk, hogy a sejtek altalanos O-GlcNAc mintazata a
G és S fazisok soran valtozatlan, azonban az M féazisban szintje hirtelen megemelkedik,
a mintazat jellegzetes valtozéasaival egyiitt jarva. Ezen valtozasok rejtve maradtak a
mitotikus lerazas moddszerének alkalmazédsa nélkiil, mely szelektiv, csaknem tisztan
mitotikus sejtgytijtést tesz lehetévé.”® Immunfluoreszcens eredményeink alapjan ez a
modosulas csupén rovid ideig tart a telofazisban, és a citokinézis idejére az O-GIcNAc-

modositott fehérjék mennyisége csokkenni kezd.

Az O-GIcNAc modosulasnak a sejtciklus koordinacidjaban betdltott szerepét az elmult
években szamos tanulmany vizsgalta. Ennek sordn valt ismertté, hogy a Go/G1 atmenet
idején az OGT mennyisége jelentésen megemelkedik. Sot, feltételezések szerint a
fokozott OGT-szintézis és az azt kovetd O-GIcNAc emelkedés elengedhetetlen a G
fazisba valo belépéshez. Mivel az O-glikozilacio fontos szerepet tolt be a sejt taplaltsagi
allapotanak érzékelésében, ez a Iépés kozvetitd szignalja lehet a sejtciklusba valo

belépés eléfeltételének, a megfeleld tapanyag-elltottsignak. !4
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O’Donnell és munkatarsai egér embriondlis fibroblaszt modelleken vizsgalta az O-
glikoziléacios statusz csokkenésének hatasait. Ezek soran kiilonb6zé modon — géndeléciod
vagy szubsztratdeplécio altal — idézték eld az OGT enzim csOkkent aktivitasat. A
kutatasok eredményeként novekedésbeli elmaradast, a p27 ciklin dependens kinaz
inhibitor emelkedett expresszidjat, illetve sejthalal bekdvetkeztét tapasztaltak.'!'>-116
Néhany fontos sejtciklus-szabalyozo fehérjét is sikeriilt azonositani, melyekrdl
kimutattak, hogy érzékeny az O-glikozilacids valtozasokra. Igy példaul az OGT gatlasa
a mitogén jelatvitelben szerepet jatsz6 PI3K ¢és MAPK utvonalak csokkent aktivitasat
okozta, illetve gatolta a G; fazis kulcsregulatoranak, a ciklin D1 expresszijat.!!7!!8
Ismertté valt emellett, hogy mind a négy nukleoszomalis hisztonfehérje (H2A, H2B, H3

és H4) sejtciklusfiiggd mértékii O-glikozilaltsaggal rendelkezik.'!*120

A G2/M atmenet szempontjabol kulcsfontossagh B1 ciklin expressziojanak csokkenését
irta le Fardini és munkatarsai mind az OGA, mind az OGT gatlasa esetén. Kimutattak
ezaltal, hogy elengedhetetlen mindkét enzim megfeleld miitkddése, igy az optimalis O-
glikozilaciés statusz fenntartisa a sejtciklus megfeleld progresszidjidhoz.% A cdkl
mitozisban torténd aktivacioja ugyancsak O-GIcNAc szabalyozas alatt all. Ez a hatas
feltételezhetden a gatld foszforilacios modosuldasokkal vald interakcid révén valdosul
meg.*® A sejtosztodas soran az OGT elszor a mitotikus orséhoz, majd a citokinézis
idején az egyenlit6i sikban elhelyezkedd kdzéptesthez transzlokalédik.!?! Utobbi célja a
kozéptest stabilitasdnak szabalyozasa. Ezt az OGT nem 6nmagédban, hanem az OGA
enzimmel egyiitt, illetve az Aurora B nevii mitotikus kinazzal és a protein foszfataz 1-
gyel komplexet képezve végzi.'?! Az O-glikozilacié fokozodasa az anafazisban a CHD1
aktivitasara nézve is elengedhetetlennek bizonyult,'?? de az emlitetteken kiviil szamos, a
sejtosztodasban €s a tumorigenezisben jelentds szereppel bird transzkripciods faktor (pl.

myc, p53, NFkB) is az O-GlcNAc befolyasa alatt a11.%4

A globalis O-GIcNAc statusz valtozasairol kozolt adatok a sejtciklus sordn jelenleg
ellentmonddsosak az irodalomban. Szdmos kutatas szdmolt be a G> fazisban torténd
OGT expresszio €s O-GlcNAc emelkedésérdl, illetve ezek sziikségességérdl a G2/M
dtmenethez 0476878911312 Bot tamasztja ald, hogy az OGT gétldsa a Go/M 4tmenet
zavaraihoz vezet.® Yang és munkatirsai azonban mar az S fazisban elindulo, M

fazisban tet6z6 O-glikozilacid fokozodasrdl szamoltak be MEF és HEK293 sejteken
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végzett kutatasaik alapjan.’” Ezzel szemben mas szerzOk egyéltalan nem észleltek
valtozast, vagy éppen ellenkezdleg, csokkenést detektaltak az OGT expresszidt és a
globalis fehérje O-glikozilaciot illetden az M fazis soran. 74°%12* Ezeknek az
ellentmond6 eredményeknek tobb tényezd allhat a hatterében. Egyfelol az O-GIcNAc
modosulas igen gyors, dinamikus természete, masik oldalrdl viszont a mitdzisban
lejatsz6do, szintén rovid ideig zajlo torténések, melyek akar kismértékben eltérd
szinkronizacios, 1doOzitési vagy mintavételezési modszerek esetén  kiilonbozo

eredményekhez vezethetnek.

A sejtciklusfiiggd  valtozdsok vizsgalatara a bevezetOben emlitett szamos
szinkronizédciés modszer keriilt bevezetésre, tobbek kozott a szérum-megvonds, a dupla
timidin blokk, vagy a sejtciklus progresszidjanak gatlasa kiilonbdzo kémiai agensekkel,
mint a nocodazol, illetve a paclitaxel.” A fenti médszerek szinkronizalasi effektivitisa
nemcsak eltérd lehet, de az egyes szerek mellékhatasairdl, toxicitdsardl sem szabad
elfeledkezniink.”#¢12312* Ezek ugyanis szintén befolyassal lehetnek az O-GIcNAc

modosulas valtozasaira.

Vizsgalatunk szempontjabol a leginkabb relevans tanulmany Sakabe és munkatérsai
nevéhez fiizédik, akik éppen ellentétes, csokkent O-GlcNAc szinteket észleltek az M
fazis soran a G fazishoz viszonyitva.”® Az emlitett tanulmanyban HeLa tenyészetet
szinkronizaltak nocodazollal, majd mitotikus lerdzassal gylijtott sejteket 1, 3 és 5 Orara
gjra tenyésztomédiumba helyeztek a végsd mintagyiijtés idopontjaig. Jelentds
kiilonbség ehhez képest, hogy jelen munkank soran kertiltiik a potencidlisan toxikus
kémiai dgens (nocodazol, paclitaxel) hasznalatat, illetve a rovid idétartamu frakcionalt
sejtgylijtések révén igyekeztiink minél homogénebb mintdkat gyiijteni, melyeket
tovabbi tenyésztés nélkiil, azonnal feldolgoztunk. Tehit minden alkalommal a
lekerekedett sejtek lizisét végeztiik, ezaltal jelentds iddbeli kiilonbség all fenn a tovabbi
legalabb 1 oréds tenyésztéssel kapott sejtmintdkhoz viszonyitva. Metodikai eltérést
talalhatunk a mintafeldolgozast illetden is. Kisérleteinkhez erds lizist kovetden a teljes
sejtlizatumot felhasznaltuk, mig Sakabe és munkatarsai NP-40-nel torténd lizis utan az
inszolubilis frakciot eltavolitottdk, mely a fehérjedsszetétel jelentds kiilonbségét

eredményezheti.

55



Korabbi kozlemények szerint az O-GIcNAc a mitézis sordn hatassal van a
citoszkeletalis fehérjékre. M fazisu sejtekben azt taldltdk, hogy az OGT a mitotikus
orsoval kolokalizal, illetve a vimentin is az O-glikozilacio befolyasa alatt 4ll.74!%!
Munkéank soran az O-GIcNAc két fontos citoszkeletalis fehérjével, aktinnal és
tubulinnal valé kapcsolatat vizsgaltuk, de kolokalizaciét nem tudtunk detektalni. Nem
zarhat6 ki azonban az emlitett fehérjék kisebb mértékii érintettsége a modosulas altal,
amely rejtve maradhatott az altalunk hasznalt kisérleti beéllitds soran. Korlatozo
tényezd ugyanis az O-GIcNAc modosulas redundanciaja a sejtben, mely neheziti a
kisebb mértéki morfologiai eltérések detektaldsat, illetve a konfokalis mikroszkdpia
révén torténd kolokalizacids vizsgalatot egyarant. Valosziniibbnek tartjuk azonban az
O-GIcNAc modosulas sejten beliilli megoszlasa alapjan, hogy a mitozis sordn
bekovetkezd emelkedés kevésbé a citoszkeletalis atrendezddéshez, inkabb egyéb sejten

beliili mitotikus torténéshez kothetd.

Munkédnk egyik limitdldo tényezdje az erdsen O-glikozilalt magporusfehérjék
jelenléte,'”> melyek az interfazisi sejtek immunfluoreszcens analizisét torzithatjak.

Mivel azonban a magporusfehérjék a mitdzis sordn nem degradalodnak,!?%1%7

ez a
tényez0 nem okozhat jelentds eltolodast az interfazisi ¢és a mitotikus sejtek
Osszehasonlitdsdban. Emellett western blot moddszerrel a sejtek Osszfehérje-tartalmat
vizsgalva ez az esetleges torzitdo hatds nem allt fenn, s az igy kapott eredményeink az
immunfluoreszcens elemzéssel megegyezd iranyt valtozast mutattak. Ezek alapjan tehat
nem val6észinii, hogy a magporusfehérjék modosuldsa jelentds mértékben torzitotta
immunfluoreszcens mikroszkdpiaval nyert eredményeinket. Ezt timasztjak ald az anti-
Nup ellenanyaggal végzett immunprecipitaciés vizsgalatok, melyek soran a
magporusfehérjék erds glikozilaltsagat detektaluk az irodalomnak megfeleléen, de ezt
illetéen valtozast a mitotikus sejtmintdkban nem észleltiink. Azonosithat6 volt azonban
a mitotikus, immunprecipitalt fehérjék O-GIcNAc mintazatdban a teljes lizdtumban is
detektalt, 100 kDa magassagban elhelyezkedd jel, mely anti-Nup antitesttel azonban
nem mutatott jelolodést. Ezek alapjan az adott O-GIcNAc jel feltételezhetéen olyan
fehérjéhez kapcsolodik, mely a MAb414 antitest altal felismert Nup-fehérjék egyikéhez
asszocialodik, igy megjelent az immunprecipitacidés mintdkban. Korabbi
tanulmanyokbdl mar ismert volt, hogy néhany Nup megfeleld expresszidjahoz

elengedhetetlen az O-GIcNAc jelenléte.'”® Emellett szintén leirdsra keriilt, hogy a
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modosulds a magporusok szerkezeti tulajdonsagait, és a rajtuk keresztiil folyo

transzportfolyamatokat egyarant befolyasolja.'?’

Béar jelenlegi ismereteink még kezdetlegesek az O-glikozilacio —sejtciklus-
szabalyozasban betoltott szerepérdl, szamos tanulmany bizonyitja, hogy a metabolizmus
¢€s a sejtosztodas szoros kapcsolatban all egymassal. A modern ¢letvitel egyik jelentds
rizikofaktora a tumoros megbetegedések szempontjabol az excessziv taplalékbevitel.'*°
Annak ismeretében, hogy az O-GIcNAc egy igen jelentds szignalizacids utat képvisel a
taplaltsagi allapot érzékelésében (,,nutrient sensing”), az O-glikozilacié a metabolikus
valtozasok egyik potencialis kozvetitdje a sejtciklus felé. Ezzel 0sszecseng a malignus
sejtek fokozott tipanyagfelvétele és emelkedett O-glikozilacios statusza.®* A jovében
tehat az O-glikozilacid6 mértékének megallapitdsa hasznos diagnosztikai, illetve
prognosztikai markerré véalhat. Az OGT és OGA mRNS-szintjének vizeletben vald
kimutatdsara hugyhdlyagtumor diagnosztikai eszkdzeként mas szerzok mar kordbban
javaslatot tettek. *! Ezen tilmenden az O-glikozilacidhoz kapcsolodo fehérjék, igy az
OGA ¢és OGT enzimek, de a O-glikozilalt sejtciklus-regulatorok is igéretes terapias

célpontta valhatnak a malignus daganatokkal szemben.”
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ABSTRACT

Paclitaxel (taxol) is a chemotherapeutic agent frequently used in combination with other anti-
neoplastic drugs. It is most effective during the M phase of the cell-cycle and tends to cause
synchronization in malignant cells lines. In this study, we investigated whether timed, sequential
treatment based on the cell-cycle characteristics could be exploited to enhance the cytotoxic effect
of paclitaxel. We characterized the cell-cycle properties of a rapidly multiplying cell line (Sp2, mouse
myeloma cells) by propidium-iodide DNA staining such as the lengths of various cell cycle phases
and population duplication time. Based on this we designed a paclitaxel treatment protocol that
comprised a primary and a secondary, timed treatment. We found that the first paclitaxel treatment
synchronized the cells at the G2/M phase but releasing the block by stopping the treatment allowed
a large number of cells to enter the next cell-cycle by a synchronized manner. The second
treatment was most effective during the time when these cells approached the next G2/M phase
and was least effective when it occurred after the peak time of this next G2/M phase. Moreover, we
found that after mixing Sp2 cells with another, significantly slower multiplying cell type (Jurkat
human T-cell leukemia) at an initial ratio of 1:1, the ratio of the two different cell types could be
influenced by timed sequential paclitaxel treatment at will. Our results demonstrate that knowledge
of the cell-cycle parameters of a specific malignant cell type could improve the effectivity of the
chemotherapy. Implementing timed chemotherapeutic treatments could increase the cytotoxicity on
the malignant cells but also decrease the side-effects since other, non-malignant cell types will have
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different cell-cycle characteristic and be out of synch during the treatment.

Introduction

Paclitaxel (taxol) is a chemotherapeutic agent that was first iso-
lated from the bark of the Pacific yew, Taxus brevifolia." It has
a broad spectrum of antitumor activity. It is approved by the
Food and Drug Administration in the US for the therapy of
breast, ovarian, and lung cancer, as well as Kaposi’s sarcoma. It
is used off-label to treat endometrial, cervical, prostate, gastro-
esophageal, and head and neck tumors, in addition to sarcoma,
lymphoma, and leukemia.” The most frequently used doses of
paclitaxel are 135 mg/m2 and 175 mg/m2 and it is adminis-
tered as 3 or 24 hours lasting infusions and repeated in multi-
ple, 21 days cycles or 7 days cycles. Taxanes are often
combined with other drugs or with radiotherapy, e.g. taxane
with anthracyclin, trastuzumab or cyclophosphamide or with
platinum-based agents in the therapy of breast cancer.””’
Paclitaxel’s primary action is to bind to microtubules, espe-
cially B-tubulin, and prevent their depolimerization, thereby
stabilizing mitotic spindle during mitosis.® Inhibiting the tran-
sition through mitosis, it produces an arrest in the M phase of
the cell cycle."”'* Mitotic arrest caused by paclitaxel results in
either prolonged arrest, apoptotic cell death or recovery and
continued cycling if the blockade is released before the cells
would initiate apoptosis. Although passage through mitosis is

an absolute requirement for Taxol-induced death,'" it has been
also suggested that cell death caused by taxol is not only due to
mitotic arrest but it can also be the consequence of the action
on interphase cells.'>"?

Despite that paclitaxel had been shown to affect cell viability
in other cell cycle phases,'* its cytotoxic activity is most effec-
tive during M phase.”> As low as 5 nM of paclitaxel is enough
to arrest and to subsequently kill malignant cells, but the effec-
tiveness and the required concentration is highly dependent on
the length of the treatment and the cell type.'”” Namely, the
treatment has to accommodate the cell cycle dynamics. Thus,
proposals had been put forward to exploit paclitaxel’s selectivity
toward mitotic cells in cancer therapy. Wang et al. showed that
synchronizing ovarium cancer cell lines reverses paclitaxel
resistance.” On the other hand, cell-cycle arrest and synchroni-
zation was also found to significantly contribute to cell sensiti-
zation by paclitaxel to radiotherapy.'®"”

The aim of the present study was to develop a cytotoxic
treatment scheme that is tailored toward a specific cell line.
Using paclitaxel as being both a cell cycle synchronizing and a
cytotoxic drug, we employed a timed sequential treatment
schedule that was based on the cell cycle characteristics of the
Sp2 cell line. Moreover, applying the same treatment schedule,
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we selectively targeted this cell line in a mixture of Sp2 and an
other cell line with a different cell cycle characteristic.

Results
Synchronization of Sp2 cells with paclitaxel

Our preliminary data showed that ~0.03 - 0.1 mg/L of pacli-
taxel treatment for 12-15 hours was sufficient to halt Sp2 cells
at the G,/M phase without causing immediate cell death (data
not shown). Therefore we used 0.05 mg/L paclitaxel treatment
for 14 hours to transiently block the cells in G,/M phase, and
then released the blockage by vigorously washing out paclitaxel
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Figure 1. Characterization of Sp2 cells’ cell cycle dynamics after synchronization
with paclitaxel. (A) Sp2 cells were treated with 0.05 mg/L paclitaxel for 14 hours
then allowed to recover from the blockage. Cell cycle distribution was monitored
every 4 hours by flow cytometry and propidium-iodide staining after fixation of
the cells. Cell cycle distributions are shown as histogram plots of the FL3 fluores-
cence channel. (B) The relative number of cells in Gg4, S and G,/M phase over time
are shown. White areas on the graph indicate cell cycle phases when the cells are
more susceptible (cells in the G,/M phase are the most abundant) while darker
areas indicate intervals when cells are least susceptible to a subsequent paclitaxel
treatment.

from the cell culture medium. We monitored the cell cycle dis-
tribution of Sp2 cells for 24 hours by propidium-iodide stain-
ing. As shown in Figure 1A, this experimental setup caused a
complete, temporary block at the G,/M phase but once the
blockade was raised, the cells entered the next cell cycle. More-
over, the cells remained relatively synchronized until the end of
the monitoring; up to 24 hours after treatment.

The ratio of cells in Gy_;, S and G,/M phase was calculated
every 4 hours and plotted (Fig. 1B). The elapsed time between
2 consecutive peaks (e.g., S =S or G/M - G,/M) was approxi-
mately 16 hours therefore the average time of one complete cell
cycle of Sp2 cells lasted 16 hours. We have also estimated the
duration of each cell cycle phases based on the following equa-
tion: Ty+Tppase=Trotal Phase Where Ty is the delay between the
first and the last cell entering a given cell cycle phase, Ty is
the average time a cell spends in that phase and Tioa1 phase i the
total time between the first cell entering and the last cell exiting
the phase (the latter was measured as the time between the start
and the end of a peak (e.g., 0 — 8 hours for Gy)). Applying this
equation for each cell cycle phases resulted in the following esti-
mations for the duration of the cell cycle phases: Go; ~1.5
hours, S ~9.5 hours, G,/M ~5 hours and T; ~6.5 hours.

Timing of the second treatment significantly influences
paclitaxel’s cytotoxicity

Since paclitaxel mainly acts during mitosis, we assumed that
synchronized Sp2 cells have a “sweet spot,” a time period dur-
ing their progress in the cell cycle when they are more suscepti-
ble for a subsequent treatment. These periods are shown as
fading-in/fading-out white areas in Fig 1B when the largest
amounts of cells are in G,/M phase. To test this hypothesis, we
synchronized Sp2 cells with paclitaxel then after various delay
periods, we exposed them to a second paclitaxel treatment
(Fig. 2A). The duration of the second treatment — 8 hours -
proved to be a good compromise: long enough to cover most of
the cells entering G2/M phase but short enough that experi-
ments with various delay periods would not overlap too much.

We have found that the second treatment was most effective
when it occurred between ~12-14 and 20-22 hours after the
end of the first treatment. In contrast, if the second treatment
occurred 22 — 30 hours after the end of the first treatment, sig-
nificantly more cells survived. This difference between optimal
and sub-optimal timing could be followed up to 2 days after
the experiments (Fig. 2B).

Timed sequential paclitaxel treatment can favor one cell
type over another

We tested whether we could apply consecutive paclitaxel treat-
ments to discriminate between two cell lines that have different
cell cycle characteristics. For this reason, we have chosen Jurkat
cells to pair with Sp2 cells. Based on preliminary experiments,
the Jurkat cell line we used had an approx. 24-36 hours popula-
tion doubling time under the same cell culture conditions used
for Sp2 cells (data not shown). The Jurkat cell line we used was
expressing GFP which was necessary to distinguish between
the two cell lines. First, we compared the cell cycle characteris-
tics of the two cell lines in asynchron cultures and also after
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Figure 2. The efficiency of sequential paclitaxel treatments of Sp2 cells depends on the timing. (A) Design of the experimental protocol. Sp2 cells were treated with
0.05 mg/L of paclitaxel for 14 hours, then left to recover for various amounts of time (8-22 hours). A second, 0.05 mg/L paclitaxel treatment followed for 8 hours, then
the cells were placed in paclitaxel-free, complete medium, and the number of live cells was counted by trypan-blue exclusion dye staining approx. two and three days
(50 h and 74h) after the start of the experiments. (B) Ratio of live cells compared to the number of live cells counted at the 0 hour mark (end of the 1st paclitaxel treat-
ment) at 50 and 74 hours. Bars are representing the average of a set of individual experiments where the interval times between sequential paclitaxel treatments were
8-22 hours. Data are shown as means 45D, *P < 0.05 vs. 8 hours interval time, **P < 0.05 vs. 16 hours, P < vs 20 hours, *P < vs 22 hours.

14 hours of 0.05 mg/L paclitaxel treatment (optimal only for
Sp2 cells) as shown in Figure 3.

The ratios of cells in the cell cycle phases were the follow-
ings: asynchron Sp2 cells: 37.3(£1.4)% GO-1 phase, 40.2
(£5.2)% S phase, 22.5(£3.8)% G2/M phase. Asynchron Jurkat
cells: 55(£3.4)% GO-1 phase, 23.5(+£4.3)% S phase, 21.5
(£1.5)% G2/M phase. Sp2 cells after 14 hours of 0.05mg/L pac-
litaxel treatment: 2.5(+0.9)% GO-1 phase, 5(+0.8)% S phase,
92.4(£1.5)% G2/M phase. Jurkat cells after 14 hours of

FL3 Lin

Sp2, asynchron

1
>
(2]

FL3 Lin

Sp2, Paclitaxel treated (14 h)

0.05 mg/L paclitaxel treatment: 34.4(%3.8)% GO-1 phase, 24.3
(£3.6)% S phase, 41.3(£+7.4)% G2/M phase.

Next, we mixed Sp2 cells and Jurkat cells at 1:1 ratio and
treated them for 14 hours with 0.05 mg/L paclitaxel, then mea-
sured the amount of cells by flow cytometry one, two or three
days after the treatment. As shown in Figure 4A and Figure 4B,
if no subsequent treatment followed Sp2 cells quickly overcame
the number of Jurkat cells, despite that the first paclitaxel treat-
ment was intended to be more effective on them than on Jurkat

FL3 Lin
Jurkat, asynchron

FL3 Lin

Jurkat, Paclitaxel treated (14 h)

Figure 3. Synchronization efficiency of paclitaxel on Sp2 and Jurkat cells at a fixed duration time. Both Sp2 and Jurkat cells were exposed to the same paclitaxel treat-
ment: 0.05 mg/L for 14 hours. Cell cycle distribution was analyzed by flow cytometry and propidium-iodide staining after fixation of the cells. Top row: histogram plot of
cell cycle distribution without paclitaxel treatment. Bottom row: cell cycle distribution after 14 hours of 0.05 mg/L paclitaxel treatment. Regions indicated in all histogram

plots are: G4 (A), S (B) and G,/M phase (C).
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Figure 4. Timing of sequential paclitaxel treatment discriminates cell lines with
different cell cycle properties. (A) Sp2 and GFP-expressing Jurkat cells were initially
mixed at ~1:1 ratio (Oh), treated for 14 hours with 0.05 mg/L paclitaxel then left
to recover until the end of the experiments. The ratio of Sp2 and Jurkat was ana-
lyzed at the indicated times after the start of the experiments by counting cells
with flow cytometry, without fixation. Data points are shown as a function of for-
ward scatter (FS, ~cell size) and green fluorescence (FL1, GFP). In each plot,
regions indicated with ‘A’ corresponds to Sp2 cells, regions indicated with ‘B’ corre-
sponds to GFP-expressing Jurkat cells, while regions indicated with ‘C’ corresponds
to cell debris. (B) Sp2 and GFP-expressing Jurkat cells were mixed at ~1:1 ratio
and exposed to sequential paclitaxel treatment. Based on previous experiments
(shown in Fig. 2), ‘optimal timing’ of the second paclitaxel started 14 hours after;
while ‘sub-optimal timing’ started 22 hours after the end of the first treatment.
The ratio of Sp2/Jurkat cells was counted at 0 hour, 36 hours, 50 hours and 74 hours
after the start of the experiments. Data are shown as means +-SD, *P < 0.05 opti-
mal vs. sub-optimal, “P < 0.05 optimal vs no 2nd treatment, *P < 0.05 sub-optimal
vs. no 2nd treatment.

cells. Similarly, when a second treatment occurred at a sub-
optimal time period, the ratio of Sp2 cells compared to Jurkat
cells was almost as high as in the absence of the second treat-
ment. On the other hand, if the first treatment was followed-up
by a second, optimal timed paclitaxel treatment, the ratio of
Sp2/Jurkat cells remained significantly lower.

Discussion

In the present study we demonstrated the effect of timed,
sequential treatments with paclitaxel on Sp2 mouse hybridoma
cell line. Based on the cell cycle data specific for Sp2, we could
significantly improve the cytotoxic ability of paclitaxel. We
have also shown that optimal timing of subsequent treatments
could be used to differentiate between cell types with various
cell cycle characteristics. In contrast to sub-optimal timing,
sequential paclitaxel treatment targeted against Sp2 cells was
significantly more effective than against Jurkat cells. These
results suggest that analyzing the cell cycle properties of malig-
nant cells and scheduling chemotherapeutic regimes based on

this information could improve the efficacy of anti-cancer
therapy.

Several parameters describing cell cycle kinetics, includ-
ing potential doubling time (Tpot) and bromodeoxyuridine
(BrdU) labeling index have been tried to predict therapy
outcome.'®"” Our present findings also indicate that cell
cycle characteristics, such as population doubling time, the
proportion and transit time of cells in various cell cycle
phases are important factors influencing the effectiveness of
cytotoxic treatment. We think that this information should
be seriously considered during differential diagnosis and
before anti-tumor intervention. Unfortunately, this happens
very rarely in the clinical practice. There are a number of
methods available to measure cell cycle properties. In vivo
administration of BrdU followed by delayed biopsy allows
the estimation of potential doubling time (Tpot) of malig-
nant tumors because BrdU incorporates in the nuclei during
DNA synthesis in S phase."” Analyzing the amount of DNA
and cell cycle distribution in cells from biopsies by flow
cytometry or microscopy using DNA stains such as propi-
dium-iodide is also an option. Non-invasive techniques
such as MRI has been also used to estimate the proportion
of dividing cells.”® However none of these techniques are
without limitations. E.g. analyzing DNA staining by flow
cytometry requires individual cells to be released from the
tumor mass and suspend in a buffer which might be chal-
lenging in some types of malignant tissues. In vitro cultur-
ing of isolated cells could increase the number of cells
available to analyze, however in vitro cell cycle characteris-
tics are not necessarily reflecting in vivo conditions. Proba-
bly the biggest difficulty is that cancer tissues are
inhomogeneous most of the time, part of the tumor mass is
necrotic, part of it is growing slower than Tpot would
allow.”" Thus, collecting biopsies representative of the whole
tumor or improving non-invasive imaging techniques are of
utmost importance to enhance the intra-tumoral cell cycle
analysis capabilities.

Some degree of cell synchronization is a long known conse-
quence of cancer therapy and therapies specifically designed to
manipulate cell cycle and to synchronize cells are dating back
in the seventies.”” In more recent years, the focus in research
and in development of new anti-cancer therapies shifted to cell
cycle agents, many of them are cycline dependent kinase inhibi-
tors.”>** In these therapeutic approaches, cell differentiation
agents are often used in combination with cytotoxic drugs* or
with radiotherapy.”**” Paclitaxel was also applied and found
effective in synchronizing and sensitizing malignant cell lines
against radiotherapy.'® Interestingly, Wang et al. demonstrated
on cell cultures that synchronization prior to paclitaxel treat-
ment also improved paclitaxel’s cytotoxic potency.” However,
to our knowledge there is no current clinical or pre-clinical
application of the combined use of cell cycle analysis and subse-
quent therapy which incorporates these specific cell cycle data.

In our experiments, we used paclitaxel to both synchronize
and to kill malignant cells at 0.05 mg/L or ~60 nmol/L. In
human therapy, the plasma concentration of paclitaxel ranges
from around 80 nmol/L to 500 nmol/L, but the intracellular
paclitaxel concentration was found to be much higher, up to
1-9 pumol/L>*® Thus the conditions in our experiments are



comparable to the lower end of the therapeutic range. Sp2
cells are rapidly multiplying cells, with an average population
doubling time of 16 hours. Paclitaxel has long been shown to
be most effective against fast growing cells.”” Thus, Sp2 cell
line is very suitable to test sequential treatment.

This technique could be proven more difficult to apply
on a slower growing cell line. Cell production rate of can-
cers have a very wide range; population duplication can
happen in a few days or in several months.*® In theory,
paclitaxel could be administered to patients over a long
period of time to increase the amount of malignant cells
entering and subsequently arresting at G2/M phase. How-
ever, longer exposure also increases the severity of cytotoxic
damage done to non-malignant cells. This major limitation
for the “traditional” anti-cancer therapies also hinders
sequential treatments; the success or failure of the first
treatment to synchronize the cells will greatly impact the
effectivity of the subsequent, timed treatments. Moreover,
tumor growth is not only determined by cell cycle kinetic,
but by other factors as well, such as tumor size and loca-
tion, necrosis due to inaccessibility to nutrients, the anti-
cancer capacity of the immune system, etc. Another limita-
tion is that in vivo, a large percentage of the cancer cells
are quiescent (GO/GIl phase) and are resistant to chemo-
therapy and to synchronization. To circumvent this, a num-
ber of techniques have been proposed to force quiescent
cells to pass the restriction point in Gl. Treatment with
methioninase, telomerase-dependent adenovirus or even
infection with Salmonella typhimurium A1l-R have been all
shown to effectively mobilize the cell cycle in malignant cell
lines.*** Despite these limitations, we think that even a
slight improvement of the traditional treatment by sequen-
tial therapy would be welcomed in oncotherapy. In the
future, more extensive studies of sequential treatment could
discover new strategies to overcome some of the limitations.
E.g. the combination of paclitaxel with other drugs could
improve or expand the applicability of this method signifi-
cantly. Recombinant methioninase therapy, which is a
promising tool in anti-cancer therapy could be applied in a
sequential manner similar to our experimental design;
instead of paclitaxel, methioninase could be used to selec-
tively block and consequently synchronize malignant cells
in S/G2 phase due to depletion of methionine.”> > In our
study, we used paclitaxel in a monotherapy model. Pacli-
taxel kills cells by mitotic arrest and a popular but contro-
versial hypothesis is that the duration of mitotic arrest is
predictive of cell death, thus cells being arrested for a lon-
ger time are more likely to die.> With the use of other cyto-
toxic agents, the time needed for mitotic arrest to onset cell
death could be significantly reduced.

In summary, our experiments demonstrated that analyzing the
cell cycle properties of an individual cell type and timing the ther-
apy based on this information could improve the effectivity of the
cytotoxic treatment. We successfully used a single drug, paclitaxel
in sequential treatments at therapeutically relevant concentration
to synchronize and subsequently kill cells in a cell culture model.
Moreover, with careful choice of treatment times we could improve
the selectivity of the treatment for a particular cell type and reduce
the ,,collateral” damage done to a different cell type.
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Materials and methods
Cell line and culture conditions

Jurkat cells (ATCC TIB 152 human acute T-cell leukemia)
transformed to transiently express green fluorescence protein
(GFP) and Sp2 cells (ATCC CRL-1581 mouse hybridoma)
were the kind gift of F. Boldizsar and P. Balogh from the Dept.
of Immunology and Biotechnology of the University of Pecs.
Both cell lines were grown in a 1:1 mixture of EMEM and
Ham’s F12 medium supplemented with 10% fetal bovine serum
(FBS), 1% non-essential amino acids, penicillin (100 U/mL)
and streptomycin (100 pug/mL). The cells were incubated at
37°C, 5% CO, in a humidified incubator. Subculturing was per-
formed in every 2-3 days and fresh medium was replaced 12—
24 h prior to each experiment.

Paclitaxel treatment

6 mg/L stock solution of Paclitaxel (120X) was freshly prepared
before each experiment from commercially available, 6 mg/mL
paclitaxel solution used in human medicine (Teva Magyarorszag
Ltd.). Sp2 or Jurkat cells were treated with 0.05 mg/L Paclitaxel
for 14 hours, in complete media. Next, the cells were centrifuged
at 500 rcf for 5 min. and washed in complete media 3 times to
remove any trace amount of paclitaxel then the cells were re-sus-
pended in complete, paclitaxel-free media and left for various
time periods to recover. In some of the experiments, a second pac-
litaxel treatment (0.05 mg/L for 8 hours) and a second recovery
time occurred (Fig. 2A). Throughout the experiments, the cells
were kept at 37°C, 5% CO, in a humidified incubator.

Cell counting

Cell numbers before and during the experiments were mea-
sured by trypan-blue exclusion dye staining in a hemocytome-
ter. Briefly, 90 uL of homogenous cell suspension was mixed
with 10 uL of 2% trypan-blue in 0.9% NaCl and immediately
counted in a hemocytometer. Cells not stained by trypan-blue
were considered living cells. Cell numbers were averaged from
counting at least 18 separate regions of the hemocytometer and
then divided by the average cell number measured at the start
of the experiments.

In experiments when Jurkat and Sp2 cells were mixed in the
same culture medium, we analyzed the relative number of cells
by flow cytometry. Briefly, homogenous cell suspensions were
prepared by vigorous pipetting and cell suspensions were sub-
sequently measured by Cytomics FC 500 flow cytometer (Beck-
man Coulter). To discriminate GFP-positive Jurkat cells, Sp2
cells and cell debris, forward scatter (proportional to cell size)
and fluorescence intensity at 525 nm (FL1 channel) was simul-
taneously detected. The same selection of regions was used and
10000 particles were counted in all experiments. The relative
number of cells was expressed as the ratio of Sp2 / Jurkat cells.

Cell cycle analysis

Approximately 10° cells were washed quickly in PBS then
1 mL ice-cold ethanol was added gradually, drop by drop
while thoroughly vortexing them. The ethanol-fixed cells were
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kept at 4°C for at least 15 min. before washing with PBS 3X
and re-suspending in Propidium-Iodide (PI) solution (PBS,
0.1% Triton-X 100, 20 pg/ml PI, 0.2 mg/ml RNase A). After
30 min. incubation in dark at room temperature, the fluores-
cence intensity of PI dye per cell was detected at 620 nm (FL3
channel) with Cytomics FC 500 flow cytometer. Gating and
selection of regions (Gy_;, S and G,/M phase) were performed
on control cells and identical selections were utilized for all
samples.

Data analysis

Data are presented as means =+ standard deviations (SD)
throughout. Comparisons were performed by One-way
ANOVA plus Bonferroni’s post-comparison test using Graph-
pad Prism software. Statistically significant differences between
groups were defined as P values < 0.05 and are indicated in the
legends of figures.

Abbreviations

BrdU bromodeoxyuridine

GFP  green fluorescence protein
PI Propidium-Iodide

Tpot potential doubling time

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Péter Balogh and Ferenc Boldizsar at the Dept. of Immunology
and Biotechnology of the University of Pécs for providing the Sp2 and
Jurkat cells.

Funding

This work was funded by the Research Fund of the University of Pécs, Fac-
ulty of Medicine [AOK-KA 2013/19] and supported by Janos Szentagothai
Research Center.

References

[1] Wani MC, Taylor HL, Wall ME, Coggon P, McPhail AT. Plant anti-
tumor agents. VI. The isolation and structure of taxol, a novel anti-
leukemic and antitumor agent from Taxus brevifolia. ] Am Chem
Soc 1971; 93:2325-7; PMID:5553076; http://dx.doi.org/10.1021/
ja00738a045

[2] Weaver BA. How Taxol/paclitaxel kills cancer cells. Mol Biol Cell
2014; 25:2677-81; PMID:25213191; http://dx.doi.org/10.1091/mbc.
E14-04-0916

[3] Dyer M, Richardson J, Robertson J, Adam J. NICE guidance on beva-
cizumab in combination with paclitaxel and carboplatin for the first-
line treatment of advanced ovarian cancer. Lancet Oncol 2013;
14:689-90; PMID:23706983; http://dx.doi.org/10.1016/S1470-2045
(13)70248-1

[4] NCCN Clinical Practice Guidelines in Oncology [Internet]. Available
from: http://www.nccn.org/professionals/physician_gls/f_guidelines.
asp

[5] Markman M. Current standards of care for chemotherapy of opti-
mally cytoreduced advanced epithelial ovarian cancer. Gynecol

(8]

(11]

(12]

(14]

(15]

(17]

(18]

(19]

Oncol 2013; 131:241-5; PMID:23726888; http://dx.doi.org/10.1016/j.
ygy-n0.2013.05.029

Kumar A, Hoskins PJ, Tinker AV. Dose-dense paclitaxel in advanced
ovarian cancer. Clin Oncol (R Coll Radiol) 2015; 27:40-7;
PMID:25455846; http://dx.doi.org/10.1016/j.clon.2014.10.001
Seidman AD, Berry D, Cirrincione C, Harris L, Muss H, Marcom PK,
Gipson G, Burstein H, Lake D, Shapiro CL, et al. Randomized phase
III trial of weekly compared with every-3-weeks paclitaxel for meta-
static breast cancer, with trastuzumab for all HER-2 overexpressors
and random assignment to trastuzumab or not in HER-2 nonoverex-
pressors: final results of Cancer and Leu. ] Clin Oncol 2008; 26:1642-
9; PMID:18375893; http://dx.doi.org/10.1200/JC0O.2007.11.6699
Parness J, Horwitz SB. Taxol binds to polymerized tubulin in vitro. J
Cell Biol 1981; 91:479-87; PMID:6118377; http://dx.doi.org/10.1083/
jcb.91.2.479

Wang X, Pan L, Mao N, Sun L, Qin X, Yin J. Cell-cycle synchroniza-
tion reverses Taxol resistance of human ovarian cancer cell lines.
Cancer Cell Int 2013; 13:77; PMID:23899403; http://dx.doi.org/
10.1186/1475-2867-13-77

Hornick JE, Bader JR, Tribble EK, Trimble K, Breunig JS, Halpin ES,
Vaughan KT, Hinchcliffe EH. Live-cell analysis of mitotic spindle
formation in taxol-treated cells. Cell Motil Cytoskeleton 2008;
65:595-613; PMID:18481305; http://dx.doi.org/10.1002/cm.20283
Long BH, Fairchild CR. Paclitaxel inhibits progression of mitotic
cells to G1 phase by interference with spindle formation without
affecting other microtubule functions during anaphase and telephase.
Cancer Res 1994; 54:4355-61; PMID:7913875

Janssen A, Beerling E, Medema R, van Rheenen J. Intravital FRET
imaging of tumor cell viability and mitosis during chemotherapy.
PLoS One 2013; 8:64029; PMID:23691140; http://dx.doi.org/
10.1371/journal.pone.0064029

Zasadil LM, Andersen KA, Yeum D, Rocque GB, Wilke LG, Tevaar-
werk AJ, Raines RT, Burkard ME, Weaver BA. Cytotoxicity of pacli-
taxel in breast cancer is due to chromosome missegregation on
multipolar spindles. Sci Transl Med 2014; 6:229ra43; PMID:
24670687; http://dx.doi.org/10.1126/scitranslmed.3007965

Geard CR, Jones JM. Radiation and taxol effects on synchronized
human cervical carcinoma cells. Int ] Radiat Oncol Biol Phys 1994;
29:565-9; PMID:7911795; http://dx.doi.org/10.1016/0360-3016(94)
90457-X

Liebmann JE, Cook JA, Lipschultz C, Teague D, Fisher J, Mitchell JB.
Cytotoxic studies of paclitaxel (Taxol) in human tumour cell lines.
Br ] Cancer 1993; 68:1104-9; PMID:7903152; http://dx.doi.org/
10.1038/bjc.1993.488

Wenz F, Greiner S, Germa F, Mayer K, Latz D, Weber K]J. Radioche-
motherapy with paclitaxel: synchronization effects and the role of
p53. Strahlenther Onkol 1999; 175(3):2-6; PMID:10554637; http://
dx.doi.org/10.1007/BF03215919

Supiot S, Gouard S, Charrier J, Apostolidis C, Chatal JF, Barbet J,
Davodeau F, Cherel M. Mechanisms of cell sensitization to « radio-
immunotherapy by doxorubicin or paclitaxel in multiple myeloma
cell lines. Clin Cancer Res 2005; 11:7047s-52s; PMID:16203801;
http://dx.doi.org/10.1158/1078-0432.CCR-1004-0021

Begg AC, Haustermans K, Hart AA, Dische S, Saunders M, Zackris-
son B, Gustaffson H, Coucke P, Paschoud N, Hoyer M, et al. The
value of pretreatment cell kinetic parameters as predictors for radio-
therapy outcome in head and neck cancer: a multicenter analysis.
Radiother Oncol 1999; 50:13-23; PMID:10225552; http://dx.doi.org/
10.1016/S0167-8140(98)00147-9

Bertuzzi A, Gandolfi A, Sinisgalli C, Starace G, Ubezio P. Cell loss
and the concept of potential doubling time. Cytometry 1997; 29:34-
40;  PMID:9298809;  http://dx.doi.org/10.1002/(SICI)1097-0320
(199709-01)29:1<34::AID-CYTO3>3.0.CO;2-D

Xu J, Xie J, Jourquin J, Colvin DC, Does MD, Quaranta V, Gore JC.
Influence of cell cycle phase on apparent diffusion coefficient in syn-
chronized cells detected using temporal diffusion spectroscopy.
Magn Reson Med 2011; 65:920-6; PMID:21413058; http://dx.doi.org/
10.1002/mrm.22704

Yano S, Zhang Y, Miwa S, Tome Y, Hiroshima Y, Uehara F, Yamamoto
M, Suetsugu A, Kishimoto H, Tazawa H, et al. Spatial-temporal FUCCI



[22]

(23]

[24]

[25]

(28]

imaging of each cell in a tumor demonstrates locational dependence of
cell cycle dynamics and chemoresponsiveness. Cell Cycle 2014; 13:2110-
9; PMID:24811200; http://dx.doi.org/10.4161/cc.29156

Auersperg M, Soba E, Vraspir-Porenta O. Intravenous chemotherapy
with syndronization in advanced cancer of oral cavity and orophar-
ynx. Z Krebsforsch Klin Onkol Cancer Res Clin Oncol 1977; 90:149-
59; PMID:74141; http://dx.doi.org/10.1007/BF00285321

Deep G, Agarwal R. New combination therapies with cell-cycle
agents. Curr Opin Investig Drugs 2008; 9:591-604; PMID:18516759
Gelbert LM, Cai S, Lin X, Sanchez-Martinez C, del Prado M, Lallena
M]J, Torres R, Ajamie RT, Wishart GN, Flack RS, et al. Preclinical
characterization of the CDK4/6 inhibitor LY2835219: in-vivo cell
cycle-dependent/independent anti-tumor activities alone/in combi-
nation with gemcitabine. Invest New Drugs 2014; 32:825-37;
PMID:24919854; http://dx.doi.org/10.1007/s10637-014-0120-7
Verheul HMW, Qian DZ, Carducci MA, Pili R. Sequence-dependent
antitumor effects of differentiation agents in combination with cell
cycle-dependent cytotoxic drugs. Cancer Chemother Pharmacol
2007; 60:329-39; PMID:17256134; http://dx.doi.org/10.1007/s00280-
006-0379-2

Pawlik TM, Keyomarsi K. Role of cell cycle in mediating sensitivity
to radiotherapy. Int J Radiat Oncol Biol Phys 2004; 59:928-42;
PMID:15234026; http://dx.doi.org/10.1016/j.ijrobp.2004.03.005

Park SS, Kim Y7, Ju EJ, Shin SH, Choi J, Park J, Lee JH, Lee KJ, Park J,
Park HJ, et al. Ibulocydine sensitizes human cancers to radiotherapy
by induction of mitochondria-mediated apoptosis. Radiother Oncol
2014; 112:295-301; PMID:25082098; http://dx.doi.org/10.1016/j.
radonc.2014.07.005

Rowinsky EK, Jiroutek M, Bonomi P, Johnson D, Baker SD. Pacli-
taxel steady-state plasma concentration as a determinant of disease
outcome and toxicity in lung cancer patients treated with paclitaxel
and cisplatin. Clin Cancer Res 1999; 5:767-74; PMID:10213211

[29]

(30]

(31]

(32]

(34]

(35]

CELLCYCLE (&) 1233

Rew DA, Wilson GD. Cell production rates in human tissues and
tumours and their significance. Part II: clinical data. Eur ] Surg Oncol
2000; 26:405-17; PMID:10873364; http://dx.doi.org/10.1053/ejso.
1999.0907

Yano S, Li S, Han Q, Tan Y, Bouvet M, Fujiwara T, Hoffman RM.
Selective methioninase-induced trap of cancer cells in S/G2 phase
visualized by FUCCI imaging confers chemosensitivity. Oncotarget
2014; 5:8729-36; PMID:25238266; http://dx.doi.org/10.18632/onco-
target.2369

Yano S, Tazawa H, Hashimoto Y, Shirakawa Y, Kuroda S, Nishizaki M,
Kishimoto H, Uno F, Nagasaka T, Urata Y, et al. A genetically engineered
oncolytic adenovirus decoys and lethally traps quiescent cancer stem-like
cells in S/G2/M phases. Clin Cancer Res 2013; 19:6495-505; PMID:
24081978; http://dx.doi.org/10.1158/1078-0432.CCR-13-0742

Yano S, Zhang Y, Zhao M, Hiroshima Y, Miwa S, Uehara F, Kishi-
moto H, Tazawa H, Bouvet M, Fujiwara T, et al. Tumor-targeting
Salmonella typhimurium A1-R decoys quiescent cancer cells to cycle
as visualized by FUCCI imaging and become sensitive to chemother-
apy. Cell Cycle 2014; 13:3958-63; PMID:25483077; http://dx.doi.org/
10.4161/15384101.2014.964115

Hoffman RM, Jacobsen SJ. Reversible growth arrest in simian virus
40-transformed human fibroblasts. Proc Natl Acad Sci U S A 1980;
77:7306-10; PMID:6261250; http://dx.doi.org/10.1073/pnas.77.12.
7306

Stern PH, Hoffman RM. Enhanced in vitro selective toxicity
of chemotherapeutic agents for human cancer cells based on a
metabolic defect. ] Natl Cancer Inst 1986; 76:629-39; PMID:
3457200

Hoffman RM. Development of recombinant methioninase to target the
general cancer-specific metabolic defect of methionine dependence: a
40-year odyssey. Expert Opin Biol Ther 2015 15:21-31;
PMID:25439528; http://dx.doi.org/10.1517/14712598.2015.963050



Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2017, Article ID 1308692, 15 pages
https://doi.org/10.1155/2017/1308692

Review Article

Hindawi

The Role of Stress-Induced O-GIcNAc Protein Modification in the
Regulation of Membrane Transport

Viktoria Fisi,! Attila Miseta,' and Tamas Nagyl’2

'Department of Laboratory Medicine, School of Medicine, University of Pécs, Ifjiisdg str. 13, Pécs 7624, Hungary
2Jdnos Szentdgothai Research Centre, University of Pécs, Ifjiisdg str. 13, Pécs 7624, Hungary

Correspondence should be addressed to Tamds Nagy; nagy.tamas@pte.hu
Received 27 September 2017; Accepted 3 December 2017; Published 31 December 2017
Academic Editor: Silvia Dossena

Copyright © 2017 Viktdria Fisi et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

O-linked N-acetylglucosamine (O-GlcNAc) is a posttranslational modification that is increasingly recognized as a signal
transduction mechanism. Unlike other glycans, O-GIcNAc is a highly dynamic and reversible process that involves the addition
and removal of a single N-acetylglucosamine molecule to Ser/Thr residues of proteins. UDP-GIcNAc—the direct substrate for
O-GIcNAc modification—is controlled by the rate of cellular metabolism, and thus O-GIcNAc is dependent on substrate
availability. Serving as a feedback mechanism, O-GlcNAc influences the regulation of insulin signaling and glucose transport.
Besides nutrient sensing, O-GIcNAc was also implicated in the regulation of various physiological and pathophysiological
processes. Due to improvements of mass spectrometry techniques, more than one thousand proteins were detected to carry the
O-GIcNAc moiety; many of them are known to participate in the regulation of metabolites, ions, or protein transport across
biological membranes. Recent studies also indicated that O-GIcNAc is involved in stress adaptation; overwhelming evidences
suggest that O-GIcNAc levels increase upon stress. O-GIlcNAc elevation is generally considered to be beneficial during stress,
although the exact nature of its protective effect is not understood. In this review, we summarize the current data regarding the

oxidative stress-related changes of O-GIcNAc levels and discuss the implications related to membrane trafficking.

1. Introduction

The function and impact of protein O-linked N-
acetylglucosamine (O-GIcNAc) modification are very
complex and only partially discovered despite almost 1300
scientific studies were published in the last 30 years.
Although a relatively simple molecular mechanism (the
addition and removal of N-acetylglucosamine on Ser/Thr
residues), it is a focal point of numerous converging and
diverging cellular events. One of the most profound proper-
ties of O-GIcNAc is that it is directly embedded in the
metabolic regulation of the cells [1]. Since metabolism is
basically required for and influences every other cellular
function, the role of O-GIcNAc to mediate signals to and
from metabolic systems seems to be an obvious choice
for nature. Indeed, several studies showed that both
increased (e.g., in diabetes) and decreased (fasting) glucose
metabolism have an impact on O-GlcNAc [2-6]. Conse-
quently, O-GlcNAc directly influences various regulatory

systems, such as the transcriptional machinery, protein
synthesis, trafficking and degradation, and regulation of
glucose uptake [7, 8]. Glucose metabolism was the most
studied element in this respect, but the involvement of
other metabolic pathways (nucleotide synthesis, amino
acid, and lipid metabolism) was also proposed [1].
Despite difficulties in discerning cause and effect (e.g.,
malignant cells may develop altered metabolic rate and/or
O-GlcNAc levels independently), it appears that besides met-
abolic challenges, regular cellular events such as mitosis, cell
differentiation, and response to a hormonal signal or cell-cell
adhesion may also directly influence O-GlcNAc modifica-
tions on proteins [9-13]. Moreover, a wide variety of
stressors, including osmotic challenge, hyperthermia, heavy
ion toxicity, hypoxia, and oxidative stress, was also shown
to impact O-GIcNAc [14-17]. The most comprehensive data
available were provided by studies done on cardiomyocytes
under ischemic or oxidative conditions. The majority of these
studies showed that elevation of O-GIcNAc prevented or at



least ameliorated the damage caused by the stress. Several
mechanisms were proposed to explain the protective effect
of O-GIcNAc under stress situation, such as increased heat
shock protein synthesis, inhibition of protein degradation,
inhibition of apoptosis, and modulation of calcium homeo-
stasis [18]. Although membrane transport is involved in
many of these mechanisms and several studies demonstrated
evidences concerning O-GlcNAC’s influence on membrane
trafficking (Table 1), a comprehensive understanding of this
interaction is missing. In this review, we summarize our cur-
rent understanding of the intracellular process called O-
GlcNAc modification, its adaptive response regarding oxida-
tive stress, and its influence on membrane traffic, including
glucose and ion transport and also synaptic, nuclear, and
mitochondrial transport.

2. Regulation of Proteins by O-GIcNAc

O-linked N-acetylglucosamine (or O-GlcNAc) is a reversible,
dynamic posttranslational modification (PTM) affecting ser-
ine and threonine residues of proteins. It was first discovered
in 1984 by Torres and Hart [19]. The set of O-GlcNAc targets
includes around 1500 proteins which are located both in the
nucleus, the cytoplasm, and the mitochondria of the cells
[20]. Likewise, several membrane proteins were found to be
O-GlcNAcylated on their intracellular domain, for example,
inositol 1,4,5-trisphosphate (InsP3) receptor type I, beta-
amyloid precursor protein (APP), or epidermal growth factor
receptor (EGFR) [21-23]. Interestingly, recent discoveries
showed that even extracellular domains can carry the O-
GlcNAc modification [24]; however, the latter seems to be
irreversible and controlled by a different enzyme (EGF
repeat-specific O-GIcNAc transferase termed EOGT) than
cytoplasmic O-GlcNAc modification.

O-GlIcNAc cycling is controlled by the action of O-
GlcNAc transferase (OGT) and O-GlcNAcase (OGA), the
enzymes that add and remove O-GIcNAc, respectively. The
substrate of the transferase reaction is the uridine diphos-
phate N-acetylglucosamine (UDP-GIcNAc), the product of
the nutrient-sensitive hexosamine biosynthetic pathway
(HBP). Approximately, 1-3% of total glucose is entering this
pathway which integrates glucose, amino acid, fatty acid, and
nucleotide metabolism [1]. Using UDP-GIcNAc, OGT
attaches a single O-linked N-acetylglucosamine (O-GlcNAc)
moiety to Ser or Thr residues of proteins (Figure 1).

O-GlcNAc modification may influence the proteins’
functions [7, 25, 26], protect from degradation [27, 28], influ-
ence protein-protein interaction or localization [29-32], and
possibly alter protein hydrophobicity [17]. The most studied
effect is its competition with phosphorylation, since O-
GIlcNAc can occupy the same residues as phosphorylation.
However, other interactions such as proximal site competi-
tion and proximal site occupation were also proposed [25].
O-GlcNAc also influences protein synthesis via modulation
of the action of transcription factors such as c-myc, NF«B,
and p53 [33-37]. It is estimated that around 25% of the O-
GlcNAc-modified proteins are involved in transcriptional
regulation [38]. Mechanistically, O-GlcNAcylation can affect
the translocation, DNA binding, transactivation and stability
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of transcription factors. Moreover, O-GlcNAcylation regu-
lates protein synthesis also by cotranslational glycosylation
which protects nascent polypeptide chains from ubiquiti-
nation [28]. This interplay with ubiquitination also has a
general impact on protein stability and turnover by reduc-
ing proteasome degradation [27, 39]. O-GlcNAc plays a
role in protein folding and unfolded protein response as
well [40, 41].

O-GlcNAc modification is abundantly present in higher
eukaryotes, and it is required for the normal functions of
the cells [42, 43]. It influences several cellular processes,
including nutrient sensing, cell cycle regulation, transcrip-
tional regulation, Ca®* handling, cytoskeletal organization,
or nuclear translocation [1, 7, 25, 44-48]. Naturally, O-
GIcNAC’s involvement in pathophysiological processes was
soon proposed. Its reciprocal relationship with phosphoryla-
tion was best characterized in Alzheimer’s models; abnormal
low level of O-GIcNAc may give a way for hyperphosphory-
lation on tau proteins which are prone to form neuron-
damaging neurofibrillary tangles [49, 50]. Elevated level of
O-GIcNAc can also cause deleterious effects: in diabetes,
long-term hyperglycemia will inevitably lead to increased
flux through the HBP and increased O-GlcNAc [51, 52].
Chronic imbalance of O-GIcNAc could lead to disturbed
transcriptional factor activation, reactive oxygen species
production, altered signal transductions, or inhibition of
eNOS activity [53, 54]. Surprisingly, a few studies found that
short-term hypoglycemia also elevated O-GIcNAc levels [6].
This paradox may be resolved if O-GlcNAc is considered as
a stress adaptation mechanism that is triggered by acute chal-
lenges, such as hypoglycemia. Indeed, a large number of data
suggest that protein O-GlcNAc modification dynamically
increases after the cells are exposed to various type of envi-
ronmental challenges [15, 16].

3. Oxidative Stress and O-GIcNAc

Disruption of redox regulation has been implicated in many
conditions, such as aging, neurodegenerative diseases, ische-
mic events, arterial hypertension, and diabetes. Recent
advances in O-GlcNAc-related studies suggest that disturbed
O-GIcNAc regulation is involved in the development of these
conditions. It also seems to be that stress response and
O-GIcNAc are connected [14, 55]. Increasing number of
evidences suggest that oxidative stress may stimulate the
hexosamine biosynthetic pathway and consequently O-
GlcNAcylation [16, 51]. Reactive oxygen species (ROS)
can modify protein functions by oxidation of cysteine
residues [56]. Within the glycolytic metabolic pathway,
the activity of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) is particularly sensitive to inhibition by ROS
[57]. GAPDH is a key enzyme controlling the metabolic flux
through glycolysis and Krebs cycle; thus, its inhibition results
in diverting glucose to bypass pathways, such as the pentose
phosphate shunt and the HBP [14, 51]. It has also been
shown that inhibition of GAPDH by mitochondrial superox-
ide is an important factor in increased O-GlcNAcylation
associated with hyperglycemia [54, 58]. Jones et al. have
shown in myocytes that incubation with hydrogen peroxide



TaBLE 1: O-GlcNAc-influenced membrane or membrane-associated transport proteins.

Evidence for direct

Evidence for indirect influence

Protein Function influence by O-GIcNAc by O-GlcNAc Reference
Potassium voltage-gated channel +
subfamily KQT member 3 (KCNQ3) Voltage-dependent K™ channel + [97]
Potassium voltage-gated channel subfamily Voltage-dependent K" channel MS hit Form complex with KCNQ3 [93, 98]
KQT member 2 and 5 (KCNQ2, KCNQ5) & P P ’
Small conductance calcium-activated potassium Voltage-independent calcium-activated K" MS hit 3 (93]
channel protein 2 and 3 (KCNN2, KCNN3) channel
Calcium-activated potassium channel subunit . . + .
alpha-1 (KCNMAT) Calcium-activated K channel MS hit - [93]
Potassium voltage-gated channel subfamily A + .
member 4 (KCNA4) Voltage-dependent K" channel MS hit - [93]
Ankyrin G (link the cytoplasmic
Voltage-gated sodium channels Sodium transport MS hit domains of integral proteins to [93, 100]
cytoskeletal proteins)
Sodium/potassium-transporting ATPase subunit Plasma membrane sodium-potassium .
MS hit - [93]
alpha-2 and alpha-3 exchanger
2+ . . 2+ . .
Stromal interaction molecule 1 (STIM1) Ca™ store depletion t riggered Ca™ influx in + - [96]
nonexcitable cells
Voltage-dependent calcium channels (CACNB3, CACNG3,  Voltage-dependent Ca®* channels in murine MS hit 3 93]
CACNA1B, CACNA1A, CACNAIG) synapses
Sarcoplasmic/endoplasmic reticulum calcium Endoplasmic Ca®" reuptake. Playing a role in + Phospholamban (repressor of (94, 95]
ATPase 2 (SERCA) cardiac muscle contractility SERCA) ?
Voltage-dependent anion-selective channel Voltage-dependent anion channels in the N Bcl-2 (inhibits mPTP opening [59, 93,
protein 1 and 3 (VDACI1, VDAC3) outer mitochondrial and cell membrane possibly by interaction with VDAC) 151, 152]
Chloride channel-2 (CIC-2) Cl™ channel - Spl (transcription factor) [102]
Synapsin I Regulation of synaptic vesicle release + - [32,114]
Alpha-synuclein Regulation of neurotransmitter release + Ident.1ﬁed O-GICNAC sites 11.1ﬂuence [118]
its aggregation properties
Interaction with synergin gamma
. . that (37, 119,
Adaptor protein-1 (AP-1) Endocytosis - has been identified as O-GlcNAc 120]
target
Piccolo (PCLO) Cycling of synaptic vesicles - [116]
Amyloid-f precursor protein (APP) Synapse formation - [22]
Solute carrier family 2, facilitated glucose Muncl8c (GLUT4 vesicle protein,
transporter member 4 (GLUT4) Glucose transporter * influencing its translocation) (109, 110]
HIF-1a (induces the transcription
Solute carrier family 2, facilitated glucose Glucose transporter B of GLUTI. [111]
transporter member 1 (GLUT1) u P O-GlcNACc affects the degradation of
HIF-1a.)
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TasLE 1: Continued.

Protein Function Evidence for direct Evidence for indirect influence Reference
influence by O-GIcNAc by O-GIcNAc

Nucleoporins (Nups) Nuclear transport + - [261’ 416?3_

Nupl53 Nuclear transport for proteins and RNA + - [160]

Importin a5 Nuclear transport receptor for proteins - Mediates the nuclear import of OGT  [37, 161]

Beta-catenin Intracellular adhesmp and transcriptional . 3 31]

coactivator

Nuclear factor-«B (NF«xB) Transcriptional factor + - [33, 48,

140, 141]

Specific proteins are selected and included in the table based on either direct, published evidence for O-GlcNAc modification, or indirect evidence (e.g., a molecular partner of the protein is known
to be O-GlcNAcylated, or O-GIcNAc influences the expression of the protein). We considered finding O-GIcNAc protein only by mass spectrometry screening combined with various enrichment
techniques (e.g., wheat germ agglutinin binding) as direct—albeit weak—evidence and indicated in the table as “MS hit.”
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F1GURE 1: The hexosamine biosynthesis pathway (HBP) and the O-GlcNAc posttranslational modification. (a) An estimated 1-3% of the total
glucose enters HBP. The key enzymatic reaction of this pathway is the addition of an amino group from glutamine to fructose-6-phosphate by
the rate-limiting enzyme glutamine-fructose-6-phosphate amidotransferase (GFAT). Following subsequent steps (addition of an acetyl
group, converting 6-phosphate to 1-phosphate and finally the transfer to UDP), the end product of HBP is uridine diphosphate N-
acetylglucosamine (UDP-GIcNAc). (b) The majority of UDP-GIcNAc is utilized in the endoplasmic reticulum and the Golgi apparatus for
various glycolipid, glycoprotein, and glycan synthesis. A small, but significant, percentage of UDP-GIcNAc serves as a substrate pool for
the dynamic, reversible posttranslational modification termed O-GlcNAc. A single N-acetylglucosamine group is attached to the Ser/Thr
residues of target proteins by O-GlcNAc transferase, while the removal of this group is managed by the enzyme O-GlcNAcase. O-GIcNAc
modification occurs predominantly in the cytoplasm and in the nucleus, and it is strongly dependent on substrate availability (i.e., the

metabolic flux through HBP).

caused an early increase of O-GlcNAc levels followed by a
gradual decrease after 45min [59]. Similarly, ROS-induced
O-GlcNAcylation has been reported in cultured 3T3-L1
adipocytes. In these cells, urea induced ROS production
which increased O-GlcNAc modification of insulin signaling
molecule IRS-1 [60]. Kétai et al. demonstrated that protein
O-GlcNAcylation was transiently elevated in a neuroblas-
toma cell line following oxidative stress [16]. The expres-
sional level or the activity of OGT after various stresses,
including hypoxia/reperfusion and oxidative stress, has been
also found to be increased [15, 16, 61]. Interestingly, in some
of the studies, the activity and expression of OGA also
increased following stress [62].

O-GIcNAc can in turn modulate the response to oxida-
tive stress: however, data are contradictory in this field [14].
It has been shown that increased O-glycosylation by either
elevated OGT activity or OGA inhibition attenuated ROS
generation induced by H,O, or hypoxia [63-65]. However,
Goldberg et al. demonstrated that high-glucose-induced
ROS production was prevented by O-GIcNAc depletion in
mesangial cells, which was speculated to be caused by
the influence of O-GIcNAc on NADPH oxidase phosphor-
ylation [66]. Nevertheless, the majority of the data shows
that O-GIcNAc either directly or indirectly influences
enzymes participating in the redox regulation [67]. For exam-
ple, in various tissues, hyperglycemia induces an increase in
mitochondrial superoxide production in association with
elevated O-GIcNAcylation and a reciprocal decrease in phos-
phorylation of eNOS at the primary positive regulatory site,
Ser-1177 [54, 68, 69]. Inducible NOS (iNOS) production is

mediated by the NF«B pathway, of which stimulation by TNFa«
or LPS has been reported to be affected by O-GlcNAc. TNFa-
induced iNOS expression was shown to be drastically
decreased by high O-GlcNAc [70, 71], while LPS-induced
NF-«B activation is suggested to be inhibited by OGT [72].
Expression of endogenous enzymatic antioxidants like super-
oxide dismutase, glutathione peroxidase, and catalase is
increased in the case of OGA inhibition, while reduction of
O-GIcNAc decreases expressional level of these genes [63, 73].

An important mediator of response to oxidative stress is
the heat shock protein (HSP) family. HSP expression is at a
low level under normal physiological conditions, but in
response to stress such as heat, oxidative damage, or heavy
metal poisoning, it dramatically increases [74]. Zachara
et al. found that elevating O-GlcNAc by blocking OGA prior
to heat shock increased the thermotolerance and sped up the
increase of HSP70 and HSP40 [15]. In a later article, the same
research group also showed that O-GlcNAc modification
might compete with glycogen synthase kinase 33-dependent
phosphorylation (GSK3f) on HSP90S proteins [75]. Using
an inducible OGT null cell line, Kazemi et al. have screened
the expression of 84 molecular chaperones and have shown
that 18 HSP proteins have reduced mRNA expression. The
authors found that O-GIcNAc may also influence HSP
expression by promoting the phosphorylation and inhibition
of GSK-3p [76].

In general, augmentation of O-glycosylation seems
to attenuate oxidative damage. The connection between
O-GlcNAc and oxidative stress was extensively studied in
neural, retinal cells and cardiomyocytes due to its clinical



significance in neurodegenerative disorders and ischemic
organ damages [16, 63, 77, 78]. In response to ischemia-
reperfusion injury, the amount of O-GIcNAc dramatically
increases [64, 79, 80]. The role of O-GlcNAc in myocardial
protection against oxidative stress is associated with calcium
paradox. It is suggested that elevated HBP flux and O-
GlecNAc inhibit Ca?* influx [45]. Changes in intracellular
Ca’" play a critical role in initiating cardiomyocyte apoptosis
and necrosis resulting from Ca** overload [79].

4. O-GIcNAc and Ion Channels

4.1. Ca®* Channels. While intracellular free calcium ([Ca®*];)
concentration remains usually below 100 nM [81], in extra-
cellular space and in compartmentalized intracellular stores,
the calcium concentration is 10000 times higher, up in the
millimolar range. [Ca*']; is regulated by a multitude of
mechanisms, specific channels allowing Ca** to enter the
cells from the extracellular space such as voltage-gated chan-
nels, ligand-gated channels, and the elusive store-operated
channels. Ryanodine receptors and IP3 receptors present on
the endoplasmic reticulum or sarcoplasmic reticulum can
also quickly release a large amount of Ca®*. The removal
of [Ca*"]; is managed mostly by SERCA, the plasma mem-
brane Ca’*-ATPase (PMCA), and Na'/Ca* exchanger
(NCX) [82, 83]. Calcium-binding proteins, such as calmodu-
lin, calcineurin, and also the actin-myosin-troponin com-
plex, are not only downstream elements of the [Ca®'];
signaling but also serve as intracellular buffer to bind Ca**
[84]. Intracellular calcium signaling is similarly versatile
compared to O-GIcNAc regulation; [Ca®']; is a central
messenger in several signaling pathways, influencing tran-
scriptional factors, calcium-dependent phospholipase A2,
protein kinase C, and various proteases [85]. It is a significant
contributor to the deleterious effects of ischemia/reperfusion
injuries, that is, abnormal elevation of [Ca“]i will lead to
apoptosis and hypertrophy [63, 86, 87].

O-GIcNAc and [Ca*']; regulation can intercept each
other at several levels. Many of the downstream elements of
[Ca®"]; signaling are influenced by O-GlcNAc modification,
including calmodulin-dependent kinase IV, myosin, actin,
and PKC [88-90]. More importantly, O-GlcNAc seems to
be influencing [Ca**], as well [45]. The most studied models
in this respect were cardiac ischemia/reperfusion and cal-
cium paradox experiments [65, 79]. Based on these studies,
it seems to be that artificially elevating O-GlcNAc levels are
a prosurvival mechanism [91]. Moreover, it was found that
stress itself will elevate O-GlcNAc and that preconditioning
protects the cells at least partially via increased O-GIcNAc
levels [92]. One of the mediators of this protection was
[Ca**],. O-GIcNAc was shown to suppress calcium elevation
and calcium overload elicited by agonists, oxidative stress.
Liu et al. showed that increased O-GlcNAc is also effective
to decrease calcium overload in calcium-paradox experi-
ments when a short perfusion with Ca®*-free medium
followed by perfusion with a normal amount of Ca®" would
lead to rapid calcium overload and cellular damage [79].

Which of the [Ca®*]; regulatory elements are affected by
O-GlcNAc? Regarding voltage-dependent calcium channels,
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detailed functional information is not yet available but
Trinidad et al. identified calcium voltage-gated channel sub-
unit beta 3 (CACNB3), gamma 3 (CACNGS3), alpha 1B
(CACNA1B), alpha 1A subunit (CACNA1A), and alpha 1G
subunit (CACNA1G) as O-GlcNAc modified proteins of
murine synapse [93]. SERCA itself has been described to be
O-GlcNAc modified [94], while O-GlcNAcylation of phos-
pholamban (SERCA repressor) also modulates its inhibitory
effects on SERCA, correlating with reduced cardiac function
in diabetic cardiomyopathy [95]. A frequently studied
nonvoltage-gated calcium entry pathway is the store-
operated calcium entry (SOCE) which is an extracellular
Ca’* influx into the cytoplasm in response to intracellular
Ca®" store depletion. Nagy et al. demonstrated that the latter
process is blocked by O-GlcNAc elevation in cardiomyocytes
[45]. Although the exact mechanism of SOCE still needs to be
clarified, another important mediator protein of SOCE,
stromal interaction molecule 1 (STIM1), has been proved to
be influenced by O-GlcNAc [96]. During ER Ca®* depletion
induced by thapsigargin or EGTA, STIM1 proteins form
puncta in ER/SR membrane which was inhibited in a dose-
dependent manner by elevating O-GIcNAc levels. Moreover,
it has been shown that STIM1 itself is a target for O-GIcNAc
and that increasing STIM1 O-GlcNAcylation significantly
modified its phosphorylation [96].

4.2. Other Ion Channels. Given that calcium is an important
intracellular messenger, it is no surprise that its interaction
with O-GlcNAc modification attracted significant research
interest. In contrast to calcium, the influence of O-GIcNAc
on the regulation of other ions and ion channels is less docu-
mented yet. Nevertheless, the data available at present does
suggest that O-GlcNAc—and consequently O-GlcNAc-
related cellular mechanisms such as carbohydrate metabo-
lism and/or stress response—might have an impact on
several elements of sodium, potassium, and chloride trans-
port. For example, Ruan et al. have shown that voltage-
dependent K" channel KCNQ3 (Kv7.3) interacts with OGT
and it is probably O-GlcNAc modified at threonine 655 in
neurons [97]. This protein functions in the regulation of neu-
ronal excitability by associating with the related KCNQ2 or
KCNQ5 thus forming an M-channel [98]. Defects in this
gene are a cause of benign familial neonatal convulsions
(BFNC) [99]. KCNN2, KCNN3, KCNMA1, and KCNA4
were also identified by mass spectrometry screening as
potential O-GlcNAc proteins [93].

To our knowledge, no direct evidence was published yet
on the potential O-GIcNAc modification of sodium channels.
However, indirect data shows that sodium pumps still might
be influenced by O-GlcNAc. The same study that probed
murine synapses for O-GlcNAc-modified proteins and
identified potassium channels also found HexNAc peptide
characteristic for voltage-gated sodium channels and for
sodium/potassium-transporting ATPases [93]. Indirect
influence by O-GlcNAc on sodium transport has been
speculated by other authors. Namely, isoforms of ankyrin
G at nodes of Ranvier have been shown to be modified
by O-GIcNAc. Ankyrins are spectrin-binding proteins that
link the cytoplasmic domains of membrane proteins to the
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spectrin/actin network, in particular, ankyrin G binds
voltage-gated sodium channels. The authors speculate that
O-GlcNAcylated serine-rich domain of ankyrin G may be
involved in targeting voltage-dependent sodium channels
to specific locations [100].

Among voltage-dependent anion channels (VDACs),
VDACI seems to be O-GIcNAc modified [59, 93]. VDACI1
is extensively studied because of its clinical significance. It
was shown to be overexpressed in many cancer types, and
silencing of its gene inhibits tumor growth [101]. VDAC
plays a critical role in the transport of small, negatively
charged molecules across the mitochondrial membrane.
Considering that this function is an important part of the cel-
lular metabolism, it is plausible that O-GIcNAc modification
could regulate mitochondrial activity through VDAC. Indi-
rect evidence shows that CI” channels might be also regulated
by O-GIcNAc. For example, the expression of chloride
channel-2 (CIC-2) is dependent on the Sp1 transcription fac-
tor. Vij and Zeitlin published that O-GlcNAcylation of Sp1 is
required for proper CIC-2 gene expression [102]. On the
other hand, our recent publication [17] showed that
osmotic resistance and volume regulation are influenced
by O-GlcNAc. Since osmotic regulation (under hypotonic
conditions) is controlled in a large part by a mechanism
called regulatory volume decrease and carried out by the
activation of a chloride conductance upon cell swelling
(IClIswell). Based on bioinformatics analysis of the ICIn
protein, which is responsible for IClswell, the presence of
various O-GlcNAcylation sites on ICln is likely [103].

4.3. Glucose Transport. There is plenty of evidence that
O-GIcNAc may regulate glucose transport. In fact, one of
the first functions proposed for O-GIcNAc was nutrient sens-
ing and O-GIcNAc is considered a key participant in insulin
resistance [1]. As mentioned earlier, substrate production
for O-GlcNAc is provided by the HBP. Since O-GIcNAc
formation is dependent on the metabolic flux through
HBP, which in turn is dependent on glucose (and subse-
quent fructose-6-phosphate) availability, metabolic changes
can influence O-GIcNAc levels. Increased O-GlcNAc is
thought to regulate glycogen synthesis, glucose metabo-
lism, and glucose transport [5, 75, 104]. Several intermedi-
ate messengers of the insulin receptor signaling cascade
have been identified as target for O-GlcNAc modulation
such as IRS-1 and Akt [105-107].

The principal glucose transporter protein that mediates
glucose uptake is glucose transporter type 4 (GLUT4), which
plays a key role in regulating glucose homeostasis. GLUT4 is
one of 13 sugar transporter proteins (GLUT1 to GLUT12
and HMIT) in humans. It is mainly expressed in skeletal
muscle and adipose tissues. In an unstimulated state, it is
mostly located in intracellular vesicles but a rapid transloca-
tion into the plasma membrane occurs after insulin stimula-
tion to increase glucose uptake [108]. There is a growing
evidence that increased O-GlcNAcylation of GLUT4 vesicle
proteins such as Muncl8c and others has a role in the inhi-
bition of glucose transport in diabetes [109] and GLUT4
itself is suspected to be an O-GlcNAc target [110]. In cancer
cells, the transcription factor HIF-la (hypoxia-inducible

factor la) induces a metabolic shift to aerobic glycolysis
through the upregulation of various glycolytic proteins,
including GLUT1 [111]. Ferrer et al. showed that OGT and
O-GlcNAc modification are required to prevent HIF-la
proteasomal degradation in breast cancer cells thus enabling
GLUT1 expression, glucose uptake, and survival in breast
cancer cells [111].

4.4. Synaptic Transport. Nerve terminals are especially
enriched in O-GlcNAcylation [112]. According to the recent
data of Lagerlof et al., OGT is present not only in presynaptic,
but also in postsynaptic density and they proposed that O-
GlcNAc is an important regulator of the synaptic maturation
and plasticity [113]. One of the more abundant phosphopro-
teins in the brain is synapsin L. It belongs to the synapsin
family that anchors synaptic vesicles to the cytoskeleton thus
playing a role in neurotransmitter release control [114].
Synapsin I controls the size and release of residual pool of
synaptic vesicles, and disruption of synapsin I function
causes reduced size of the synaptic vesicle pool, defects in
synaptic plasticity, memory deficits, and epileptic seizures.
Synapsin I was among the first proteins that were found to
be heavily O-GlcNAc modified [115]. Skorobogatko et al.
have also found that synapsin I is O-GlcNAcylated during
hippocampal synaptogenesis in rats. The authors identified
three novel O-GlcNAc sites on the protein; two of them are
also known as Ca®*/calmodulin-dependent protein kinase I
phosphorylation sites. They also showed that the O-GlcNAc
site of Thr-87—which is located within an amphipathic
lipid-packing sensor motif—interferes with the binding of
synapsin I to synaptic vesicles. When O-GlcNAc modifica-
tion is impossible due to mutation of Thr-87, synapsin I tends
to localize to synapses. Lacking O-GlcNAc on Thr-87 also led
to increased density and size of synaptic vesicles [32].
Among with synapsin I, the protein Piccolo was also
found to be heavily O-GlcNAc modified [116]. Both pro-
teins are involved in the regulation of synaptic vesicles,
and both are known to be phosphorylated, suggesting that
interaction between O-GIcNAc and phosphorylation might
have a mutual regulatory role.

Alpha-synuclein, a small protein consisting of 140 amino
acids, is also implicated to take part in regulating neurotrans-
mitter release. The protein is specifically enriched in presyn-
aptic nerve terminals and is likely to play a role in the
development of Parkinson’s disease [117]. Its potential impli-
cation is suggested in exocytic processes and in the recycling
of synaptic vesicles through association with the cell
membrane [118]. In vivo, endogenous O-GlcNAcylation of
alpha-synuclein at threonine 64 and 72 in mice and serine
87 in humans has been identified. Available data suggest that
the presence of these modifications reduces the chance for
aggregation and the toxicity of the protein but likely has no
or little effect on its binding or remodeling membranes [118].

In a proteome-wide identification of O-GlcNAc-
modified proteins, synergin gamma has also been detected
as a target [37]. Through interaction with adaptor protein
1 (AP-1) complex, synergin gamma is involved in the traf-
ficking of clathrin-coated vesicles to different directions
like the trans-Golgi network or the plasma membrane



[119, 120]. Perez-Cervera et al. have shown a connection
between O-GIcNAc and lipid rafts. They demonstrated
that OGT is present in lipid microdomains and that its
localization at the raft is regulated by insulin signaling
[121]. Although the role of O-GIcNAc is not clarified
yet, it is noteworthy to mention that lipid rafts seem to
play an important role in synaptic signaling and plasticity
and, moreover, are involved in endocytic and exocytic
transport routes [122, 123].

The O-GlcNAc modification of amyloid precursor pro-
tein (APP) carries special importance; inadequate proteol-
ysis of APP produces amyloid-beta, which is a hydrophobic
peptide and the major hallmark of Alzheimer’s disease
(AD) [22, 124]. APP is an integral membrane protein
involved in synaptic formation and repair. While it is not
known whether O-GIcNAc directly regulates the normal
function of APP, its role in the normal processing and
trafficking to the plasma membrane has been studied by
several researchers [125-127]. Apparently, increased O-
GlcNAc modification on APP will facilitate its traffic to the
membrane and decrease its endocytosis, resulting in reduced
formation of the pathological amyloid-beta products. This
process could be a promising therapeutic target to be
exploited. On the other hand, O-GIcNAc modification of
APP has interesting implications regarding AD and carbohy-
drate metabolism. Type 2 diabetes is associated with a higher
risk of AD, some even use the term “type 3 diabetes” for
AD [128]. It seems to be that similarly to other tissues,
neuronal cells develop insulin resistance and decrease glu-
cose uptake—or in a more severe case almost completely
switch to keton and fatty acid metabolism [129].
Amyloid-beta accumulation contributes to this metabolic
switch by causing mitochondrial dysfunction and oxidative
stress. Taken together, decreased O-GIcNAc modification
on APP, intracellular hypoglycemia, and oxidative stress
via continuous amyloid-beta deposition leads to neuronal
degeneration [52, 130, 131].

4.5. Nuclear Transport. In eukaryotic cells, an important
location of transport is at the double nuclear membrane.
Bidirectional exchanges through this membrane are carried
out by 125x10°Da supramolecular complexes, called
nuclear pore complexes (NPC) [132]. NPCs consist of vari-
ous copies of ~30 different subunits called nucleoporins
(Nups). Proteins below 40kDa can pass through NPCs via
passive diffusion, but protein transport above 40kDa is an
energy-dependent process. It requires the presence of nuclear
localization signal (NLS) that is a sequence with high basic
amino acid content exposed on the protein surface or a
leucine-rich nuclear export signal (NES) [133]. O-GIcNAc
has been suggested to interfere at two levels in the nuclear
transport; it can modify proteins designated to nuclear trans-
location but may also alter the nucleoporins of nuclear pore
complex [134].

First studies in 1989 assumed sugar residues can act as
nuclear targeting signals [135]. Later, Duverger et al. per-
formed experiments with fluorescein-coupled bovine serum
albumin (BSA) in either electroporated or digitonin-
permeabilized cells. According to their results, sugar-
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substituted BSA was able to enter the nucleus while con-
trol, unsubstituted albumin, stayed in the cytosol [136].
Subsequent studies also suggested the presence of an
NLS-independent, sugar-mediated nuclear import of pro-
teins [137, 138]. O-GlcNAc is likely to have remarkable
influence on the nuclear transport and activity of beta-
catenin. Besides participating in cell-cell adhesion, this
protein also has a role in expression regulation as a transcrip-
tional coactivator mediating wnt signaling. The latter
function is involved in cell proliferation and invasion. O-
GlcNAcylation of beta-catenin was demonstrated to have
an inverse relationship with the protein’s nuclear localization
and transcriptional activity. Minimal O-GlcNAcylation of
beta-catenin has been shown in tumor cells together with
an elevated transcriptional state, while in normal cells, signif-
icantly, O-GlcNAcylated beta-catenin is associated with
decreased transcriptional activity [31]. A central element in
stress-related transcriptional regulation is NF«B, which nor-
mally stays in the cytoplasm due to the inhibitory action of
IxBa which masks the NLS sequence of NF«B [139]. Several
studies showed that O-GIcNAc had a positive influence on
NF«xB activation and nuclear translocation [48, 140, 141].
Multiple sites were found in the sequence of the p65 subunit
to be directly O-GlcNAc modified, and data suggest that O-
GIcNAc might disrupt/prevent the masking effect of IxBa
[48, 140]. Interestingly, Xing et al. found that O-GIcNAc
modification has an opposite effect on NFxB activation
[33]. Other studies also elaborated on the inhibitory role of
O-GIcNAc on NFxB [72, 142]. This contradiction of results
is difficult to resolve without more experimental data; how-
ever, the most plausible explanation would be that the inter-
play between several O-GlcNAc and phosphorylation sites
on NFxB has many variations. Depending on the cell type,
the duration, type and severity of stress, and different post-
translational patterns may develop on NF«B and produce
different outcomes.

Nups were some of the first described OGT substrates,
and they are among proteins with the highest O-GlcNAc
density [143, 144]. As of now, 18 Nups have been identified
as potential candidates for O-GlcNAc-modified proteins
[145]. Despite emerging knowledge, the specific function of
O-GIcNAc on Nups remains to be elucidated [26]. Recently,
O-GIcNACc has been suggested to alter several structural and
biophysical properties of NPCs and influence the interac-
tions between soluble nuclear transport receptors (NTR)
and Nups located at the central channel of NPCs, the so-
called FG-Nups (phenylalanine-glycine-rich Nups) [146].
This way, O-GIcNAc may alter protein-protein interac-
tions at the NPC thus modulating its permeability. Moreover,
stability of FG Nups is also influenced by O-glycosylation
via protection from ubiquitination and subsequent
proteasomal degradation [145]. Thus, cross-talk between
O-GlcNAcylation and ubiquitination also plays a role in
stabilizing the NPC and maintaining the integrity of the
selectivity filter.

4.6. Mitochondrial Transport. O-GlcNAcylation affects not

only nucleocytoplasmic but also mitochondrial proteins as
well by the help of mitochondrial (mOGT) and
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nucleocytoplasmic OGT (ncOGT) isoforms. The substrate
for the modification, UDP-GIcNAc, is transferred into
mitochondria via pyrimidine nucleotide carrier 1 (PNCI)
[147, 148]. Only a few data is available regarding O-
GlcNAc modification of specific mitochondrial carrier pro-
teins. Mitochondrial permeability transition pore (mPTP)
represents a nonspecific pore located in both the outer and
inner mitochondrial membranes and allows molecules below
1.5kDa to enter and exit the mitochondrial matrix. mPTP is
activated by calcium overload and oxidative stress; its open-
ing is a critical step in the initiation of apoptosis and cell
death [63]. Reports demonstrated that elevated O-GIcNAc
attenuates the mPTP opening [59, 149]. A central element
of mPTP, voltage-dependent anion channel (VDAC), was
revealed to be O-GIcNAc modified in cultured cardiac
myocytes [59]. It was also demonstrated that cardiac mito-
chondria isolated from selective OGA-inhibited mice and
OGT-overexpressing rat cardiomyocytes were resistant to
the mPTP induction, while OGT inhibition increased sensi-
tivity to Ca**-induced mitochondrial swelling [59]. Hirose
et al. also found supporting evidence for the protective effect
of O-GlcNAc due to inhibition of mPTP opening; in their
study, they used the anesthetic isoflurane for the precondi-
tioning of cardiac myocytes and revealed that isoflurane
increased O-GlcNAc modification of VDAC [150]. Another
important player of mitochondrial permeabilization and
apoptosis is Bcl-2, an antiapoptotic protein that inhibits
mPTP opening possibly by direct interaction with VDAC.
Bcl-2 is upregulated in association with hypoxic injury-
induced cell death [151, 152]. Glucosamine treatment and
OGT overexpression both significantly increased mitochon-
drial Bcl-2 levels under normoxic conditions and augmented
the response to ischemia/reperfusion thus mediating the
hyperglycemia-induced protective effect against hypoxic
injury [64].

5. Conclusion and Perspectives

The number of proteins found to be O-GlcNAcylated is still
rapidly increasing as of today. This is partly fueled by
improvements in methodology, for example, by recent
developments of mass spectrometry techniques (such as
native mass spectrometry) or the availability of more potent
and specific OGA and OGT inhibitors [153-155]. On the
other hand, O-GlcNAc also received heightened interest in
recent years; it is an excellent candidate for a direct signaling
link between diverse cellular functions. A more practical
reason of why O-GIcNAc deserves special attention is that
it has a potential in human medicine. As mentioned above,
O-GIcNAc plays a significant role in the development of
AD and in diabetes, but disturbances of O-GIcNAc regula-
tion are now considered in other syndromes such as malig-
nant disorders or inflammatory diseases [33, 70, 156].
Recently, substantial research work has been dedicated to
clarify its significance in hypoxia-induced or oxidative
stress-related pathophysiological events [14, 63, 92]. Mea-
surement of O-GlcNAc levels in human patients could report
about important information. A few studies already
attempted to use O-GIcNAc analysis to predict the extent

of metabolic dysfunction and the complications of diabetes
[157, 158]. On the other hand, intervening in O-GlcNAc
regulation by specific OGT and OGA inhibitors could sig-
nificantly improve the outcome of some diseases. For
example, the protective effect of increased O-GlcNAc
modification in ischemia/reperfusion experiments could
be translated and utilized in human medicine in the future
[79]. In malignant diseases, specific OGT inhibitors might
support chemotherapy efforts by hindering insulin-
independent glucose uptake or tilting the balance toward
apoptosis in malignant cells [111].

What makes O-GIcNAc such a promising research
subject—that is, its versatile nature—also makes it a difficult
scientific endeavor. Since it influences so many different
proteins and a wide variety of protein functions, general
experimental approaches such as interfering with overall O-
GIcNAc by altering the HBP metabolism or even by specific
OGA/OGT inhibitors might lead to false results. The
complexity that underlies this relatively simple mechanism
is revealed by apparent paradoxes; for example, in acute
stress situations, O-GIcNAc seems to be protective whereas
chronic hyperglycemia-induced O-GlcNAc elevation clearly
has a negative effect. In contrast, permanently decreased O-
GlcNAc levels have been associated with AD, despite the fact
that diabetic patients are more prone to the disease and that
increased oxidative stress (which is supposed to elevate O-
GlcNAc) is thought to contribute to the development of
AD [159]. It seems to be that the analysis of both the spatial
and temporal distribution of O-GIcNAc on individual pro-
teins will be required for a complete understanding. Thus,
studying O-GlcNAc on individual proteins is not only an
option but it is also a necessity to locate specific regulatory
events. In this review, our aim was to sum up the grow-
ing number of evidences supporting the idea that O-
GlcNAc—directly or indirectly—influences membrane
traffic elements. These data, taken together with the fact
that O-GIcNAc is an important part of the cellular
stress-adaptation mechanism, provides a firm basis for
further studies to elucidate O-GIcNACs role in the
regulation of membrane transport under normal and
pathological conditions as well.
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Abstract: O-linked N-acetylglucosamine (O-GIcNAc) is a dynamic post-translational modification of
serine and threonine residues on nuclear and cytoplasmic proteins. O-GlcNAc modification influences
many cellular mechanisms, including carbohydrate metabolism, signal transduction and protein
degradation. Multiple studies also showed that cell cycle might be modulated by O-GlcNAc. Although
the role of O-GlcNACc in the regulation of some cell cycle processes such as mitotic spindle organization
or histone phosphorylation is well established, the general behaviour of O-GlcNAc regulation during
cell cycle is still controversial. In this study, we analysed the dynamic changes of overall O-GlcNAc
levels in HeLa cells using double thymidine block. O-GlcNAc levels in Gy, S, G, and M phase were
measured. We observed that O-GlcNAc levels are significantly increased during mitosis in comparison
to the other cell cycle phases. However, this change could only be detected when mitotic cells were
enriched by harvesting round shaped cells from the G, /M fraction of the synchronized cells. Our
data verify that O-GlcNAc is elevated during mitosis, but also emphasize that O-GIcNAc levels can
significantly change in a short period of time. Thus, selection and collection of cells at specific cell-cycle
checkpoints is a challenging, but necessary requirement for O-GlcNAc studies.

Keywords: cell cycle; cell synchronization; mitosis; O-GlcNAc; post-translational modifications

1. Introduction

Checkpoints between cell cycle phases (Gg to G1, G to S, S to M and M to Gy) refer to a more
or less well-defined transition from one regulatory mechanism to the next one; certain proteins
become deactivated while others are activated. Although it has the shortest duration, M phase can
be further divided into sub-phases characterized by distinct signaling processes and distinct events.
Each step in the cell cycle is influenced by the previous steps and is affected by hundreds of regulatory
elements. Alterations to the progression of cell cycle and its regulatory mechanisms due to either
intrinsic (mutations) or extrinsic (environmental changes, chemicals, etc.) causes may have serious
consequences; most notably, the pathological changes of the cell cycle could lead to uncontrolled
proliferation, but disturbance in the cell cycle regulation has been also associated with Alzheimer’s
disease, diabetes or autoimmune diseases [1-3].

Protein phosphorylation and its dynamic changes during the various stages of the cell cycle were
extensively studied; the central elements of the cell cycle regulation: cyclins, cyclin dependent kinases

Molecules 2018, 23, 1275; d0i:10.3390 / molecules23061275 www.mdpi.com/journal/molecules
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and their upstream regulators and downstream targets are known to activate or inhibit signaling
elements by phosphorylation [4]. Around cyclins and cyclin dependent kinases, dozens of other kinases
and phosphorylases are tightly organized both spatially and temporally. Many of their functions
are well understood, and the periodic activity (and inactivity) of these proteins during the cell cycle
is well established. However, hundreds of other cyclin-independent regulatory proteins may be
also involved in the regulation of the cell cycle [5]. Besides phosphorylation, ubiquitination is also
a well-known process involved in cell cycle regulation. Ubiquitination of a particular protein is a
sign that the protein is selected for degradation. During various stages of the cell cycle, various sets
of signaling proteins could be deemed to degradation [6]. Besides degradation, ubiquitination also
regulates protein trafficking, scaffolding, DNA damage repair, and chromatin topology [7]. It is also
worth noting that ubiquitination and phosphorylation may strongly interact; e.g., phosphorylation can
target proteins for ubiquitination [8].

Although phosphorylation and ubiquitination are the most studied post-translational modifications
participating in the signal transduction, dozens of other types of post-translational modifications
(e.g., SUMOylation or Poly ADP-Ribosylation) have been also recognized to influence cell
signaling [9,10]. Among these, scientific interest increased in recent years toward the so-called O-linked
[-N-acetylglucosamine, or O-GIcNAc protein modification. O-GIcNAc seems to be an important
regulator/modulator of many intracellular functions, including cell cycle [2]. O-GlcNAc is the enzymatic
addition of a single N-acetyl-glucosamine molecule to the OH residues of serine or threonine.
This mechanism is reversible, and in contrast to other types of glycosylation, it takes place in the
cytoplasm and nucleus instead of the ER. The number of known O-GIcNAC sites and the proteins carrying
those sites are rapidly increasing thanks to recent advances in mass spectrometry techniques—over 1000
O-GlcNAc proteins have been identified so far [11]. O-GIcNAc can interact with other post-translational
modifications, most notably it can compete with phosphorylation for the same sites [12]. Interestingly,
O-GlcNAcylation may also protect against polyubiquitination and increase protein stability [13-17].

A unique aspect of O-GIcNAc modification is that it is influenced by the metabolic state of
the cell. Its substrate, UDP-GIcNAC, is produced by the hexosamine biosynthesis pathway (HBP),
which is sustained by approx. 1-3% of the glucose entering the cell. It was recognized early that
one of the functions regulated by O-GlcNAc is nutrient sensing [18]. Since then, many other cellular
functions were demonstrated to be influenced by O-GIcNAc, including Ca?* signaling, epigenetics,
stress adaptation and notably: cell cycle [19,20]. Several studies reported that manipulating O-GlcNAc
regulation can disrupt the normal progress of the cell cycle [21-23]. O-GlcNAc has been shown to be
required for histone phosphorylation [24,25], mitotic spindle organization [26] or for the expression
of genes associated with DNA replication and cell cycle progression such as c-myc [27]. O-GlcNAc is
also thought to be part of the histone code [28]; others dispute these results [29]. The participation of
O-GIcNAc in the regulation of cell cycle is undeniable; however, its role is far from being completely
understood. O-GlcNAc levels were found to either increase [22,23,30-32] or decrease [24,33] during
mitosis. This controversy could be—at least in part—explained by the reversible nature of O-GlcNAc
modification. Some events of the cell cycle, especially during mitosis, occur in a few minutes, thus
making it difficult to capture cells representative for a particular cell cycle phase.

The aim of the present study was to analyse the possible changes of O-GlcNAc levels in HeLa
cells during various cell cycle stages. With the combination of synchronization of the cells by double
thymidine block and fractionated cell collection, we have detected increased O-GlcNAc levels during
mitosis. Thus, our findings support the idea that O-GlcNAc is elevated in mitosis and also demonstrate
the highly dynamic nature of O-GlcNAc regulation.

2. Results

2.1. Synchronization of HeLa Cells by Double Thymidine Block

We have synchronized HeLa cells by a double thymidine block, which synchronizes cells at the
G1-S border [34,35]. At the end of the treatment, the large majority of the cells were synchronized at
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the G; phase. According to the DNA content of the cells determined by propidium-iodide, four hours
after the release of the block the cells progressed into S phase and eight hours after most of the cells
reached the G, phase. After 12 h, approximately half of the synchronized cells underwent mitosis
(Figure 1). The duration of each cell cycle phases in synchronized cell cultures is longer than the transit
time of an individual cell in that particular phase. The transit time for the total population (T}y,;) can
be calculated by the following equation:

Ta + Tphase = Trotals

where T is the delay between the first and the last cell entering a given cell cycle phase, and Tpy,s, is
the average time a single cell spends in that phase [36]. In line, we use the term ‘early G, /M phase’ to
describe the time period when most cells are in G, phase but did not undergo mitosis yet, and ‘late
Gy /M phase’ to describe the time period a significant number of cells already underwent mitosis,
while the rest of the cells are about to enter mitosis.

57
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; G,/M:36%

i G,:9% G,/M:55%
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cell size
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s early' late
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Figure 1. Characterization of cell cycle dynamic after double thymidine block. (A) HeLa cells were
synchronized with double thymidine treatment and then allowed to recover from the blockage.
Cell cycle distribution was monitored every 4 h by flow cytometry and propidium-iodide staining
after fixation of the cells. Cell cycle distributions are shown as histogram plots of the FL3 fluorescence
channel. Gy, S, early G, /M and late G, /M phases were captured 0, 4, 8 and 12 h after the release of
the block, respectively. Please note that the terms “early” and “late” refer to the average status of the
total population, not the current position of individual cells; (B) average cell size was analysed by
measuring the forward scatter (FS) values of live cells using flow cytometry. Cells were collected 0, 4,
8 and 12 h after the release of the block to obtain representative data for Gy, S, early G, /M and late
Gy /M phases. FS is proportional to the size of the cells, and shows that the cell size increases during
the cell cycle progression and reaches a peak in the early G, /M phase. Data are shown as means + SD
from at least three independent experiments, * p < 0.05.
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2.2. Selective Collection of Mitotic Cells Resulted in Detection of Distinct Changes in O-GIcNAc Pattern

Although in our synchronized cultures up to 70% of the cells were in the same phase, the
individual mitotic events are spread over several hours. To have a better estimation of the number
of cells actually undergoing mitosis during shorter time frames (20-25 min.), we have counted the
round shaped cells at regular intervals in synchronized HeLa cultures. Figure 2A shows that the
number of round shaped cells started to rise 9 h after synchronization, reaching peak counts between
12-13 h post-synchronization.
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Figure 2. Overall protein O-GlcNAc levels during various cell cycle phases. (A) HeLa cells were
synchronized and allowed to recover from the thymidine blockage. The number of mitotic cells at the
indicated times was assessed as the number of round shaped cells per field of view using bright-field
microscopy. Data are shown as means + SD from at least 3 independent experiments; (B) representative
Western blot analysis using RL2 or CTD110.6 anti-O-GlcNAc antibody and anti-actin antibody on total
protein extracts isolated from synchronized cells. Cells were collected at specific cell cycle phases as
described in the Materials and Methods. For the mitotic cells, we pooled the first six fractions (M1) and
the last three fractions (M2) prior to lysis; (C) densitometric analysis of CTD110.6 staining of whole
lanes in the four main cell cycle phases (top panel) and densitometric analysis of RL2 staining of whole
lanes and three individual bands (at ~150, 100 and 60 kD, as indicated by arrows in (B) in the four
main cell cycle phases. Data from M1 and M2 fractions were combined for statistical analysis. Data are
shown as means £ SD, * p < 0.05 vs. Gy.
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Based on this result, we modified our sample collection protocol for Western blotting to collect
mitotic cells in ~25 min. fractions from 9 to 13 h after synchronization by vigorously shaking the cell
culture flasks to detach these cells from the surface. The first six fractions (M1) and the last three
fractions (M2) were pooled together. Moreover, in this set of experiments, all samples were lysed
directly in Laemmli sample buffer; consequently, the lysate represented the protein content of the
whole cell. Figure 2B shows overall O-GlcNAc levels detected by Western blotting. For comparison,
Gj phase, S phase, and G, phase cells were also harvested and analysed. Overall, O-GlcNAc levels
were analysed by RL2 and CTD110.6 antibodies. Both antibodies detected altered O-GlcNAc patterns
in the mitotic and G; fractions, compared to other cell cycle phases. Most notably, a strong protein
band at ~100 kD appeared in the mitotic cells (Figure 2B,C).

2.3. Synchronization Alone Is Not Sufficient to Detect Changes in Overall O-GIcNAc Levels during
Go/M-G1 Transition

We measured the cell cycle distribution prior and during the time most cells progressed from
Gy /M phase to G; phase. For this, HeLa cells were synchronized by double thymidine block and
were allowed to progress in their cell cycle for 9, 10, 11 or 12 h. Our data showed that mitosis started
between 10-11 h post synchronization and about half of the cells (6% Gj cells at 10 h vs. 32% Gy at
12 h and 68% G, /M at 10 h vs. 43% G, /M at 12 h) already passed mitosis 12 h post synchronization
(Figure 3A).
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Figure 3. Overall protein O-GlcNAc levels during G, /M phase. (A) HeLa cells were synchronized and
the DNA content was monitored prior and during the G, /M-G; transition (9, 10, 11 and 12 h after the
release of the thymidine block) by flow cytometry and propidium-iodide staining; (B) representative
Western blot using CTD110.6 anti-O-GlcNAc and anti-actin antibodies on total protein extracts isolated
from synchronized cells at the indicated times after thymidine block release.
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Therefore, we collected several fractions of cells from synchronized cultures for protein isolation
and O-GIcNAc detection in a time period overlapping the critical phase when most cells progressed
through mitosis (8-13 h). O-GIcNAc levels were detected by Western blotting with CTD110.6
anti-O-GlcNAc antibody. As Figure 3B demonstrates, no extra band or any obvious trend or change
over time could be recognized during the G, /M-G; transition.

2.4. Nuclear Pore Proteins Are Associated with Variable O-GIcNAc Content during Cell Cycle

Nuclear pore proteins (Nups) are among the longest known, heavily O-GlcNAc modified
proteins [37]. O-GlcNAc modification was shown to be necessary for the correct expression of nuclear
pore proteins [38]. On the other hand, it may also change the structural property of the pores and
interfere with nuclear transport and permeability [39]. Since very few data are available on the
regulation of Nups by O-GlcNAc, we have enriched Nups using mouse monoclonal antibody MAb414
to assess O-GlcNACc levels in mitotic cells. Corresponding to previous data, we have found that Nups
are abundantly O-GlcNAc modified (Figure 4). Moreover, at ~100 kD molecular weight in mitotic cells,
we have found an O-GlcNAc staining pattern similar to that observed in crude cell extracts (Figure 2B).
In addition, we have tested the anti-Nup immunoprecipitates for the presence of OGT and OGA.
Unfortunately, we could not find any association of either OGT or OGA with Nup proteins in any of
our samples (data not shown), although crude cell extracts contained both OGT and OGA (Figure S1).
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Figure 4. O-GlcNAc modification of nuclear pore proteins in mitotic and interphase cells. Mitotic
and interphase cells were separated from asynchronous HeLa cells by mitotic shake-off. Nuclear pore
proteins were enriched by immunoprecipitation with mouse monoclonal antibody MAb414 (aNup).
Duplicates samples from mitotic (M) and interphase (I) cells were assessed by Western blot; detecting
nuclear pore proteins with aNup antibody in crude cell extracts (input) and in immunoprecipitates (IP)
and O-GlcNAc modified proteins with RL2 antibody in immunoprecipitates. The arrow indicates an
extra O-GlcNAc band appearing at ~100 kD in the immunoprecipitates of the mitotic samples.

2.5. Immunofluorescence Detection Shows Increased Level of O-GIcNAc in Mitotic HeLa Cells

To assess the amount of O-GIcNAc and its subcellular distribution at the level of individual cells,
asynchronous HeLa cells grown on coverslips were formalin-fixed and labelled with anti-O-GIcNAc
monoclonal antibody RL2. As shown in Figure 5A, cells during mitosis (confirmed by Hoechst nuclear
counterstaining) showed elevated levels of O-GlcNAc. To quantify this, we measured fluorescence
intensity levels from interphase and mitotic cells (Figure 5B). Mitotic cells were further divided into
early (prophase-metaphase (P-M)) and late (anaphase-telophase (A-T)) mitotic cells. Mitotic cells
demonstrated significantly higher fluorescence intensity than interphase cells. The total fluorescence
of the cells late in the mitosis was significantly lower. This was expected since the size of the daughter
cells is approx. 50% of the metaphase cells before the division. Average fluorescence intensity in A-T
cells was similar to the level of P-M cells after normalizing fluorescence intensity by the size of the cells.
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Figure 5. Immunofluorescence shows dynamic protein O-GIcNAc regulation during mitosis.
Immunofluorescence labelling was performed on asynchronous HeLa cells grown and fixed on glass
coverslips. (A) representative images captured by epi-fluorescence microscopy of cell stained with
RL2 (green) and Hoechst (blue, nucleus) are shown. Two cells in mitosis (prometaphase) are indicated
by arrows; (B) bar graph shows total fluorescence intensity per cell, area per cell and the average
fluorescence intensity per cell (total fluorescence intensity divided by the area of the cell). Based on the
morphology, the cells were categorized in three groups: interphase (I), prophase-metaphase (P-M) and
anaphase-telophase (A-T). Data are expressed as percentage compared to the interphase cells in the
same field of view. Each bar represents the average of 10 cells for P-M and A-T cells and 50 cells for
interphase cells. Data are shown as means + SD, * p < 0.05 vs. interphase.

We have also investigated the relationship between tubulin and actin cytoskeletal proteins and
O-GlcNAc modification during mitosis. Tubulin and actin has been previously demonstrated to be part
of the ever growing O-GIcNAc protein family [40,41]. Thus, we simultaneously labelled asynchronous
HeLa cells with CTD110.6 and an anti-tubulin antibody (Figure 6A) or phalloidin-Alexa Fluor 488 for
actin (Figure 6B). CTD110.6 staining showed similar results to RL2, and the strong fluorescence signal
of the mitotic cells was clearly distinct from the signal of the interphase cells. Mitotic cells containing
the mitotic spindles visualized by tubulin staining also demonstrated increased level of O-GlcNAc.
Epi-fluorescence microscopy did not show any obvious morphologic similarity between O-GlcNAc
and either tubulin or actin staining pattern, thus we also examined possible co-localization by confocal
microscopy. Figure 6C shows representative confocal images of asynchronous HeLa cells, including
interphase and mitotic cells. In both interphase and mitotic cells, O-GlcNAc staining was granular
and relatively evenly distributed in the cytoplasm. In mitotic cells, CTD110.6 labelling seemed to
be excluded from the region where the chromosomes were localised—similarly CTD110.6 was also
excluded from the nuclear region of interphase cells (in contrast to RL2, CTD110.6 is a mouse IgM
antibody, which cannot penetrate the nuclear envelope). On the other hand, tubulin and actin both
showed fibrillar morphology and a very different distribution pattern than O-GlcNAc. Based on our
results, a large-scale co-localization between O-GlcNAc and either tubulin or actin could be ruled out,
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but potential O-GlcNAc modification of a smaller subset of actin or tubulin unfortunately remains
hidden in this experimental setup.
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Figure 6. Protein O-GIcNAc distribution pattern compared to tubulin and actin staining.
Immunofluorescence labelling was performed on asynchronous HelLa cells grown and fixed on
glass coverslips. (A) representative epi-fluorescence images of cells stained with CTD110.6 (red),
an anti-tubulin antibody (green) and Hoechst nuclear staining (blue), showing HeLa cells in various
cell cycle phases; (B) representative images of asynchronous HeLa cells captured by epi-fluorescence
microscopy in various cell cycle phases. Cells were stained with CTD110.6 (red), phalloidin-Alexa Fluor
488 (actin, green) and Hoechst (blue, nucleus); (C) confocal microscopy images showing asynchronous
HelLa cells stained with CTD110.6 (red) and tubulin or actin (green) and corresponding merged images.
Mitotic cells are indicated by arrows (prometaphase: single arrow, anaphase: double arrow, telophase:
triple arrow).
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3. Discussion

In the present study, we analysed the dynamic changes of global O-GlcNAc levels in HeLa cells
during various cell cycle stages following synchronization by double thymidine block. We report here
that O-glycosylation pattern did not alter during the G; and S phases, but a sudden elevation in M
phase occurred. These changes remained hidden without the use of mitotic shake-off, which ensures a
precise, almost pure mitotic cell collection [33]. According to our immunofluorescence results, this
modification lasts only for a short period in the telophase of the mitosis, and, at the time of cytokinesis,
the amount of O-glycosylated proteins already decreases.

There is increasing evidence representing O-GlcNAc modification as an important coordinator of
the cell cycle. e.g., the level of O-GlcNAc-transferase (OGT) and O-GlcNAcase (OGA) the enzymes
responsible for O-GlcNAc addition and removal were shown to be significantly fluctuate during
various cell cycle transitions, correlating with changes of O-GlcNAc levels [19,32]. Thus, nutritional
substrate availability for O-GlcNAc modification could be a pre-requisite for cell cycle entry. A decrease
of O-glycosylation caused by reduced OGT activity (either by gene deletion or by substrate depletion)
in mouse embryonic fibroblasts was associated with cell growth defects like delayed growth, increased
expression of the cyclin dependent kinase inhibitor p27 and cell death [2,21,42,43].

Information about O-glycosylation of individual proteins during the cell cycle is also available.
Important players of mitogen signaling PI3K and MAPK together with cyclin D1, a key regulator of G;
phase have been reported to be disabled by blocking OGT after serum-stimulation [44,45]. All four
core nucleosomal histones (H2A, H2B, H3, and H4) are O-GIcNAc modified in a cell cycle-dependent
manner [28,46]. G/M transition highly depends on cyclin B1 expression, which is decreased by either
OGT or OGA inhibition showing that both enzymes are needed for proper cell cycle progression [47].
The other regulator of M phase entry, the cyclin B regulated CDK1 (cyclin dependent kinase) is also
influenced by O-GlcNAc [48]. At the time of mitosis, OGT localizes to the mitotic spindle and later
during cytokinesis to the midbody [49]. It has also been reported that OGT together with OGA plays
a role in the regulation of the stability of the midbody through acting in a complex with the mitotic
kinase Aurora B and protein phosphatase 1 [49]. In the anaphase, CDH1, one of the co-activators
of anaphase promoting complex/cyclosome is shown to be O-GlcNAcylated, and this modification
stimulates its activity [50]. Several transcription factors like myc, p53, NFkB and many others playing
important role in cell division and tumorigenesis are also influenced by O-GlcNAc [47].

The changes of global O-GlcNAc level during the cell cycle are controversial. Several reports
showed that an increase in O-glycosylation and OGT expression occurs in G, phase and these events
are necessary to G /M transition [23,31,32,41,47,51]. It was also shown that OGT-inhibition impairs
Gy /M transition in Xenopus laevis oocytes [31]. According to Yang et al., O-GlcNAc starts to elevate
already in the late S phase and reaches a peak in the M phase of MEF and HEK293 cells [32]. However,
other authors did not find any change or even detected a decrease in global O-glycosylation and OGT
expression during M phase [21,33,52]. Differences between these findings regarding O-GlcNAc changes
during mitosis may be explained by the rapid and reversible nature of O-GlcNAc modification but
can also arise from the different synchronization techniques and timing of sample collection. To study
these rapid changes, various techniques were developed to synchronize cells such as serum starvation,
double thymidine block or cell cycle progression arrest with chemical agents such as nocodazole or
paclitaxel [36,53]. However, synchronization could be ineffective (the individual cell cycle events are
“spread out” in time, thus only a small fraction of the cells are truly representative of an assumed
phase) or the drugs used to block the cell cycle progress are toxic [48,52-54]. These agents, while
effectively arresting cells, could also have a number of side-effects that might influence O-GlcNAc
regulation. These agents, while effectively arresting cells, could also have a number of side-effects
that might influence O-GIcNAc regulation. Most relevant for our present findings is the study of
Sakabe et al., in which they found decreased O-GlcNAc levels in M phase compared to G phase [33].
In their experiment, they synchronized HeLa cells with nocodazole, mitotic shake-off and then replated
the cells (for 1, 3 or 5 h) before final harvesting. In contrast, in our present study, mitotic cells were
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collected without the presence of any cell cycle arresting drug. A second difference could be that we
collected mitotic cells in short (20-25 min.) fractions, thus ensuring higher homogeneity. Moreover, we
used strong lysis conditions to include all cellular proteins in our samples while Sakabe et al. discarded
NP-40 insoluble material by pelleting.

Previous reports suggest that O-GlcNAc influences cytoskeletal proteins during mitosis. In M
phase cells, OGT was shown to co-localize with the mitotic spindle and vimentin is reported to be
influenced by O-GlcNAc cycling enzymes [21,49]. Other studies have also found strong evidence that
cytoskeletal elements are regulated by O-GlcNAc modification [26,48,55,56]. In our experiments, we
did not find any detectable co-localization between O-GIcNAc and actin or tubulin. Based on the
intracellular localization and morphology of the abundant O-GlcNAc during mitosis, the elevation
of O-GIcNACc is probably not directly connected to cytoskeletal re-arrangement, but it is more likely
the result of a distinct mechanism in the mitotic cells. However, the present study was limited
by the abundance of O-GlcNAc, which hinders the study of co-localization with other proteins by
confocal microscopy. Slight morphological changes and interactions with cytoskeletal proteins may
have remained hidden. Thus, we do not exclude the possibility that key elements of the cytoskeletal
system might be reversibly O-GlcNAcylated during mitosis. However, it seems improbable that
the large increase of O-GlcNAc during mitosis would be caused solely by the re-arrangement of the
cytoskeletal system. One of the limitations of our study could be that nuclear pore proteins (Nups) are
strongly O-GlcNAc modified [37], which could skew the analysis of the immunofluorescently labelled
interphase cells. However, it seems to be that Nups also persist during mitosis [57,58]. Our Western
blot data, which agreed with the immunofluorescence analysis, was based on strong lysis conditions
(Laemmli sample buffer), thus the lysate represented the total protein content, including nuclear pore
proteins in both interphase and mitotic samples as well. Moreover, we have also analysed the level
of O-GlcNAc modification on Nups by immunoprecipitation. While we have found both in mitotic
and interphase cells abundantly O-GlcNAc modified Nups, distinct differences could be observed that
corresponded to O-GlcNAc staining patterns found in whole cell lysates. This finding suggests that at
least part of the changes we see during mitosis may be attributed to either Nups or other proteins that
are strongly associated with Nups. The distinct O-GlcNAc band appearing in Nup immunoprecipitates
at ~100 kD would be of particular interest to further analyze by more specific techniques such as
mass spectrometry.

Although we are only starting to understand the impact of O-GlcNAc on the regulation of cell
division, there is evidence that the cell cycle control and metabolism are tightly connected. In a modern
lifestyle, an important risk factor for cancer is excessive food intake [59]. Since O-GIcNAc is an
important signalling element in nutrient sensing, metabolic changes could impact cell cycle regulation
through O-GlcNAC's regulatory effect. Indeed, malignant cells show both an increased nutrient uptake
and elevated O-GlcNAcylation [47]. It is also imperative that O-GlcNAc regulation in non-cancerous
cells should be characterized in the future. A few studies using Xenopus laevis oocytes or embryonic
fibroblasts showed an apparent increase in O-GlcNAc levels [30,32]; however, the data are far from
complete and the difference between malignant and not malignant cells should be quantified. In fact, in
the future, O-GlcNAcylation detection may become a valuable diagnostic and prognostic marker. Some
authors have already proposed the measurement of OGT and OGA mRNA in urine as a diagnosis tool
in bladder cancer [60]. Moreover, O-GlcNAc related proteins, e.g., OGT, OGA or O-GlcNAcylated cell
cycle regulatory proteins, could represent promising targets in the therapy of malignant diseases [61].

4. Materials and Methods

4.1. Cell Line and Culture Conditions

HeLa cells were grown in a 1:1 mixture of EMEM and Ham'’s F12 medium supplemented with
10 v/v% fetal bovine serum (FBS), 1 v/v% non-essential amino acids, penicillin (100 U/mL) and
streptomycin (100 pg/mL). The cells were incubated at 37 °C, in 95% air-5 v/v% CO, atmosphere in a



Molecules 2018, 23, 1275 11 of 16

humidified incubator. Subculturing was performed every 2-3 days and medium was refreshed 12-24 h
prior to each experiment.

Synchronized cell cultures were created by double thymidine block [35,62]. Briefly, HeLa cells
were grown in tissue culture flasks until ~40% confluency. In addition, 2 mM thymidine was added to
the cell culture medium and the cells were incubated for 19 h at 37 °C. Next, the cells were incubated
for 9 h in complete medium without thymidine. Finally, another 2 mM thymidine was added to the
medium for 16 h. At the end of the process, the large majority of the cells were in G; phase (Figure 1A).

For Western blot experiments, the cells were collected after synchronization as follows: G phase
cells were collected by scraping immediately after the end of the double thymidine block treatment.
S phase cells were collected by scraping 4 h after thymidine block release. Mitotic cells were collected
in 20-25 min. fractions between 9-13 h post-synchronization by vigorously shaking the culture flask to
detach round-shaped cells. G, phase cells were collected by scraping the still attached cells after the
last fraction of round-shaped cells were removed. Where indicated, mitotic cells were also isolated
from asynchronous cell cultures by a similar fractionated shake-off method, while corresponding
interphase cells were isolated from asynchronous cell cultures by scraping attached cells after a single
vigorous shake-off removed all mitotic cells.

4.2. Flow Cytometry

Synchronized HeLa cells were detached from the cell culture vessels by incubation in
phosphate-buffered saline (PBS) containing 0.25% trypsin and 0.5 mM EDTA for 3 min. at 37 °C.
Resuspended cells were washed in complete medium to neutralize trypsin, next in PBS and then fixed
in 1 mL ice-cold ethanol. The fixed cells were kept at 4 °C for at least 15 min, then washed with PBS 3X
and resuspended in propidium-iodide (PI) solution (PBS, 0.1% Triton-X 100, 20 pg/mL PI, 0.2 mg/mL
RNase A). After 30 min. incubation in the dark at room temperature, the fluorescence intensity of PI
dye per cell was detected at 620 nm (FL3 channel) with a Cytomics FC 500 flow cytometer (Beckman
Coulter, Fullerton, CA, USA). Gating and selection of regions (G1, S and G, /M phase) were performed
on asynchronous, control cells and identical selections were utilized for all samples.

Cell size analysis was performed on live cells measuring the forward scatter (FS) values of
synchronized cells. Briefly, HeLa cells were washed and resuspended in PBS at room temperature.
FS was measured from each sample within 30 min with Cytomics FC 500 flow cytometer. Average FS
values were obtained after collecting data from 10,000 events and gating out cell debris and events that
were caused by clumped cells (<10% of the total events).

4.3. Cell Counting

Synchronized HeLa cells were allowed to enter the cell cycle after double thymidine block.
At the indicated times (Figure 3A), the cells were observed with a Leica DM IL inverted microscope
(Leica Microsystems, Wetzlar, Germany) and the average number of round-shaped cells per field of
view were counted using a 10x objective from at least 5 separate regions of the flask. After each
counting, round-shaped cells were discarded by vigorously shaking the flasks; consequently, only
newly formed mitotic cells were included in the next counting.

4.4. Western Blot Analysis

HelLa cells were washed twice in ice-cold PBS buffer and harvested in RIPA buffer (10 mM Tris
pH 7.2, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1 w/v% SDS, 1 v/v% Triton-X 100, 0.5 w/v%
deoxycholate, 10 v/v% glycerol, protease inhibitor cocktail: 1 tablet/10 mL (Roche Applied Science,
Penzberg, Germany), kept on ice for 30 min, and centrifuged for 10 min at 4 °C at 3000 rpm. From
the supernatant, the total protein concentration was determined using a Bio-Rad DC Assay Kit
(Bio-Rad, Hercules, CA, USA). Next, the samples were completed by the addition of 4X Laemmli
sample buffer and boiled for 5 min. Where specified, the centrifugation step was omitted to
obtain samples containing all proteins including RIPA-insoluble ones. For immunoprecipitated
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samples, we lysed the cells in IP buffer (25 mM Tris pH 7.2, 150 mM NaCl, 1 mM EDTA, 1 v/v%
Triton-X 100, 5 v/v% glycerol, 1 tablet/10 mL protease inhibitor cocktail, 0,05 w/v% Na-azide and
100 uM O-(2-acetamido-2-deoxy-D-glucopyranosylidene)-amino-N-phenylcarbamate (PUGNAC)).
Immunoprecipitation was done overnight at 4 °C with mouse monoclonal antibody MAb414
(Biolegend, San Diego, CA, USA, Cat. No.: 902902) followed by 3 h incubation with Protein
A-Sepharose (Sigma-Aldrich, St. Louis, MO, USA, Cat. No.: P3391). Captured proteins were eluted
by 0.1 M glycine, pH 2.8 and completed by the addition of 4X Laemmli sample buffer and boiled for
5 min.

Proteins were separated by 8 w/v% SDS-PAGE and transferred onto Polyvinylidene difluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). Blots were probed with the anti-O-GlcNAc
antibody CTD110.6 (monoclonal mouse IgM (Sigma-Aldrich, Cat. No.: 07764, 1:2000) in 1 w/v% casein
blocking buffer followed by horseradish peroxidase (HRP) conjugated goat anti-mouse IgM (Thermo
Fisher Scientific, Waltham, MA, USA, 1:5000). Blots were also probed with mouse (monoclonal)
anti-O-GlcNAc antibody RL2 (Thermo Fisher Scientific, Cat. No.: MA1-072, 1:1000), rabbit polyclonal
anti-actin antibody (Sigma-Aldrich, Cat. No.: A2103, 1:1500) and mouse monoclonal antibody
MADb414 (1:1000) according to the manufacturers’ protocol followed by their respective HRP conjugated
secondary antibodies (1:2500). The blots were developed using Femto chemiluminescent substrate
(Thermo Fisher Scientific) and the signal was visualized by Kodak Image Station 2000R (Eastman
Kodak Company, Rochester, NY, USA). Kodak 1D (ver3.6.1, Eastman Kodak Company, NewHaven,
CT, USA) and Image]J (ver 1.51j, National Institutes of Health, Bethesda, Maryland, USA) analysis
software were used to quantify the intensity of bands.

4.5. Immunofluorescence Microscopy

HeLa cells were grown on coverslips until ~50% confluency. Next, cells were washed twice
in ice-cold PBS and fixed in 10 v/v% PBS-buffered formaldehyde for 30 min at room temperature.
To avoid formaldehyde autofluorescence, the coverslips were quenched with 50 mM ammonium
chloride for 10 min. The cells were permeabilized with 0.25 v/v% Triton-X 100 for 10 min. Nonspecific
sites were blocked with 5% bovine serum albumin (Sigma-Aldrich) in PBS for 30 min. and then the
coverslips were incubated at room temperature with the primary antibody (or antibodies) for 2 h in
5 w/v% BSA/PBS. The primary antibodies and their dilutions used were the following: CTD110.6
(1:200), RL2 (1:100), and anti-a-tubulin (Sigma-Aldrich, Cat. No.: T8203, 1:100). After rinsing 3 times
with PBS, the samples were incubated with the secondary antibody for 1 h in dark. For visualizing
actin, phalloidin-Alexa Fluor 488 conjugate (Thermo Fisher Scientific, Cat. No.: A12379, 1:20) was used.
Nuclei were counterstained with Hoechst dye at a concentration of 0.24ug/mL for 15 min at room
temperature. Finally, coverslips were mounted with Vectashield (Vector Laboratories, Burlingame,
CA, USA) mounting medium. Image acquisition was performed with a Zeiss Axiovert 35 (Carl Zeiss
Microscopy GmbH, Jena, Germany) inverted fluorescence microscope equipped with CellD software
(ver2.6, Olympus Soft Imaging Solutions GmbH, Miinster, Germany). Confocal images were captured
using a Zeiss LSM 710 confocal scanning microscope (Carl Zeiss AG, Oberkochen, Germany) equipped
with ZEN software (ver2.3, Carl Zeiss AG, Oberkochen, Germany) and a 63X objective. Alexa Fluor
488 and Texas Red fluorescence channels were used for image acquisition (ex.: 488 nm and 594 nm, em:
518 nm and 624 nm, respectively).

4.6. Data Analysis

Data are presented as means =+ standard deviations (SD) throughout. Comparisons were
performed using Student’s t-test. Statistically significant differences between groups were defined as
p-values < 0.05 and are indicated in the legends of figures.



Molecules 2018, 23, 1275 13 of 16

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1420-3049/23/6/1275/
s1, Figure S1: OGT and OGA expression in mitotic and interphase cells.

Author Contributions: Conceptualization, A.M. and T.N.; Data curation, V.E, EK. and J.O.; Formal analysis, V.F,,
EK, J.O. and T.N.; Writing—original draft, V.E,, S.D. and T.N.; Writing-review and editing, S.D. and A.M.

Funding: This research was funded by the EU founded Hungarian projects GINOP (2.3.2.-15-2016-00050 and
2.3.3.-15-2016-00025) and supported by Janos Szentagothai Research Centre, University of Pécs.

Acknowledgments: We wish to thank Viktor S. Podr at the Dept. of Forensic Medicine of the University of Pécs,
Hungary for his editing work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, C,; Wang, Z. Studying the relationship between cell cycle and Alzheimer’s disease by gold nanoparticle
probes. Anal. Biochem. 2015, 489, 32-37. [CrossRef] [PubMed]

2. Slawson, C.; Copeland, R.].; Hart, G.W. O-GIcNAc signaling: A metabolic link between diabetes and cancer?
Trends Biochem. Sci. 2010, 35, 547-555. [CrossRef] [PubMed]

3. Balomenos, D.; Martinez-A, C. Cell-cycle regulation in immunity, tolerance and autoimmunity.
Immunol. Today 2000, 21, 551-555. [CrossRef]

4. Swaffer, M.P; Jones, A.W,; Flynn, H.R.; Snijders, A.P.; Nurse, P. CDK Substrate Phosphorylation and Ordering
the Cell Cycle. Cell 2016, 167, 1750-1761. [CrossRef] [PubMed]

5. Malumbres, M. Revisiting the “Cdk-centric” view of the mammalian cell cycle. Cell Cycle 2005, 4, 206-210.
[CrossRef] [PubMed]

6.  Mocciaro, A.; Rape, M. Emerging regulatory mechanisms in ubiquitin-dependent cell cycle control. J. Cell Sci.
2012, 125, 255-263. [CrossRef] [PubMed]

7. Swatek, K.N.; Komander, D. Ubiquitin modifications. Cell Res. 2016, 26, 399-422. [CrossRef] [PubMed]

8. Cooper, J.A.; Kaneko, T.; Li, S.5.C. Cell Regulation by Phosphotyrosine-Targeted Ubiquitin Ligases. Mol. Cell.
Biol. 2015, 35, 1886-1897. [CrossRef] [PubMed]

9. Woo, C.-H.; Abe, J.-I. SUMO—A post-translational modification with therapeutic potential? Curr. Opin.
Pharmacol. 2010, 10, 146-155. [CrossRef] [PubMed]

10. Karlberg, T.; Langelier, M.-E,; Pascal, ].M.; Schiiler, H. Structural biology of the writers, readers, and erasers
in mono- and poly(ADP-ribose) mediated signaling. Mol. Aspects Med. 2013, 34, 1088-1108. [CrossRef]
[PubMed]

11.  Hahne, H.; Sobotzki, N.; Nyberg, T.; Helm, D.; Borodkin, V.S.; van Aalten, D.M.F.; Agnew, B.; Kuster, B.
Proteome wide purification and identification of O-GlcNAc-modified proteins using click chemistry and
mass spectrometry. . Proteome Res. 2013, 12, 927-936. [CrossRef] [PubMed]

12.  Butkinaree, C.; Park, K.; Hart, G.W. O-linked beta-N-acetylglucosamine (O-GIcNAc): Extensive crosstalk
with phosphorylation to regulate signaling and transcription in response to nutrients and stress.
Biochim. Biophys. Acta 2010, 1800, 96-106. [CrossRef] [PubMed]

13.  Ruan, H.-B.; Nie, Y,; Yang, X. Regulation of protein degradation by O-GlcNAcylation: Crosstalk with
ubiquitination. Mol. Cell. Proteom. 2013, 12, 3489-3497. [CrossRef] [PubMed]

14. Keembiyehetty, C.N.; Krzeslak, A.; Love, D.C.; Hanover, ].A. A lipid-droplet-targeted O-GlcNAcase isoform
is a key regulator of the proteasome. J. Cell Sci. 2011, 124, 2851-2860. [CrossRef] [PubMed]

15.  Guinez, C.; Mir, A.-M.; Dehennaut, V.; Cacan, R.; Harduin-Lepers, A.; Michalski, J.-C.; Lefebvre, T. Protein
ubiquitination is modulated by O-GlcNAc glycosylation. FASEB ]. 2008, 22, 2901-2911. [CrossRef] [PubMed]

16. Zhang, F; Su, K,; Yang, X.; Bowe, D.B.; Paterson, A.J.; Kudlow, J.E. O-GlcNAc modification is an endogenous
inhibitor of the proteasome. Cell 2003, 115, 715-725. [CrossRef]

17.  Sumegi, M.; Hunyadi-Gulyas, E.; Medzihradszky, K.F.; Udvardy, A. 265 proteasome subunits are O-linked
N-acetylglucosamine-modified in Drosophila melanogaster. Biochem. Biophys. Res. Commun. 2003, 312,
1284-1289. [CrossRef] [PubMed]

18.  Wells, L.; Vosseller, K.; Hart, G.W. A role for N-acetylglucosamine as a nutrient sensor and mediator of
insulin resistance. Cell. Mol. Life Sci. 2003, 60, 222-228. [CrossRef] [PubMed]



Molecules 2018, 23, 1275 14 of 16

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Drougat, L.; Olivier-Van Stichelen, S.; Mortuaire, M.; Foulquier, F.; Lacoste, A.-S.; Michalski, ].-C.; Lefebvre, T.;
Vercoutter-Edouart, A.-S. Characterization of O-GlcNAc cycling and proteomic identification of differentially
O-GlcNAcylated proteins during G1/S transition. Biochim. Biophys. Acta 2012, 1820, 1839-1848. [CrossRef]
[PubMed]

Zachara, N.E.; Hart, G.W. Cell signaling, the essential role of O-GlcNAc! Biochim. Biophys. Acta 2006, 1761,
599-617. [CrossRef] [PubMed]

Slawson, C.; Zachara, N.E.; Vosseller, K.; Cheung, W.D.; Lane, M.D.; Hart, G.W. Perturbations in O-linked
[-N-acetylglucosamine protein modification cause severe defects in mitotic progression and cytokinesis.
J. Biol. Chem. 2005, 280, 32944-32956. [CrossRef] [PubMed]

Wang, Z.; Udeshi, N.D.; Slawson, C.; Compton, P.D.; Sakabe, K.; Cheung, W.D.; Shabanowitz, J.; Hunt, D.E;
Hart, G.W. Extensive crosstalk between O-GlcNAcylation and phosphorylation regulates cytokinesis.
Sci. Signal. 2010, 3, ra2. [CrossRef] [PubMed]

Dehennaut, V.; Hanoulle, X.; Bodart, J.-F; Vilain, J.-P.; Michalski, J.-C.; Landrieu, I.; Lippens, G;
Lefebvre, T. Microinjection of recombinant O-GlcNAc transferase potentiates Xenopus oocytes M-phase
entry. Biochem. Biophys. Res. Commun. 2008, 369, 539-546. [CrossRef] [PubMed]

Fong, ].J.; Nguyen, B.L.; Bridger, R.; Medrano, E.E.; Wells, L.; Pan, S.; Sifers, R.N. 3-N-acetylglucosamine
(O-GlcNAC) is a novel regulator of mitosis-specific phosphorylations on histone H3. J. Biol. Chem. 2012, 287,
12195-12203. [CrossRef] [PubMed]

Delporte, A.; De Zaeytijd, J.; De Storme, N.; Azmi, A.; Geelen, D.; Smagghe, G.; Guisez, Y.; Van Damme, E.].M.
Cell cycle-dependent O-GlcNAc modification of tobacco histones and their interaction with the tobacco
lectin. Plant Physiol. Biochem. 2014, 83, 151-158. [CrossRef] [PubMed]

Tan, E.P; Caro, S.; Potnis, A.; Lanza, C.; Slawson, C. O-linked N-acetylglucosamine cycling regulates mitotic
spindle organization. J. Biol. Chem. 2013, 288, 27085-27099. [CrossRef] [PubMed]

Itkonen, H.M.M.; Minner, S.; Guldvik, 1.].].; Sandmann, M.].].; Tsourlakis, M.C.C.; Berge, V.; Svindland, A.;
Schlomm, T.; Mills, I.G.G. O-GlcNAc transferase integrates metabolic pathways to regulate the stability of
¢-MYC in human prostate cancer cells. Cancer Res. 2013, 73, 5277-5287. [CrossRef] [PubMed]

Sakabe, K.; Wang, Z.; Hart, G.W. Beta-N-acetylglucosamine (O-GlcNAc) is part of the histone code. Proc. Natl.
Acad. Sci. USA 2010, 107, 19915-19920. [CrossRef] [PubMed]

Gagnon, J.; Daou, S.; Zamorano, N.; lannantuono, N.V.G.; Hammond-Martel, I.; Mashtalir, N.; Bonneil, E.;
Waurtele, H.; Thibault, P; Affar, E.B. Undetectable histone O-GlcNAcylation in mammalian cells. Epigenetics
2015, 10, 677-691. [CrossRef] [PubMed]

Lefebvre, T.; Baert, F.; Bodart, ]J.E; Flament, S.; Michalski, J.C.; Vilain, J.P. Modulation of O-GlcNAc
glycosylation during xenopus oocyte maturation. J. Cell. Biochem. 2004, 93, 999-1010. [CrossRef] [PubMed]
Dehennaut, V.; Lefebvre, T.; Sellier, C.; Leroy, Y.; Gross, B.; Walker, S.; Cacan, R.; Michalski, ].-C.; Vilain, J.-P;
Bodart, J.-F. O-linked N-acetylglucosaminyltransferase inhibition prevents G, /M transition in Xenopus
laevis oocytes. J. Biol. Chem. 2007, 282, 12527-12536. [CrossRef] [PubMed]

Yang, Y.R.; Song, M.; Lee, H.; Jeon, Y.; Choi, E.J.; Jang, H.].; Moon, H.Y.; Byun, H.Y.; Kim, E.K.; Kim, D.H.;
et al. O-GlcNAcase is essential for embryonic development and maintenance of genomic stability. Aging Cell
2012, 11, 439-448. [CrossRef] [PubMed]

Sakabe, K.; Hart, G.W. O-GlcNAc transferase regulates mitotic chromatin dynamics. J. Biol. Chem. 2010, 285,
34460-34468. [CrossRef] [PubMed]

Pederson, T.; Robbins, E. A method for improving synchrony in the G, phase of the cell cycle. J. Cell Biol.
1971, 49, 942-945. [CrossRef] [PubMed]

Bostock, C.J.; Prescott, D.M.; Kirkpatrick, ].B. An evaluation of the double thymidine block for synchronizing
mammalian cells at the G1-S border. Exp. Cell Res. 1971, 68, 163-168. [CrossRef]

Fisi, V.; Katai, E.; Bogner, P; Miseta, A.; Nagy, T. Timed, sequential administration of paclitaxel improves its
cytotoxic effectiveness in a cell culture model. Cell Cycle 2016, 15, 1227-1233. [CrossRef] [PubMed]
Hanover, J.A.; Cohen, C.K.; Willingham, M.C.; Park, M.K. O-linked N-acetylglucosamine is attached to
proteins of the nuclear pore. Evidence for cytoplasmic and nucleoplasmic glycoproteins. J. Biol. Chem. 1987,
262,9887-9894. [PubMed]

Zhu, Y,; Liu, T-W.,; Madden, Z.; Yuzwa, S.A.; Murray, K.; Cecioni, S.; Zachara, N.; Vocadlo, D.J.
Post-translational O-GlcNAcylation is essential for nuclear pore integrity and maintenance of the pore
selectivity filter. J. Mol. Cell Biol. 2016, 8, 2-16. [CrossRef] [PubMed]



Molecules 2018, 23, 1275 15 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Fisi, V.; Miseta, A.; Nagy, T. The Role of Stress-Induced O-GlcNAc Protein Modification in the Regulation of
Membrane Transport. Oxid. Med. Cell. Longev. 2017, 2017, 1308692. [CrossRef] [PubMed]

Walgren, J.L.E.; Vincent, T.S.; Schey, K.L.; Buse, M.G. High glucose and insulin promote O-GlcNAc
modification of proteins, including alpha-tubulin. Am. J. Physiol. Endocrinol. Metab. 2003, 284, E424-E434.
[CrossRef] [PubMed]

Dehennaut, V.; Slomianny, M.-C.; Page, A.; Vercoutter-Edouart, A.-S.; Jessus, C.; Michalski, J.-C.; Vilain, J.-P;
Bodart, J.-F.; Lefebvre, T. Identification of structural and functional O-linked N-acetylglucosamine-bearing
proteins in Xenopus laevis oocyte. Mol. Cell. Proteom. 2008, 7, 2229-2245. [CrossRef] [PubMed]

Chu, LM.; Hengst, L.; Slingerland, ].M. The Cdk inhibitor p27 in human cancer: Prognostic potential and
relevance to anticancer therapy. Nat. Rev. Cancer 2008, 8, 253-267. [CrossRef]

Boehmelt, G.; Wakeham, A.; Elia, A.; Sasaki, T.; Plyte, S.; Potter, ].; Yang, Y.; Tsang, E.; Ruland, J.; Iscove, N.N.;
et al. Decreased UDP-GIcNAc levels abrogate proliferation control in EMeg32-deficient cells. EMBO ]. 2000,
19, 5092-5104. [CrossRef] [PubMed]

Olivier-Van Stichelen, S.; Drougat, L.; Dehennaut, V.; El Yazidi-Belkoura, I.; Guinez, C.; Mir, A.-M.;
Michalski, ].-C.; Vercoutter-Edouart, A.-S.; Lefebvre, T. Serum-stimulated cell cycle entry promotes ncOGT
synthesis required for cyclin D expression. Oncogenesis 2012, 1, €36. [CrossRef] [PubMed]

Kwei, K.A ; Baker, J.B.; Pelham, R.]. Modulators of sensitivity and resistance to inhibition of PI3K identified
in a pharmacogenomic screen of the NCI-60 human tumor cell line collection. PLoS ONE 2012, 7, e46518.
[CrossRef] [PubMed]

Slawson, C.; Hart, G.W. O-GlcNAc signalling: Implications for cancer cell biology. Nat. Rev. Cancer 2011, 11,
678-684. [CrossRef] [PubMed]

Fardini, Y.; Dehennaut, V.; Lefebvre, T.; Issad, T. O-GlcNAcylation: A New Cancer Hallmark?
Front. Endocrinol. 2013, 4, 99. [CrossRef] [PubMed]

Lanza, C.; Tan, E.P; Zhang, Z.; Machacek, M.; Brinker, A.E.; Azuma, M.; Slawson, C. Reduced O-GIcNAcase
expression promotes mitotic errors and spindle defects. Cell Cycle 2016, 15, 1363-1375. [CrossRef] [PubMed]
Slawson, C.; Lakshmanan, T.; Knapp, S.; Hart, G.W. A mitotic GIcNAcylation/phosphorylation signaling
complex alters the posttranslational state of the cytoskeletal protein vimentin. Mol. Biol. Cell 2008, 19,
4130-4140. [CrossRef] [PubMed]

Tian, J.; Geng, Q.; Ding, Y.; Liao, J.; Dong, M.-Q.; Xu, X,; Li, J. O-GlcNAcylation Antagonizes Phosphorylation
of CDH1 (CDC20 Homologue 1). J. Biol. Chem. 2016, 291, 12136-12144. [CrossRef] [PubMed]

Dehennaut, V.; Lefebvre, T.; Leroy, Y.; Vilain, J.-P.; Michalski, J.-C.; Bodart, J.-F. Survey of O-GlcNAc level
variations in Xenopus laevis from oogenesis to early development. Glycoconj. J. 2009, 26, 301-311. [CrossRef]
[PubMed]

Haltiwanger, R.S.; Philipsberg, G.A. Mitotic arrest with nocodazole induces selective changes in the level of
O-linked N-acetylglucosamine and accumulation of incompletely processed N-glycans on proteins from
HT29 cells. J. Biol. Chem. 1997, 272, 8752-8758. [CrossRef] [PubMed]

Jackman, J.; O’Connor, PM. Methods for synchronizing cells at specific stages of the cell cycle. Curr. Protoc.
Cell Biol. 2001. [CrossRef] [PubMed]

Shen, Y.; Betzendahl, I.; Sun, F; Tinneberg, H.-R.; Eichenlaub-Ritter, U. Non-invasive method to assess
genotoxicity of nocodazole interfering with spindle formation in mammalian oocytes. Reprod. Toxicol. 2005,
19, 459-471. [CrossRef] [PubMed]

Steenackers, A.; Olivier-Van Stichelen, S.; Baldini, S.F.; Dehennaut, V.; Toillon, R.-A.; Le Bourhis, X,;
El Yazidi-Belkoura, I.; Lefebvre, T. Silencing the Nucleocytoplasmic O-GlcNAc Transferase Reduces
Proliferation, Adhesion, and Migration of Cancer and Fetal Human Colon Cell Lines. Front. Endocrinol. 2016,
7,46. [CrossRef] [PubMed]

Tarbet, H.J.; Dolat, L.; Smith, T.J.; Condon, B.M.; O’Brien, E.T.; Valdivia, R.H.; Boyce, M. Site-specific
glycosylation regulates the form and function of the intermediate filament cytoskeleton. eLife 2018, 7, e31807.
[CrossRef] [PubMed]

Theisen, U.; Straube, A.; Steinberg, G. Dynamic rearrangement of nucleoporins during fungal “open” mitosis.
Mol. Biol. Cell 2008, 19, 1230-1240. [CrossRef] [PubMed]

Chatel, G.; Fahrenkrog, B. Nucleoporins: Leaving the nuclear pore complex for a successful mitosis.
Cell. Signal. 2011, 23, 1555-1562. [CrossRef] [PubMed]



Molecules 2018, 23, 1275 16 of 16

59. Dossus, L.; Kaaks, R. Nutrition, metabolic factors and cancer risk. Best Pract. Res. Clin. Endocrinol. Metab.
2008, 22, 551-571. [CrossRef] [PubMed]

60. Rozanski, W.; Krzeslak, A.; Forma, E.; Brys, M.; Blewniewski, M.; Wozniak, P.; Lipinski, M. Prediction of
bladder cancer based on urinary content of MGEAS5 and OGT mRNA level. Clin. Lab. 2012, 58, 579-583.

[PubMed]

61. Lefebvre, T. O-GlcNAcylation: A sweet thorn in the spindle! Cell Cycle 2016, 15, 1954-1955. [CrossRef]
[PubMed]

62. Ma, H.T,; Poon, R.Y.C. Synchronization of HeLa cells. Methods Mol. Biol. 2011, 761, 151-161. [CrossRef]
[PubMed]

Sample Availability: Not Available.

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).




