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ABSTRAKT

Nukleofosmin 1 (NPM1; nucleophosmin 1) se v burice vyskytuje pfevainé v jadérku, ve formé
oligomer( tvorenych skrze N-koncovou doménu (NTD; N-terminal domain), a jako molekularni
chaperon a transportni protein ma Siroké spektrum interakénich partnert vcéetné p53 i
pl4Arf. Mutace v C-koncové oblasti NPM1 je prokazovana asi u 30 % pacientli s akutni
myeloidni leukémii (AML; acute myeloid leukemia) a projevuje se aberantni expresi
mutovaného (mut; mutated) NPM1 v cytoplazmé. V disledku toho dochazi v leukemickych
bunkach s mutNPM1 k pfesunu mnoha proteind s nim interagujicich, véetné jeho pfirozené
formy (wt; wild-type), do cytoplazmy. Pro detekci interakci a oligomernich komplex NPM1
jsme zavedli a optimalizovali jak in vitro techniky — nativni a seminativni gelovou elektroforézu
a imunoprecipitaci, tak testovani in vivo — konfokdalni mikroskopii a metody ¢asové rozlisSené
fluorescence. Témito metodami jsme prokazali, Ze v disledku C-termindlni mutace NPM1
dochazi k naruseni jeho interakce s jadérkovym proteinem nukleolinem (NCL; nucleolin), ktera
se tvofi mimo NTD, a Zze komplex mutNPM1-NCL nevznika ani po oSetfeni bunék cytotoxickymi
|é¢ivy navozujicimi relokalizaci obou partnerd do stejného bunécného kompartmentu. V nasi
studii dale ukazujeme, Ze oligomery mutNPM1 jsou méné stabilni neZ oligomery wtNPM1, coz
je poznatek dulezity pro vyvoj léCiv cilenych na oligomerizaci NPM1. Interakcni vlastnosti
NPM1 totiz Uzce souviseji s jeho oligomeriza¢nim stavem a zasah do NTD NPM1 m{ze zajistit
zeslabeni interakce mutNPM1 s interakénimi partnery a v dlsledku toho i obnoveni jejich
spravné lokalizace a funkce. Zkonstruovali jsme proto nékolik forem NPM1 s pozménénou ¢i
zkrdcenou NTD a popsali jsme vliv téchto zdsahl na schopnost takto mutovanych molekul
oligomerizovat nebo interagovat s wtNPM1. Zjistili jsme, Ze zatimco bodové mutace
oligomerizaci ovlivni jen malo, zkraceni NTD tvorbé komplexd ucinné zabranuje. VSechny
mutované formy ale byly do jisté miry schopny koprecipitovat wtNPM1. Nakonec
prezentujeme nové poznatky o vlastnostech léciva NSC348884, které je deklarovano jako
inhibitor oligomerizace NPM1. V doporucenych koncentracich toto Iécivo vyvolavalo u vSech
leukemickych bunéénych linii apoptdzu, zarovenn jsme vSak prokazali prFitomnost
neporusenych NPM1 oligomer. Nase experimenty dale odhalily schopnost NSC348884
zabranit pfirozené adhezi bunék. Celkové tedy tato prace predklada zplsoby detekce
oligomeri NPM1 a analyzuje vliv mutaci v N- i C-koncové doméné NPM1 na jeho
oligomerizacni a interak¢ni potencial.

Klicova slova: NPM1, oligomerizace, mutace, AML, NCL, NSC348884, detekce oligomeru



ABSTRACT

Nucleophosmin 1 (NPM1) is predominantly localized in the nucleolus and occurs mainly
in oligomers formed through its N-terminal domain (NTD). As a transport facilitator and
chaperone, NPM1 has a wide range of interacting partners including tumor suppressors p53
and p14Arf. Characteristic C-terminal mutations in NPM1 are reported in approximately 30 %
of acute myeloid leukemia (AML) cases and cause aberrant cytoplasmic localization
of mutated (mut) NPM1. As a result, many NPM1-interacting proteins, including wild type (wt)
NPM1, are relocalized to the cytoplasm. In order to analyze interactions and the oligomeric
state of NPM1, we have introduced and optimized several in vitro techniques — native and
semi-native polyacrylamide gel electrophoresis and immunoprecipitation — as well as in vivo
confocal microscopy and time-resolved fluorescence approaches. Using these methods, we
revealed that mutations at the C-terminal domain of NPM1 prevent it from binding nucleolar
protein nucleolin (NCL), which has previously been shown to interact with the central part
of NPM1, and that drug-induced relocation of mutNPM1 to close proximity of NCL does not
induce mutNPM1-NCL complex formation. We proved a lowered stability of
mutNPM1-formed oligomers as compared to the wtNPM1 ones, which could be useful for
NPM1 oligomer-targeting drugs design. NPM1 oligomerization domain also often serves as an
interface for interaction with other proteins. Thus, targeting the NPM1 oligomerization
domain might weaken mutNPM1 interaction ability and allow the proper localization and
function of misplaced proteins to be restored. We therefore constructed NPM1 variants
with mutations or deletions within NTD and analyzed their oligomerization characteristics and
binding ability to wtNPM1. While point mutations did not cause significant effects on the
NPM1 oligomerization, partial or complete deletion of NTD efficiently prevented NPM1
complex formation. Nevertheless, all the N-terminal mutated variants were found
to coprecipitate wtNPM1 to some extent. Finally, we examined the effect of NSC348884, a
putative inhibitor of NPM1 oligomerization. When administered in recommended
concentrations, NSC348884 induced apoptosis of all AML cell lines, but it did not disrupt
oligomer formation. Simultaneously we revealed that NSC348884 interfered with adhesion
signaling. Overall, this thesis presents methods to analyze the oligomeric state of NPM1 and
evaluates the effects of N- and C-terminal mutations on NPM1 oligomerization and
interaction.

Key words: NPM1, oligomerization, mutation, AML, NCL, NSC348884, detection of oligomers
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1 UvoD

Jadérko je dynamickd jaderna bezmembrdnova organela, ve které dochazi k syntéze
a zpracovani ribozomalni RNA (rRNA; ribosomal RNA) a jejimu skladani do ribozom( a kterd se
zaroven podili na fizeni bunécného cyklu a ma vyznamnou ulohu v regulaci bunééné odpovédi
na stres. Mutace v jednom z jeho zakladnich stavebnich kamen(, nukleofosminu 1 (NPM1;
nucleophosmin 1), se proto promitd do prlibéhu mnoha bunéénych procest a neni prekvapivé,
ze deregulace dUlezitych signalnich drah ma za nasledek nespravny vyvoj a proliferaci takto
zasazené buriky a pfispiva ke vzniku nadorového onemocnéni.

Charakteristické mutace genu NPM1 patii mezi nejéastéjsi zmény asociované s akutni
myeloidni leukémii (AML; acute myeloid leukemia). Ackoli je vyskyt mutace NPM1
bez pfitomnosti dalSich aberaci spojen s pfiznivou odpovédi na indukéni chemoterapii,
zejména pro starsi pacienty s limitujicimi komorbiditami tato intenzivni Ié¢ba neni vhodna.
terapii AML s mutovanym (mut; mutated) NPM1l. Zména bunécné lokalizace NPM1
doprovazejici tyto mutace a schopnost oligomerizace mutNPM1 pravdépodobné poskytuji
myeloidnim bunkam prolifera¢ni vyhodu. Nasledkem interakce mutované formy NPM1
s dalSimi proteiny (napf. tumor supresory p53 a p14Arf) a s molekulami pfirozené formy (wt;
wild-type) NPM1 se tyto interagujici proteiny ocitaji v cytoplazmé, tedy mimo plvodni misto
svého plsobeni. Vyuziti oligomeriza¢ni domény NPM1 jako selektivniho terapeutického cile
vyzaduje hlubSi porozuméni tvorbé oligomernich struktur a detailni charakteristiku
interakénich vlastnosti proteinu NPM1. Tato prace se zaméfuje na studium oligomerizace
pfirozené i mutované formy NPM1 a predstavuje soubor metod pro stanoveni oligomernich
komplexd NPM1 v bunécnych lyzatech i v Zivych burnikdch. Sou¢asnym tématem mnoha
védeckych studii jsou léCebné strategie ovliviujici interakéni potencial, lokalizaci ¢i stabilitu
NPM1. V ramci pfedkladané dizertacni prace jsou diskutovany ucinky lé¢iva NSC348884, které

literatura popisuje jako ucinny inhibitor oligomerizace NPM1.
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2 SOUCASNE POZNATKY O NPM1 A JEHO ROLI V ONEMOCNENI AML
2.1 Struktura NPM1

NPM1, nékdy oznaCovany jako B23, je spole¢né s nukleoplazminem 2,
nukleoplazminem 3 a nukleoplazminovym proteinem u drozofily dNPL (z angl. drosophila
nucleoplasmin-like protein) fazen do rodiny jadernych chaperonu
z nukleofosmin/nukleoplazminové rodiny (Dutta et al., 2001; Eirin-Lopez et al., 2006;
Namboodiri et al., 2004, 2003). Nékteré studie do této rodiny fadi také nukleoplazminové
proteiny u bezobratlych ANO39 a p62 (Namboodiri et al., 2003). Pfes znacné rozdily v expresi,
vnitrobunécné lokalizaci a bunécné funkci vykazuji N-koncové domény protein(i této rodiny
vysokou sekvencéni a strukturni podobnost (Frehlick et al., 2007; Namboodiri et al., 2003).
2.1.1 Gen NPM1 a jeho transkrip¢ni varianty

Lidsky gen NPM 1 o velikosti cca 23 kb je lokalizovan v chromozomalnim pruhu 5g35.1,
obsahuje 12 exon( (neXtProt; NX_P06748) a kdduje pfinejmensim 3 r(zné proteinové
izoformy, pricemzZ pocet, délka a nomenklatura alternativnich transkriptld neni v databazich
jednotna. NPM1.1 (UniProt P06748-1) (u mysi B23.1) predstavuje nejcastéjsi transkripéni
variantu sloZzenou z 11 exonu (1-9 a 11-12) a kéduje jadérkovy protein o velikosti 32,6 kDa a
délce 294 aminokyselin (AA; amino acid) exprimovany ve viech typech tkani (Chang and Olson,
1990; Wang et al., 1993). Tato izoforma byva v literatufe nejcastéji oznacovdna zkratkou
NPM1, ptipadné NPM. Proteinova izoforma NPM1.3 (UniProt P06748-3) (u mysi B23.2) dlouhd
259 AA je kddovana variantou s chybéjicimi exony 11 a 12, postrada tedy doménu
zodpovédnou za jadérkovou lokalizaci, a proto se vyskytuje také v nukleoplazmé (Colombo et
al., 2006; Okuwaki et al., 2002). Jako jedina ze tfi zakladnich izoforem obsahuje exon 10, ktery
nese stop kodon. Varianta NPM1.2 (UniProt P06748-2) se od varianty NPM1.1 liSi deleci exonu
8, kdduje tedy kratsi protein o velikosti 265 AA s nizsi afinitou pro RNA, coZ zpUsobuje ¢astecny
presun této izoformy do nukleoplazmy (Hisaoka et al., 2014). Biologicka funkce a exprese
NPM1.2 vSak neni objasnéna. Moje dizerta¢ni prace se zaméruje na transkrip¢ni variantu
NPM1.1, déle ji v textu uvadim pod zkratkou NPM1. Podrobna literarni reSerSe tykajici se
NPM1 je zpracovana v review Nucleophosmin in leukemia: Consequences of anchor loss, jehoz
jsem spoluautorem (Brodska et al., 2019).
2.1.2 Struktura a funkce jednotlivych domén NPM1

NPM1 obsahuje nékolik ¢astecné se prekryvajicich funkcnich oblasti zodpovédnych
za fadu jeho bunécnych aktivit (Obr. 1).
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| chaperonova funkce | | vazba nukleovych kyselin |
|:| centralni doména . C-terminalni doména
I:I NLS . aromaticky usek
[ | bazicky asek @ Trp288 a Trp290 (NoLS)

Obrazek 1: Funkéni oblasti a signdlni sekvence NPM1.
NPM1 = nukleofosmin 1; NES = jaderny exportni signal; NLS = jaderny lokaliza¢ni signdl; NolLS =
jadérkovy lokalizaéni signal.

N-koncovd doména (NTD; N-terminal domain) vykazuje chaperonovou aktivitu,
umoznuje vétsinu interakci NPM1 s dalSimi proteiny a je nezbytnd pro jeho oligomerizaci
(Hingorani et al., 2000; Mitrea et al., 2014; Szebeni and Olson, 1999). Je tvofena kratkym
neusporddanym uUsekem methioninovych zbytkd, jejichz funkce zatim nebyla objasnéna,
a hydrofobnim jadrem. To se formuje do osmi antiparalelnich B-skladanych list(i, které jsou
stabilizovany hydrofobnimi a vodikovymi interakcemi a vytvareji tzv. B-barel (Lee et al., 2007).
Molekuly NPM1 tvofi pentamery vykazujici asymetrické rozloZeni negativné nabitych
funkénich skupin AA (Lee et al., 2007; Mitrea et al., 2014). AA 34-39 v NTD se oznacuji jako
prvni kyseld oblast A1 NPM1 (Lee et al., 2007). Rozsah NTD neni v literatufe definovan
jednotné, nejcastéji se uvadi zhruba prvnich 120 AA (Duan-Porter et al., 2014; Hingorani et al.,
2000; Lee et al., 2007; Mitrea et al., 2014; Okuwaki, 2007; Qi et al., 2008).

Centralni doména NPM1 (120-242 AA (Di Matteo et al., 2016)) spolupracuje s NTD
pfi plnéni chaperonové funkce NPM1 (Colombo et al., 2011; Hingorani et al., 2000) a spole¢né
s C-koncovou doménou (CTD; C-terminal domain) zajistuje ribonukledzovou aktivitu proteinu
(Herrera et al., 1995; Hingorani et al., 2000). Jednd se o vnitfné neusporadanou doménu
zahrnujici dvé kyselé oblasti, A2 (120-132 AA) (Gadad et al., 2011) a A3 (160-188 AA) (Grisendi
et al., 2006), bohaté na kyselinu asparagovou a glutamovou. Tyto kyselé useky umoZznuji svym
zdpornym ndabojem vazbu NPM1 k histondm, ¢imzZz podporuji jeho funkci v sestavovani
nukleozomu a uspofadani chromatinu (Gadad et al., 2011; Swaminathan et al., 2005). Mezi A3

a CTD byl definovan Usek 55 AA s prevahou pozitivné nabitych postrannich fetézcl, které
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pravdépodobné usnadniuji interakci CTD NPM1 s nukleovymi kyselinami (NA; nucleic acid)
(Mitrea et al., 2018). Konkrétné neusporadany segment AA zbytk( 225-242 s klicovymi lyziny
Lys229 a Lys230 hraje nezastupitelnou roli v rozpoznani a vazbé uUsekli DNA bohatych
na guanin sestavenych do ctyrvlaknovych struktur zndmych jako G-kvadruplexy (Arcovito et
al., 2014; Federici et al., 2010; Gallo et al., 2012) a v soucinnosti s NTD udrzuje stabilitu CTD
(Marasco et al., 2013).

Jak bylo zminéno v predchozim odstavci, u CTD (243-294 AA) (Grummitt et al., 2008)
byla prokazana ribonukledzova aktivita a schopnost vazat NA (Dumbar et al., 1989; Wang et
al., 1994). CTD je sloZena ze tfi a-helixd stabilizovanych hydrofobnim jadrem, které je tvofeno
shlukem aromatickych postrannich retézcl konzervovanych AA Phe268, Tyr271, Phe276,
Trp288 a Trp290. Rada lyzinovych a argininovych zbytk{l vyskytujicich se v CTD udéluje této
oblasti kladny naboj (Grummitt et al., 2008).

2.2 Vnitrobunécna lokalizace NPM1

VétsSina molekul NPM1 se nachazi v granuldrni slozce jadérka (GC; granular
component) (Feric et al., 2016; Michalik et al., 1981; Spector et al., 1984), nicméné signdlni
sekvence v primarni struktufe NPM1 umozZnuji jeho premistovani mezi jadérkem,
nukleoplazmou a cytoplazmou (Borer et al., 1989).

Soucasti NTD jsou dvé signdlni sekvence pro pfesun proteinu do cytoplazmy, tzv.
jaderné exportni signdly (NES; nuclear export signal), predikované v pozicich 42—61 AA (Yu et
al., 2006) a 94-102 AA (Wang et al., 2005). NES je definovan jako sekvence zhruba 8-15 AA
obsahujici charakteristické hydrofobni AA zbytky, z nichZz byva majoritné zastoupen leucin.
Tyto motivy jsou rozpozndvany receptory pro jaderny export, z nichZ k nejvyznamnéjsim patfi
exportin 1 znamy také pod zkratkou CRM1 (z angl. chromosomal region maintenance 1) (Fung
and Chook, 2014; la Cour et al., 2004; D. Xu et al., 2012). Exportni aktivita obou NES v NTD
NPM1 vsak byla charakterizovana jako hrani¢ni az nedetekovatelnd, a to zfejmé v disledku
jejich nevyhovujici sekunddarni struktury (Arregi et al., 2015; Bolli et al., 2007). Od N-konce
vzddlenéjsi NES se uplatiuje v interakci NPM1 s centrozomem (Wang et al., 2005).

Kyseld oblast centrdlni domény NPM1, A3, je obklopena ¢astmi sekvence (152-157 AA
a 190-197 AA) (Grisendi et al., 2006) smérujici protein do bunécného jadra, tzv. jadernym
lokaliza¢nim signdlem (NLS; nuclear localization signal) (Hingorani et al., 2000).

Zasadni vlastnosti zajistujici jadérkovou lokalizaci NPM1 nese jeho C-koncova doména.

Kromé duleZitého jadérkového lokalizac¢niho signalu (NoLS; nucleolar localization signal), jehoz
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klicovou soucasti jsou Trp288 a Trp290 (Alcalay et al., 2005; Falini et al., 2006b), je pro vyskyt
NPM1 v jadérku podstatna sekunddrni struktura CTD (zejména Usek sbaleny do tretiho
a-helixu) (Scognamiglio et al., 2016). Za lokalizaci NPM1 v jadérku je zodpovédnd i oblast
karboxylového konce (CTD spolecné s pfilehlym bazickym Usekem) s afinitou pro rRNA (Mitrea
et al., 2018, 2016) a pro strukturu G-kvadruplexu (Federici et al., 2010; Gallo et al., 2012).
Retézec AA zbytk( 268-278 obsahuje sekvenci, ktera by piipadné mohla slouzit jako NES,
patrné se viak jaderného exportu NPM1 neucastni (Arregi et al., 2015).

Cileni NPM1 do jednotlivych bunécnych kompartmentl je regulovdno mimojiné

interakcemi s mnoha proteiny, jejichz seznam je dostupny ve verejnych internetovych

databazich (https://thebiogrid.org/110929/summary/homo-sapiens/npmi.html). Napf. fada

jadérkovych proteind interaguje svymi NoLS bohatymi na arginin (tzv. R-motivy) s kyselymi
oblastmi NPM1, ¢imZ posiluji jeho akumulaci v jadérku (Mitrea et al., 2016).

Vnitrobunéénou lokalizaci NPM1 ovliviuji také posttranslacni modifikace (PTM;
post-translational modifications), které se zaroven podileji na regulaci jeho funkce, stability a
interakénich vlastnosti. PTM mohou generovat konformacni zmény cilového proteinu, které
v pfipadé NPM1 Uzce souviseji s jeho oligomerizaénim stavem a vnitrobunéénym umisténim
(Mitrea et al.,, 2014). Zatimco rozpad NPM1 na monomery vyvold jejich presun
do nukleoplazmy, oligomery NPM1 jsou soustfedény do bunécného jadérka (Enomoto et al.,
2006; Jian et al., 2009). Jednu z nejvyznamnéjsich kovalentnich modifikaci NPM1 predstavuje
fosforylace. Fosfatové skupiny vnaseji do molekuly NPM1 negativni ndboj, ¢imz narusuji
stabilizacni vliv kovovych iontli na strukturu pentameru. Fosforylace Thr95 a Ser125 NPM1
zpUsobuje posun rovnovahy ve prospéch monomeru a zpfistupnuje tak pro kinazy dalsi klicova
fosforylaéni mista, Serd8 a Ser88, jejichz fosforylace dale podporuje disociaci NPM1
do monomerniho stavu (Mitrea et al., 2014). Nicméné dle jiné studie fosforylace Ser125
zprostredkovana IkB-kindzou a stabilizuje strukturu oligomer(i NPM1, jejichZ zvySend hladina
podporuje asociaci NPM1 s centrozomem (Xia et al., 2013). Fosforylace Ser125 je proto
dllezitad pro udrzeni integrity genomu. Pfesun NPM1 z jadérka indukuje také série fosforylaci
Thr199, Thr219, Thr234 a Thr237 v ¢asné fazi mitdzy, v jejimZz dasledku pravdépodobné
dochazi k naruseni afinity NPM1 k RNA (Hisaoka et al., 2014, 2010; Negi and Olson, 2006;
Okuwaki et al., 2002). Deacetylace lyzin( Lys27 a Lys54 pomoci sirtuin 7 hraje vyznamnou roli
v reakci na genotoxicky stres zptsobeny UV (UV; z angl. ultraviolet) zafenim (lanni et al., 2021).
Naopak acetylace lyzinovych zbytk( Lys212, Lys215, Lys229, Lys230, Lys257 a Lys267 vyvoldva
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premisténi NPM1 z jadérka do nukleoplazmy, kde v transkripéné aktivnich oblastech
interaguje s RNA polymerdazou Il (RNAP; RNA polymerase) (Shandilya et al., 2009).
V neposledni fadé je jak pro jadérkovou, tak pro centrozomalni lokalizaci NPM1 kli¢ova
sumoylace Lys263 (Liu et al., 2007).

Bunécny stres je Casto spojen s reorganizaci struktury jadérka a se zménou skladby
proteinl v ném obsaZenych (Boulon et al., 2010). Charakteristickou odezvou na genotoxicky
stres je uvolnéni NPM1 z jadérka do nukleoplazmy. V reakci na oxidacni zatéz podléhd NPM1
S-glutathionylaci na Cys275 (Yang et al., 2016), ktery je soucasti CTD vazajici NA (Wang et al.,
1994). Tato PTM inhibuje schopnost CTD interagovat s NA a indukuje presun NPM1
do nukleoplazmy, kde je nasledné spusténa bunécnd odpovéd na stres fizena p53 (Yang et al.,
2016). Translokaci NPM1 z jadérka do nukleoplazmy v pfipadé postizeni bunky néjakou
formou stresu doklada rada dalsich publikaci (Chan et al., 1988, 1987; Kalousek et al., 2005;
Kodiha et al., 2011; Kurki et al., 2004; B. Y.-M. Yung et al., 1985; Yung et al., 1986; B. Y. M.
Yung et al., 1985). Je zaznamenan také prfesun NPM1 do cytosolu, kde tvorbou
ribonukleoproteinového komplexu s hnRNPU (z angl. heterogeneous nuclear
ribonucleoprotein U) a hnRNPA1 (z angl. heterogeneous nuclear ribonucleoprotein A1)
napomahal prezit burikdm vystavenym vlivu Aktinomycinu D (ActD; Actinomycin D) (Yao et al.,
2010).

2.3 Oligomerizace NPM1

Modulace oligomerniho a monomerniho stavu proteinu predstavuje dulezity regulacni
mechanismus jeho aktivity. NPM1 se v burikach standardné vyskytuje prevazné v oligomerech,
které vznikaji interakci N-koncovych domén jednotlivych molekul (Hingorani et al., 2000).
Tématu oligomerizace NPM1 se vénuje rfada studii zkoumajicich predevsim esencidlni oblasti
NPM1 zodpovédné za tvorbu oligomer( a také faktory ovliviiujici tento proces (Obr. 2). Jiz
delece prvnich 24 AA NPM1 méla za nasledek ztratu schopnosti takto zkraceného proteinu
interagovat s endogennim NPM1 a vedla k jeho ¢asteénému uvolnéni do nukleoplazmy
(Enomoto et al.,, 2006). V pripadé rozsdhlejsich deleci NTD je taktéZ popsana inhibice
oligomerizace a premisténi téchto kratsich variant NPM1 z jadérka do nukleoplazmy (Enomoto
et al.,, 2006). Nase experimenty vSak ukazaly, Ze ackoliv je schopnost interakce takto
mutovanych proteind s wtNPM1 vyznamné sniZzena, neni zcela inhibovana (Sasinkova et al.,
2021). Dle studie Enomoto et al. pak odstranéni poslednich 102 AA v CTD NPM1 posililo

interakci tohoto fragmentu s endogennim NPM1 a zaroven jeho majoritni frakce zlstala
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lokalizovédna v jadérku (Enomoto et al., 2006). Dalsim klicovym uUsekem pro oligomerizaci
NPM1 je oblast zahrnujici konzervované AA zbytky Leu102, Gly105, Ser106, Gly107 a Pro108
(Dutta et al., 2001; Enomoto et al., 2006). Jejich mutace (vyjma NPM1 p.Ser106Ala) vedly
k destabilizaci oligomerd NPM1 a k rozptyleni téchto mutant’ do nukleoplazmy (Enomoto et
al., 2006). V sestavovani a stabilité NPM1 oligomeru hraji dileZitou roli také AA zbytky Tyr67
v B-vldsence spojujici B4 a B5-skladany list oligomeriza¢ni domény (Duan-Porter et al., 2014)
a Cys21, ktery je navic nezbytny i pro chaperonovou aktivitu NPM1 (Prinos et al.,, 2011).
Substituce Cys21 za aromatickou hydrofobni AA (Phe, Trp) dle publikace Prinos et al. inhibuje
tvorbu NPM1 pentamerd (Prinos et al., 2011). Novéjsi studie Holoubek et al. vyuzivajici navic
pozorovani v zivych bunkach zaloZzené na ¢asové rozlisené fluorescenéni mikroskopii potvrzuje
vliv této substituce na stabilitu NPM1 oligomeru v bunécénych lyzatech, zaroven vsak popisuje
schopnost mutované formy p.Cys21Phe proteinu NPM1 interagovat jak s variantou

p.Cys21Phe, tak s pfirozenym NPM1 (Holoubek et al., 2018).

( lontova
sila

Bunécény |
stres  J

Signalni
sekvence |

Obrazek 2: Schéma zobrazujici faktory ovliviiujici oligomerizaci a lokalizaci NPM1. Oligomerizacni
stav. NPM1 muze byt ovlivnén jeho interakcemi s jinymi proteiny, iontovou silou prostiedi,
aminokyselinovymi sekvencemi v N-koncové doméné, posttranslacnimi modifikacemi ¢i jeho
vnitrobunécnou lokalizaci. Podobné o vnitrobunééném umisténi NPM1 rozhoduji interakce a
oligomerizace molekul NPM1, posttranslacni modifikace, pfitomnost sekvenci jadérkové a jadrové
lokalizace a jaderného exportu ci urcitd forma bunécného stresu. NPM1 = nukleofosmin 1;
NTD = N-terminalni doména; PTMs = posttransla¢ni modifikace.
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S oligomerizaénim stavem NPM1 souvisi kromé vnitrobunécné lokalizace také stabilita
proteinu. NPM1 patfi mezi stabilnéjsi bilkoviny s polo¢asem rozpadu vétsim nez 24 hodin
(Itahana et al., 2003). R(izné rozsahlé delece v NTD NPM1 a dvojita substituce p.Leul02Ala +
p.Gly105Ala narusily nejen oligomerizacni schopnost proteinu, ale také jeho Zivotnost, ktera
byla snizena zhruba na 10 hodin. Naproti tomu fragment s chybéjicim usekem 102 AA na C-
konci NPM1 vykazoval srovnatelny polocas rozpadu jako wtNPM1 (Enomoto et al., 2006). Lze
tedy shrnout, Zze NPM1 nevazany v oligomerech podléhda masivni relokalizaci z jadérka
do nukleoplazmy, kde je zfejmé Gcinnéji degradovan.

Oligomerizace NPM1 mUzZe byt ovlivnéna jeho interakénimi partnery. V experimentech
s peptidy odvozenymi od N-konce tumor supresoru pl4Arf, zndmého NPM1-vazebného
proteinu, byla demonstrovdna schopnost téchto fragmentl stabilizovat NPM1 v jeho
pentamerickém usporadani (Banerjee et al, 2016). Dalsim faktorem pusobicim
na oligomerizaci NPM1 je iontova sila. V prostfedi s nizkou iontovou silou a bez dostupnych
mono- a divalentnich kationtl se NPM1 nachazi zejména ve formé monomeru. Jejich spojeni
do oligomernich komplex( Ize naopak podnitit plisobenim vyssi iontové sily a pritomnosti
jednomocnych a dvoumocnych kationt(, které odstinuji odpudivé elektrostatické interakce
mezi kyselymi oblastmi Al a A2 jednotlivych NPM1 monomerU (Herrera et al., 1996; Mitrea et
al., 2014). Jak bylo uvedeno jiz v kapitole 2.2 Vnitrobunécna lokalizace NPM1, ulohu v tvorbé
Ci rozpadu oligomerU sehravd rovnéz fada PTM ovliviujicich konformaci NPM1 (Mitrea et al.,
2014).

Zasah do oligomerizace NPM1 je jednim z nastrojli vhodnych pro vyvoj novych
terapeutickych latek uzivanych pro I1é¢bu hematologickych malignit. O tomto pfistupu bude
pojedndno v kapitole 2.6.1.3 Cilend |é¢ba AML s mutNPM1.

2.4 Funkce NPM1

Gen NPM1 kdéduje multifunkéni fosfoprotein s bunécnou aktivitou prevaziné v jadérku,
nicméné schopnost NPM1 premistovat se z jadra do cytoplazmy a naopak rozsifuje jeho pole
plUsobnosti i mimo jadérko.

Chaperonovd aktivita NPM1 zahrnuje histonové i nehistonové cile. Afinita NPM1
k histonim usnadniuje jejich zabudovani do nukleozomu, v souvislosti s acetylaci svého
C-konce navozuje NPM1 rozvolnéni nukleozomové struktury a je zapojen do procesu
udrzujicich a ménicich strukturu chromatinu (Okuwaki et al., 2001a, 2001b; Swaminathan et

al., 2005). Jako molekularni chaperon zabranuje agregaci protein, udrZuje jejich
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enzymatickou aktivitu béhem teplotni denaturace, umoziiuje renaturaci denaturovanych
bilkovin (Szebeni and Olson, 1999) a zamezuje nevratné agregaci Spatné sbalenych proteint
migrujicich do jadérka v reakci na tepelny stres (Frottin et al., 2019).

Schopnost NPM1 regulovat transkripci gentl pro rRNA odrazi jeho funkci histonového
chaperonu (Murano et al., 2008). Zaroven spolecné s jeho ribonukledzovou aktivitou (Herrera
et al., 1995), ucasti v sestavovani ribozomalnich podjednotek (Schmidt-Zachmann et al., 1987)
a v jejich exportu do cytoplazmy (Borer et al., 1989; Yu et al., 2006) poukazuje na nezbytnou
Ulohu NPM1 v biogenezi ribozomd.

Vedle exportu ribozomdlnich podjednotek mlze NPM1 zprostiedkovavat také
jadernou c¢i jadérkovou lokalizaci malych protein( jakymi jsou napf. Rev (Fankhauser et al.,
1991; Szebeni et al., 1997) a Tat (z angl. trans-activator of transcription) (Li, 1997) viru lidské
imunodeficience (HIV; human immunodeficiency virus), Rex lidského T-bunécného
lymfotropniho viru typu | (Adachi et al., 1993), kapsidovy protein viru japonské encefalitidy
(Tsuda et al., 2006), p120 (Valdez et al., 1994) ¢i GADD45a (z angl. growth arrest and DNA
damage inducible gene 45 alpha) (Gao et al., 2005). Uvadi se, Ze i jeden z nejcetnéjsich
jadérkovych proteint nukleolin (NCL; nucleolin) je udrzovan v jadérku kromé jiného diky
interakci s NPM1 (Li et al., 1996).

NPM1 je zapojeny do reparacnich mechanism( opravujicich poSkozeni DNA pomoci
bazové (Poletto et al.,, 2014) a nukleotidové (Wu et al., 2002) excizni opravy, Ucastni se
duplikace centrozomu (Okuda et al., 2000; Wang et al., 2005), replikace DNA (Okuwaki et al.,
2001a; Takemura et al., 1999, 1994) a transkripce katalyzované RNAP | (Bergstralh et al., 2007;
Lessard et al., 2010; Murano et al., 2008) a RNAP Il (Gurumurthy et al., 2008; Swaminathan et
al., 2005). Vsemi témito aktivitami NPM1 pfispiva k udrzovani stability genomu.

NPM1 byl identifikovan jako klicovy protein v organizaci jadérka. Interakce pentamera
NPM1, protein s R-motivy a rRNA byly popsany jako nezbytné pro fazovou separaci jadérka,
v jejimzZ dlsledku Ize pozorovat vrstevnatou jadérkovou strukturu (Feric et al., 2016; Mitrea et
al., 2016).

Dale se NPM1 v komplexu s malymi jadérkovymi RNA a fibrilarinem (FBL; fibrillarin)
Ucastni metylace ribdzy rRNA na 2-OH skupiné (Nachmani et al., 2019) — jedné z nejcasté;jsich
posttranskripénich modifikaci rRNA, ktera hraje daleZitou roli v pfesnosti a uc¢innosti translace

(Decatur and Fournier, 2002; Sharma and Lafontaine, 2015).

23



V neposledni fadé je NPM1 schopen regulovat pribéh bunécného cyklu a apoptézu
pomoci ¢etnych interakci s dalSimi proteiny zapojenymi do téchto procesq, coZ je podrobnéji
popsano v nasledujici kapitole.

2.5 Interakce NPM1

NPM1 disponuje rozmanitou skladbou vazebnych partnerl, které jsou pfimo Ci
nepfimo zapojeny do fady bunécnych procestd regulovanych NPM1. VétSina interakci je
uskutecnéna prostrednictvim NTD NPM1, zfidka je zapojena stfedni a C-koncova ¢ast NPM1
(napf. pro vazbu NCL (Li et al., 1996), p53 (Colombo et al., 2002; Lambert and Buckle, 2006),
p120 (Valdez et al., 1994), Tat (Li, 1997), Rex (Adachi et al., 1993)). V souvislosti s hojnym
vyskytem NPM1 v GC jadérka, v niz probiha sestavovani ribozomalnich podjednotek
z ribozomalnich proteinl a rRNA, byla predikovdna a nasledné potvrzena jeho schopnost vazat
NA (Dumbar et al.,, 1989; Wang et al., 1994). NPM1 interaguje s RNA i DNA (s vazebnou
preferenci pro jednovlaknové retézce DNA oproti struktufe dvouvldknové DNA) (Dumbar et
al., 1989; Wang et al., 1994). Mezi vyznamné proteiny a peptidy interagujici s NPM1 patfi
ribozomadlni proteiny RPLP5 (Yu et al., 2006), RPS9 (Lindstrém and Zhang, 2008) a RPL23
(Wanzel et al., 2008), neribozomalni jadérkovy protein NCL (Li et al., 1996; Liu and Yung, 1999)
a dle kolokaliza¢nich (Amin et al., 2008) a imunoprecipitacnich (Holoubek 2021) analyz také
FBL, histony H1, H2A, H2B, H3 a H4 (Gadad et al., 2011; Okuwaki et al., 2001b; Swaminathan
et al., 2005), proteinkindzy Aurora A (Reboutier et al., 2012) a B (Shandilya et al., 2014)
zapojené do procesu bunééného déleni, virové proteiny Tat (Li, 1997) a Rev (Fankhauser et al.,
1991) viru HIV, kapsidovy protein Cp149 hepatitidy B (Lee et al., 2009) a kapsidové bazické
proteiny adenoviru (Okuwaki et al., 2001a). Dale pak také
apurinova/apyrimidinova endonukleaza 1 (APE1; apurinic/apyrimidinic endonuclease 1), jejiz
aktivita je stimulovana vazbou NPM1 na abazickych mistech dvouvldaknové DNA (Vascotto et
al., 2009), transkripcni faktory C-MYC (z angl. cellular myelocytomatosis) (Li et al., 2008),
NF-kB (z angl. nuclear factor kappa-light-chain-enhancer of activated B cells) (Dhar et al.,
2004), MEF (z angl. myeloid Elf-1-like factor) (Ando et al., 2013), STAT1 (z angl. signal
transducer and activator of transcription 1) a IRF1 (z angl. interferon regulatory factor 1)
zapojené do cytokinové signalizace (Abe et al., 2018), regulator myeloidni diferenciace PU.1
(Gu et al., 2018) a tumor supresor p53 (Colombo et al., 2002). Posledné uvedeny je soucasti
komplexu nékolika vzdjemné se ovliviujicich proteind regulujicich apoptézu, jehoz

vyznamnymi ¢leny jsou rovnéz p14Arf a MDM2 ((z angl. mouse double minute 2), v lidskych
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bunkach také oznacovany jako HDM2 (z angl. human homolog of mouse double minute 2)).
O proteinech této interakéni sité je pojednano v nasledujicich odstavcich.
2.5.1 p53

Tumor supresorovy protein p53, oznacovany jako strazce genomu, funguje predevsim
jako transkripcni faktor regulujici expresi cilovych gent v reakci na bunécny stres a poskozeni
DNA (Feroz and Sheikh, 2020). Rada aktivit p53 je viak uskute¢riovéna i mimo jadro buriky
prostrednictvim jeho interakci s mimojadernymi proteiny (Comel et al., 2014). Zastavenim
bunécéného cyklu umoziujicim burice reparaci DNA, navozenim senescence omezujici Siteni
starych nebo defektnich bunék ¢i indukci apoptdzy p53 vyznamné potlacuje nadorové bujeni
poskozenych bunék (Levine, 1997). Mezi duleZité reguldtory stability a aktivity p53 patfi
NPM1. NPM1 mulzZe v zdvislosti na fyziologickych stimulech, aktivované signalni draze,
bunécném typu a dle svého mnozstvi a lokalizace v burice plsobit jako proapoptoticky i
protiapoptoticky protein (Colombo et al., 2011). ZvySena exprese NPM1 vyvolava presun p53
do jadérka, kde NPM1 pfimou vazbou oblasti 186—259 AA (respektive 249-262 AA (Lambert
and Buckle, 2006)) k p53 zvysuje jeho stabilitu a udrzuje ho v aktivnim stavu (Colombo et al.,
2002). Byly identifikovany rizné oblasti p53 zodpovédné za interakci s NPM1. Jedna studie
oznacuje jako dlleZitou pro tuto interakci dvojici oblasti, sou¢asti DNA-vazebné domény
(175-196 AA) a oligomeriza¢ni domény p53 (343—-363 AA) (Lambert and Buckle, 2006),
zatimco jina studie mapuje NPM1 vazebnou doménu na N-konci p53 (Maiguel et al., 2004).
Naopak protiapoptotické plsobeni NPM1 zaznamenavad fada védeckych praci, z nichZ vyplyva,
Ze nadmérna exprese NPM1 prispiva k vyssi odolnosti bunék vici oxidacnimu stresu (Dhar and
St. Clair, 2009; Li et al., 2006) a stresu vyvolanému UV zarenim (Maiguel et al., 2004; Wu et al.,
2002), hypoxii (Li et al., 2004) ¢i zesilenou expresi onkogent (Li et al., 2007). Pfred¢asnému
rozvoji apoptdzy zplisobené UV zafenim zamezuje NPM1 zvySenim mezni hodnoty UV energie,
pfi které je indukovana fosforylace p53 na Ser15 vedouci k jeho aktivaci (Maiguel et al., 2004).
Timto mechanismem a dale stimulaci opravnych procesi DNA a exprese sviraciho proteinu
PCNA (z angl. proliferating cell nuclear antigen) (Wu et al., 2002) pfispiva vysoka hladina NPM1
v bunikach k jejich odolnosti vici zastaveni bunééného ristu a apoptdze spusténé UV zarenim,
¢imz vSak mUze usnadnit rozvoj a progresi neoplazie. NPM1 blokuje fosforylaci p53 na Ser15
také v bunkach vystavenych hypoxickému prostiedi, v nichz je stabilizovan hypoxii indukovany
transkripcnifaktor 1 (HIF-1; hypoxia-inducible factor 1) aktivujici expresi NPM1 (Li et al., 2004).

Zvysena hladina NPM1 v reakci na nedostatek kysliku v nadorovych bunkach tak zesiluje jejich
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odolnost vici hypoxickému stresu a zabranuje apoptoze (Li et al., 2004). Nadmérna exprese
NPM1 potlacila akumulaci fosforylované formy p53 na Serl5 také v bunkach s posilenou
expresi C-MYC stimulujiciho aktivitu p53 (Li et al., 2007). Mezi vyznamné proteiny, jejichz
exprese je regulovdna p53, patfi inhibitor cyklin-dependentnich kindz, p21, jenZ zastavuje
progresi bunééného cyklu a tlumi replikaci DNA (Luo et al., 1995), ¢i proapoptoticky protein
BAX (z angl. B-cell ymphoma-2-associated X protein) (Toshiyuki and Reed, 1995). Oba tyto
proteiny byly identifikovany také jako vazebni partnefi NPM1 (Kerr et al., 2007; Xiao et al.,
2009).
2.5.2 plaArf

p14ARF, protein lokalizovany zejména v jadérku, predstavuje klicovy aktivator drahy
p53. V odpovéd na bunécény stres je pl4Arf uvolnén do nukleoplazmy, kde svoji vazbou
na specifickou E3 ubikvitin-ligdzu pro p53, MDM2 (Pomerantz et al., 1998; Zhang et al., 1998),
blokuje jeji ubikvitinylacni aktivitu (Honda, 1999) nebo ji pfesouva z nukleoplazmy do jadérka,
¢imZ zamezuje interakci MDM2 s p53 (Weber et al., 1999). Diky tomu dochazi ke stabilizaci a
akumulaci p53 v bunécnych jadrech (Chen et al., 2005; Zhang et al., 1998). Mimoto protein
pl14Arf vykonava radu tumor-supresorovych funkci nezavislych na p53, jako je zastaveni
bunécného cyklu skrze interakci s transkripénim faktorem E2F-1 (z angl. E2F transcription
factor 1) (Eymin et al., 2001) ¢i prostfednictvim aktivace signalni drahy zprostifedkované
proteiny ATM (z angl. ataxia telangiectasia-mutated), ATR (z angl. ataxia telangiectasia and
Rad3-related) a CHK (z angl. checkpoint kinase) (Eymin et al., 2006). Podili se také na inhibici
bunécného rastu a biogeneze ribozoml snizenim hladiny NPM1 (ltahana et al., 2003)
(podrobnéji popsano nize) nebo skrze nukleoplazmatickou akumulaci transkripéniho
terminacni faktoru TTF-I (z angl. transcription termination factor) ovliviiujiciho transkripci
rRNA genll RNAP | (Lessard et al., 2010). Ddle p14Arf prispiva k regulaci exprese genu XPC
(z angl. xeroderma pigmentosum, complementation group C) Ucastniciho se nukleotidové
excizni opravy DNA (Dominguez-Brauer et al., 2009), k aktivaci procesu autofagie (Abida and
Gu, 2008; Reef et al., 2006) nebo k sumoylaci p14Arf vazebnych partneri HDM2 (Xirodimas et
al., 2002), WRN (z angl. Werner syndrome) helikazy (Woods et al., 2004), E2F-1, HIF-1a, TATA
vazebného proteinu, p120E4F (Rizos et al., 2005) a NPM1 (Tago et al., 2005).

Pro zajisténi stabilizace a jadérkové lokalizace p14Arf je nezbytnd jeho interakce
s NPM1 (Colombo et al., 2005; Korgaonkar et al., 2005). N-koncova oblast NPM1 (konkrétné
100-116 AA) (Enomoto et al., 2006; Itahana et al., 2003) asociuje s doménou pl4Arf
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zodpovédnou za jadérkovou lokalizaci proteinu a jeho interakci s HDM2 (1-14 a 26—37 AA)
(Korgaonkar et al., 2005) za vzniku supramolekuldrnich komplextd o velikosti 2-5 MDa
(Bertwistle et al., 2004), ¢imZz je potlatena aktivace p53 (Korgaonkar et al., 2005).
Béhem odpovédi na bunécny stres je pl4Arf uvolnén z jadérkového komplexu s NPM1
do nukleoplazmy, kde rozpoznava a vaze HDM2 a tim stabilizuje p53 (Korgaonkar et al., 2005)
(Obr. 3). Zatimco v bunkdch se snizenou hladinou NPM1 byla detekovdna zvySena
nukleoplazmaticka frakce pl4Arf, nadmérna exprese NPM1 podpofila akumulaci pl4Arf
v jadérku (Korgaonkar et al., 2005). Rakovinné burky rtznych typa nador( casto vykazuji
zvySenou expresi NPM1 (Gimenez et al., 2010; Nozawa et al., 1996; Pianta et al., 2010; Shields
et al.,, 1997; Skaar et al., 1998; Subong et al., 1999; Tsui et al., 2004; Yun et al., 2007),
prostfednictvim néhoz je pl4Arf zadrien v jadérku a nemuZe tak stimulovat bunécnou
odpovéd zavislou na p53. V pripadé, Ze tyto bunky nesou nemutované formy p53 a p14Arf,
vyvoj a pouziti inhibitorl interakce NPM1-p14Arf nabizi slibnou moZznost molekularné cilené
terapie (Korgaonkar et al., 2005). Na druhou stranu nizkd koncentrace NPM1 nezajisti
dostatecnou stabilitu p14Arf, coz téZ mlze zvySovat nachylnost burnky k maligni transformaci
(Colombo et al., 2005; Korgaonkar et al., 2005).
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Obrazek 3: Komplexy NPM1 a p14Arf a jejich vliv na pribéh bunééného cyklu. NPM1 interaguje
s pl4Arf v jadérku za vniku vysokomolekuldrnich komplexi. NPM1 stabilizuje pl4Arf a
zprostiedkovava jeho jadérkovou lokalizaci. a) p14Arf potlacuje aktivitu NPM1 a snizZuje jeho hladinu
v bunice, cozZ se projevi snizenou biogenezi ribozomu a nasledné utlumenou bunécnou proliferaci. b)
V reakci na onkogenni stres dochazi k rozpadu komplexu NPM1-p14Arf a k uvolnéni obou proteind
do nukleoplazmy. c) V nukleoplazmé p14Arf vazbou k HDM2 stabilizuje p53 a ten zpUsobi zastaveni
bunécéného cyklu. NPM1 = nukleofosmin 1; HDM2 = human homolog of mouse double minute 2.
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Vzajemna interakce proteind NPM1-p14Arf neovliviiuje pouze aktivitu p14Arf, ale také
hladinu NPM1 v burice. p14Arf zplsobuje Ubytek NPM1 prostiednictvim jeho ubikvitinylace a
nasledné degradace v 26S proteazomu (Itahana et al., 2003). Protoze NPM1 S$tépi vnitini
transkribovany mezernik ITS2 (z angl. internal transcribed spacer) oddélujici geny pro 5.8S
rRNA a 28S rRNA (Savkur, 1998), snizena hladina NPM1 vede k utlumeni biogeneze ribozomu
(Itahana et al., 2003). Endoribonukleazova aktivita NPM1 mUZe byt inhibovana také skrze jeho
navazani do komplext p14Arf v jadérku, kde je NPM1 vici degradaci zprostfedkované p14Arf
odolnéjsi nez NPM1 lokalizovany v nukleoplazmé (Itahana et al., 2003). p14Arf interagujici
s NPM1 tedy predstavuje dulezity ¢ldanek v inhibici syntézy ribozom.

2.5.3 MDM2

Jak bylo zminéno v predchozi kapitole, protoonkogen MDM2 (v lidskych burkach
oznacovany jako HDM2) funguje jako dulezity negativni regulator p53 (Oliner et al., 1992).
Tato negativni regulace je uskutec¢novana pfimou vazbou MDM2 k transaktiva¢ni doméné p53
(Momand et al., 1992) nebo skrze ubikvitin-ligdzovou aktivitu MDM2, kterd katalyzuje prenos
ubikvitinu na p53. Monoubikvitinylace stimuluje pfesun p53 do cytoplazmy, kde je jeho
transkripéni aktivita potlacena (Li et al.,, 2003), série ubikvitinG je pak signdlem
pro proteazomalni degradaci p53 (Honda et al., 1997; Kubbutat et al., 1997). Zaroven je ale
transkripce MDM?2 zavisla na p53, vznika tedy smycka regulujici soucasné expresi MDM2 a
aktivitu p53 (Wu et al., 1993). Ackoli studie Maiguel et al. popisuje, Ze NPM1 v reakci
na poskozeni DNA zpuUsobené UV zarenim tlumi transkripéni aktivitu p53 (Maiguel et al.,
2004), jini autoti dokladaji opacny ucinek NPM1. Dle Colombo et al. a Kurki et al. UV zareni
vyvoldva rychly pfesun NPM1 z jadérka do nukleoplazmy, kde dochazi k jeho interakci s HDM2
a nasledné k akumulaci a stabilizaci p53 (Colombo et al., 2002; Kurki et al., 2004). NPM1 se
skrze interakci s HDM2 podili na regulaci bazalni aktivity p53 také v kontrolnich burikach, které
nebyly vystaveny stresu (Kurki et al., 2004).

2.5.4 NCL

NCL patfi k hojné zastoupenym neribozomdlnim proteinim jadérka, kde je
koncentrovan do jeho husté fibrilarni slozky obklopujici fibrildarni centra a do GC (Brodska et
al., 2016a; Smetana et al., 1984; Tajrishi et al., 2011). Ackoli se nejvice vyskytuje v jadérku,
malda frakce je ptritomna také v cytoplazmé, nukleoplazmé a na povrchu bunky (Scott and
Oeffinger, 2016). NCL je potiebny pro biogenezi ribozomU a syntézu rRNA (Abadia-Molina et
al., 1998; Bouche et al., 1984; Bourbon et al., 1983; Egyhazi et al., 1988; Ginisty et al., 1998;
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Roger et al., 2003; Sipos and Olson, 1991), pro spravnou segregaci chromozomd, organizaci
jadérka a déliciho vieténka (Ma et al., 2007; Ugrinova et al., 2007), ucastni se bunéénych oprav
DNA (Goldstein et al., 2013; Kawamura et al., 2019; Kobayashi et al., 2012), regulace replikace
(Daniely and Borowiec, 2000; Kim et al., 2005; Nasirudin et al., 2005; Tuteja et al., 1995; Wang
et al., 2001) a transkripce (Bouche et al., 1984; Grinstein et al., 2002; Hanakahi et al., 1997;
Huddleson et al., 2006; Roger et al., 2002; Yang et al., 1994), zajiStuje schopnost sebeobnovy
a proliferace embryonalnich kmenovych bunék (Li et al., 2009; Yang et al., 2011), pIni funkci
histonového chaperonu (Angelov et al., 2006) a je mozné, Ze jako protein pohybujici se mezi
jddrem a cytoplazmou (Borer et al., 1989; Schmidt-Zachmann et al., 1993) je zapojen také
do nukleo-cytoplazmatického transportu ribozomalnich komponent (Bouvet et al., 1998).
Jadérkovou lokalizaci NCL zprostifedkovdva mimo jiné interakce s NPM1 (Liet al., 1996).
Vazebna oblast NPM1 pro NCL zahrnuje AA 187-245 (Li et al., 1996). Oba proteiny ovliviuji
fadu bunécénych pochod( spojenych s biogenezi ribozom(, apoptdzou, transkripci, replikaci a
opravnymi procesy DNA (Scott and Oeffinger, 2016) a c¢dastecné sdileji také spektrum
vazebnych partner( Ucinkujicich v téchto procesech

(https://thebiogrid.org/110929/summary/homo-sapiens/npml.html;

https://thebiogrid.org/110771/summary/homo-sapiens/ncl.html).

2.6 Role NPM1 v onkologickych onemocnénich

U fady solidnich nador(i, napf. tlustého stfeva a konecniku (Nozawa et al., 1996),
vajecniku (Shields et al., 1997), prsu (Skaar et al., 1998), mocového méchyre (Tsui et al., 2004),
prostaty (Subong et al.,, 1999), jater (Yun et al., 2007), Stitné zlazy (Pianta et al., 2010) ¢i
astrocytomu (Gimenez et al., 2010), ¢asto dochazi ke zvySené expresi NPM1, ¢ehoz mize byt
vyuzito v uréeni zdkladni diagndzy. Vysoka hladina proteinu NPM1 v burikach solidnich nador(
je podle metaanalyzy z roku 2018 vyznamnym parametrem nepfiznivé progndézy (Chen et al.,
2018). V pripadé nadoru Zaludku byla pozorovana heterogenni exprese NPM1 (Leal et al.,
2014; Tanaka et al., 1992; Zhou et al., 2016).

V rlznych typech myeloidnich a lymfoidnich malignit se objevuji charakteristické
chromozomalni translokace genu NPM1. U promyelocytarni leukémie je jednou z variantnich
translokaci t(5;17), kterd vede ke vzniku fuzniho proteinu NPM1 s receptorem kyseliny
retinové alfa (RARa; retinoic acid receptor alpha) (Redner et al.,, 1996). U pacient(
s anaplastickym velkobunécnym lymfomem a s expresi anaplastické lymfomové kinazy (ALK;

anaplastic lymphoma kinase) byva jednou z nejcastéjsich prestaveb t(2;5) zahrnujici geny
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NPM1 a ALK (Morris et al., 1994). Translokace t(3;5) vytvarejici fuzni gen NPM1::MLF1 (z angl.
myeloid leukemia factor 1) (Falini et al., 2006a; Yoneda-Kato et al., 1996) a t(5;18) zpUsobujici
fuzi genl NPM1 a HAUSI (z angl. HAUS augmin-like complex, subunit 1) (Campregher et al.,
2016) jsou asociovany s AML a myelodysplastickym syndromem (MDS; myelodysplastic
syndrome). Nové charakterizované translokace genu NPM1 predstavuji t(5;10) NPM1::RPP30,
t(5;18) NPM1::SETBP1 a t(5;6) NPM1::CCDC28A (Martelli et al., 2021; Martelli, 2018).
Proteinové produkty uvedenych fuznich genl obsahuji N-koncovou doménu plivodniho NPM1
a jsou v rizné mire lokalizovany v nukleoplazmé a/nebo exportovany do cytoplazmy.

Mezi ¢asté cytogenetické abnormality u MDS a AML ddle patfi intersticidlni delece
dlouhého ramene chromozomu 5 (del(5q))(Grimwade et al., 2001; Nimer and Golde, 1987;
Solé et al., 2000; Tasaka et al., 2008), ktera se vzacnéji objevuje i u akutni lymfoblastické
leukémie (Berger et al., 1992; La Starza et al., 2016) ¢i myeloproliferativnich onemocnéni
(Bacher et al., 2009). U pokrocilych forem MDS s del(5q) byla pozorovdna snizena exprese
NPM1 (Pellagatti et al., 2011) a u vice nez 40 % pacient( s vysoce rizikovym MDS ¢i AML
s komplexnim karyotypem a monozomii chromozomu 5 byla patrna haploinsuficience NPM1
(La Starza et al., 2010).

Charakteristické mutace genu NPM1 jsou uvadény jako nejcastéjsi mutace u AML
s normalnim karyotypem (NK; normal karyotype), pficemz se jednd o klinicky vyznamny faktor
v odpovédi na léCbu a preziti (Falini et al., 2005). NPM1 mutacim vyskytujicim se u AML (AML
s mutNPM1) se podrobnéji vénuji v nasledujici podkapitole. Ackoli se nalez NPM1 mutace
typicky vaze s onemocnénim AML, mUze byt zfidka prokazan také u MDS (4,4 %) (Bains et al.,
2011) ¢i chronické myelomonocytarni leukémie (< 5 %) fazenych mezi myeloidni neoplazie
(MNs; myeloid neoplasms) (Peng et al., 2016; Vallapureddy et al., 2017). Nova studie revidujici
MNs s mutovanym NPM1 a s blasty zmnozenymi pod 20 % vSak rozporuje vy¢lenéni této
skupiny onemocnéni jako samostatné klinické entity (Forghieri et al., 2020). U téchto pacient(
byva podobné jako u pacientll s AML s mutNPM1 nalezen NK, negativita pro antigen CD34,
dobra odpovéd na Iécbu intenzivni chemoterapii a velmi ¢asta progrese do AML.

2.6.1 AML s mutNPM1

Specifické NPM1 mutace se vyskytuji zhruba u 30 % nové diagnostikovanych dospélych
AML, prevazné s NK (Cancer Genome Atlas Research Network et al., 2013; Falini et al., 2005;
Papaemmanuil et al., 2016). Na genové Urovni se obvykle jedna o inzerci 4 bp mezi nukleotidy

863 a 864 v exonu 12 genu NPM1 (Obr. 4) (Chou et al., 2006; Falini et al., 2005; Schnittger et
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al., 2005; Thiede et al., 2006) (vyjimecné je zjisténa komplexni mutace sestavajici z delece a
inzerce (Bacher et al., 2014; Duployez et al., 2018; Ivey et al., 2016; Jeziskova et al., 2017;
Thiede et al., 2006)). To mda za nésledek posun ¢teciho rdmce a vznik alternativniho stop
kodonu. Tyto chyby jsou zifejmé vysledkem nepresné replikace DNA katalyzované terminalni
deoxynukleotidyltransferazou (Borrow et al., 2019). Vysledny proteinovy produkt mutNPM1
ma nahrazenu sekvenci nej¢astéji poslednich 5-7 AA ((WQ)WRKSL) novou sekvenci o délce
obvykle 9-11 AA (Borrow et al., 2019). Veskeré mutace na C-konci NPM1 vedou ke ztraté
tryptofanovych zbytkd v pozicich 288 a 290, pfipadné pouze ke ztraté Trp290, které jsou
dllezitou soucdsti sekvence NolLS (Falini et al., 2006b, 2005) a jsou nezbytné pro spravné
prostorové usporadani CTD (Grummitt et al., 2008; Scognamiglio et al., 2016). Chybné sbalena
CTD NPM1 neni schopna efektivné vdzat NA a zajistit tak jadérkovou lokalizaci proteinu
(Bafiuelos et al., 2013; Chiarella et al., 2013; Grummitt et al., 2008). Zaroven je v mutNPM1
vytvoren novy NES, jenZ interakci s exportnim proteinem CRM1 vyznamné zvySuje ucinnost
transportu aberantniho proteinu do cytoplazmy (Castagnola, 2005; Falini et al., 2006b).
V zavislosti na typu mutace vznikaji riizné motivy NES lidici se afinitou k CRM1. Céste¢né
rozruseni NoLS, zpUsobené deleci pouze Trp290, je spojeno s ucinnéjsimi NES, zatimco delece
obou tryptofan( byva asociovana se slabsimi signaly NES (Arregi et al., 2015; Bolli et al., 2007).
Specifickym pfipadem je tzv. super-NES vytvoreny v dlsledku inzerce v exonu 5 ¢i 6 genu
NPM1, ktery exportuje mutovany protein do cytoplazmy za pfitomnosti neporuseného NolLS
(Martelli et al., 2021; Martelli, 2018). Imunohistochemicky prikaz cytoplazmatického NPM1
je tedy jedna z rychlych a spolehlivych metod identifikujicich pfitomnost mutace NPM1 (Falini
et al.,, 2006c). Typ mutace je nasledné zjistovan sekvenaci exonu 12 nebo, v pripadé
nekorelujicich nalez(, sekvenaci celého NPM1 genu (Falini et al., 2021; Martelli et al., 2021).
NPM1 vyznamné pfispivda k udriovani genomové stability a hraje zdsadni roli béhem
embryogeneze, coz doklada skutec¢nost, Ze se mutace NPM1 vyskytuji pouze v heterozygotnim
stavu (Grisendi et al., 2005). Vyzkum na mysich modelech prokdzal, Zze homozygotni mutace
NPM1 je letdlni jiz v embryondlnim stadiu (Grisendi et al., 2005). Pfiblizné u 80 % dospélych
pacientd s AML s mutNPM1 se objevuje duplikace TCTG (c.860_863dupTCTG), oznacovana
jako mutace A. K dal$im rozsifenéjsim typlm mutaci NPM1 patfi typy B (c.863_864insCATG) a
D (c.863_864insCCTG), jejichz frekvence vyskytu v souctu spolecné s typem A dosahuje 90 %
(Borrow et al., 2019; Dohner et al., 2005; Schnittger et al., 2005; Thiede et al., 2006).
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wild-type CTCTGGCAGTGGAGGAAGTCTCTTTAA
AAsekvence 1287 | W288 Q289  W280 R291 K292  S293 1294  STOP

mutace A cTcTciNeHlElc CAGTGGAGGAAGT CTCTTTAAGAAAATAG

zményvAAsekvenci| 1287 €288 1289 A290 V291  E292  E293 | V294 295 | 1296 R297 K298  STOP

mutace B cTcTc|CMAMEIc cAGTGGAGGAAGT CTCTTTAAGAAAATAG

zményvAAsekvenci| 287 = C288  M289  A290 V291  E292  E293 | V294 s295 | 1296 R297 K298  STOP

mutace D cTcTclcMEllElc cAGTGGAGGAAGT CTCTTTAAGAAAATAG

zmény v AA sekvenci 1287 C288 L289 A290 V291 E292 E293 V294 5295 L296 R297 K298 STOP

Obrazek 4: Schéma kodujici sekvence NPM1 a nejcastéjsi typy mutaci u AML s mutNPM1.
Transkripéni varianta NPM1 (NPM1.1) je sloZend z 11 exon(, naprosta vétSina mutaci postihuje exon
12 (mezi nukleotidy 863 a 864). Nejrozsitenéjsi typy mutaci — A, B a D — jsou zpUsobeny inzerci
(v pfipadé mutace typu A duplikaci) 4 bp (Cervené), nasledkem cehoZ dochazi ke ztraté Trp288 a Trp290
(modre), klicovych AA fungujicich jako NolLS. MutNPM1 nové ziskava sekvenci NES (zelené)
zprostiedkovavajici ucinny export proteinu do cytoplazmy. NPM1 = nukleofosmin 1; AML s mutNPM1
= akutni myeloidni leukémie s mutovanym nukleofosminem 1; AA = aminokyselina; NoLS = jadérkovy
lokaliza¢ni signal; NES = jaderny exportni signal. (Upraveno podle (Hindley et al., 2021)).

Existuje vice nez 100 rliznych typl mutaci genu NPM1 (Ahmad et al., 2009; Bacher et
al., 2014; Borrow et al., 2019; Cazzaniga et al., 2005; Déhner et al., 2005; Duployez et al., 2018;
Falini et al., 2006c, 2005; lvey et al., 2016; Jeon et al., 2013; Jeziskova et al., 2017; Kawaguchi-
Ihara et al., 2016; Pianta et al., 2009; Rau and Brown, 2009; Schnittger et al., 2005; Suzuki,
2005; Thiede et al., 2006; Venanzi et al., 2021; Verhaak et al., 2005), pficemz se jen zfidka
vyskytuji v jiném exonu nez 12 — identifikovany byly napf. v exonech 5 (Martelli et al., 2021;
Martelli, 2018), 6 (Martelli et al., 2016), 9 (Mariano et al., 2006) a 11 (Albiero et al., 2007; Falini
et al.,, 2021; Martelli et al., 2016; Pianta et al., 2009; Pitiot et al., 2007). Navzdory vysoké
variabilité detekovanych mutaci indukuji vSechny vyjma jeden pfipad (Pianta et al., 2009)
presun mutNPM1 do cytoplazmy, coz se jevi jako klicova udalost v procesu leukemogeneze
(Bolli et al., 2007; Brunetti et al., 2017; Falini et al., 2009; Mariano et al., 2006; Martelli et al.,
2021; Venanzi et al., 2021). Kromé cytoplazmatické lokalizace mutNPM1 maji pacienti
s detekovanou mutaci v genu NPM1 vétSinou NK (Falini et al., 2005), ¢asto také zvySeny pocet
leukocytl (De Propris et al., 2011; Suzuki, 2005) a miskovity (tzv. cup-like) tvar jadra blast(
(Chen et al., 2009; Kroschinsky et al., 2008). Charakteristickd je dale nizka exprese lidskych
leukocytarnich antigent (HLA; human leukocyte antigens) HLA-DR, absence povrchovych

znakd CD34 a CD133 (Falini et al., 2005) a naopak pfitomnost CD33 (De Propris et al., 2011;
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Nomdedeu et al.,, 2011). S vyskytem NPM1 mutaci také pozitivné koreluje ptitomnost
internich tandemovych duplikaci (ITD; internal tandem duplication) v genu FLT3 (z angl. FMS-
like tyrosine kinase-3) (Cancer Genome Atlas Research Network et al., 2013; Falini et al., 2005;
Suzuki, 2005) nebo mutace v genu pro DNA metyltransferazu 3 alfa (DNMT3a; DNA
methyltransferase 3 alpha) (Cancer Genome Atlas Research Network et al., 2013; Thol et al.,
2011). Naopak dalsi mutace typické pro AML, napf. v genech pro RUNX1 (z angl. runt-related
transcription factor 1) (Gaidzik et al., 2011; Mendler et al., 2012; Susanne Schnittger et al.,
2011; Tang et al., 2009) a p53 (Haferlach et al., 2008; Kadia et al., 2016; Suzuki, 2005) nebo
Castec¢né tandemové duplikace genu MLL (z angl. mixed lineage leukemia) (Sun et al., 2017),
byvaji u pacientd s NPM1 mutaci detekovany jen zfidka. Mutace NPM1 bez pfitomnosti
FLT3-ITD a/nebo bez mutace DNMT3a je u pacientd s NK pozitivnim prognostickym
ukazatelem priznivé odpovédi na indukcni terapii (Bezerra et al., 2020; Déhner et al., 2005;
Falini et al., 2005; Gale et al., 2015; Guryanova et al., 2016; Heiblig et al., 2021; Herold et al.,
2020; Kuzelova et al., 2021a; Schnittger et al., 2005; Thiede et al., 2006). Nicméné ndazor
na prognosticky vyznam mutace v genu DNMT3a u AML s mutNPM1 neni zcela jednotny,
zfejmé ovliviiuje spiSe pravdépodobnost relapsu nez celkové preziti (OS; overall survival)
(Gaidzik et al., 2013; Oiiate et al., 2022). Chromozomové abnormality vyskytujici se asi u 15 %
AML s mutNPM1 postihuji nejéastéji chromozomy 8, 4, Y, 9 a 21 a obvykle nejsou povazovany
za prognosticky nepfiznivy ndlez (Haferlach et al., 2009). Incidence NPM1 mutaci u déti je
ve srovnani s dospélou populaci nizkd (pfiblizné 8 % versus 30 %) a také se mezi témito
skupinami lisi cetnosti vyskytl jednotlivych typl mutace (Brown et al., 2007; Cazzaniga et al.,
2005; Hollink et al., 2009; Mullighan et al., 2007; Rau and Brown, 2009; Thiede et al., 2007).
Vzhledem k charakteristickym klinickym, morfologickym, imunofenotypovym, cytogenetickym
a molekuldrné genetickym rysiim onemocnéni byla AML s mutNPM1 klasifikovana Svétovou
zdravotnickou organizaci (WHO; World health organization) jako samostatna kategorie (Arber
et al., 2016). Mutace je rekurentni, coz znamena, Ze ackoliv v remisi dojde u vétSiny pacient(
ke snizeni vyskytu patologického klonu nesouciho mutaci NPM1 pod detekovatelnou mez,
v dobé relapsu tento klon znovu expanduje. Hladina transkriptu mutNPM1 ¢i detekce mutace
NPM1 na urovni DNA je proto vhodnym markerem pro sledovani prlibéhu onemocnéni a
minimalni zbytkové choroby (MRD; minimal residual disease) (Dvorakova et al., 2010; lvey et

al., 2016; Jain et al., 2014; Schnittger et al., 2009).
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2.6.1.1 Klonalni vyvoj u AML s mutNPM1 a progndza onemocnéni

Patogeneze AML predstavuje vicestupnovy proces. V dobé diagndzy je pro AML typicka
heterogenita klonli nesoucich jak mutace preleukemické, umoziujici klondlni expanzi, tak
mutace ziskané v pozdéjsim obdobi a zpUsobujici propuknuti samotné nemoci (Grimwade et
al., 2016; Morita et al., 2020; Welch et al., 2012) (Obr. 5). Preleukemické klony mohou unikat
[é€bé a skryté pretrvavat v remisiiv relapsu, zatimco skladba klon(i nesoucich mutace spojené
s leukemogenezi se v priibéhu onemocnéni méni (Corces-Zimmerman et al., 2014; Shlush et

al., 2014).

Klonalni Progrese Zachyt
hematopoéza do AML

973 — -3’3"3 —
3 )

) MUtDNMT3a

Preleukemicky klon Zakladajici klon Dominantni klon

Obrazek 5: Klonalni heterogenita AML. Preleukemické mutace (napf. v genu DNMT3a), vedou
k expanzi postizenych bunék. S vyskytem dalSich mutaci (napf. v genu NPM1), se nemaligni klonalni
hematopoéza pretvari na maligni. V dobé stanoveni diagnézy AML byva zachycena variabilita bunécné
populace, pficemZ populace zdravych bunék byva postupné utlatena leukemickym klonem.
AML = akutni myelodni leukémie; mutDNMT3a = mutovany gen DNA metyltransferdza 3 alfa;
mutNPM1 = mutovany gen nukleofosmin 1; FLT3-ITD = interni tandemova duplikace genu FLT3 (z angl.
FMS-like tyrosine kinase-3). (Upraveno podle (Grimwade et al., 2016)).

NPM1 mutace se malokdy vyskytuje samostatné (Mer et al., 2021) (Obr. 6), Casté&ji byva
asociovana s pritomnosti dalSich mutaci, velmi ¢asto v genech regulujicich metylaci DNA
(DNMT3a, TET2 (z angl. ten-eleven translocation methylcytosine dioxygenase 2), isocitrat
dehydrogendza 1/2 (IDH1/2; isocitrate dehydrogenase 1/2)) (Bezerra et al., 2020; Cancer
Genome Atlas Research Network et al., 2013; Papaemmanuil et al., 2016; Patel et al., 2012),
sestfih RNA (SRSF2 (z angl. serine and arginine rich splicing factor 2), SF3B1 (z angl. splicing
factor 3b subunit 1)) (Patel et al., 2017; Pettersson et al., 2021) a bunécnou signalizaci (FLT3,
NRAS (z angl. neuroblastoma RAS viral oncogene homolog) ¢i PTPN11 (z angl. protein tyrosine
phosphatase non-receptor type 11)) (Bezerra et al., 2020; Cancer Genome Atlas Research

Network et al., 2013; Papaemmanuil et al.,, 2016; Patel et al., 2012) nebo kddujicich
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kohezinové proteiny (RAD21, SMCI1A (z angl. structural maintenance of chromosomes 1A),
SMC3 (z angl. structural maintenance of chromosomes 3), STAG1 (z angl. stromal antigen 1),

STAG2 (z angl. stromal antigen 2)) (Patel et al., 2017; Thol et al., 2014).

CBL WT1

cones®

FLT3-TKD

A

o

70%
%09

Obrazek 6: Grafické znazornéni cetnosti vyskytu mutaci u AML s mutNPM1 a jejich vzajemnych
vztah(l. Mutace NPM1 byva nejéastéji asociovana s mutacemi ve znazornénych genech. Cislo uvnitf
kruhového grafu udava pocet pfipadll s vyskytem dané mutace v kohorté 120 pacientd s mutNPM1.
Cislo vné grafu udava procentudlni zastoupeni uvedenych ko-mutaci u pacient(i s konkrétni mutaci.
AML = akutni myeloidni leukémie; NPM1 = nukleofosmin 1; KRAS = z angl. Kirsten rat sarcoma virus;
IDH = isocitrat dehydrogenaza; FLT3-TKD = mutace v tyrozinkindzové doméné genu FLT3 (z angl.
FMS-like tyrosine kinase-3); FLT3-ITD = interni tandemova duplikace genu FLT3; DNMT3A = DNA
metyltransferaza 3 alfa; COHESIN = kohezin; CBL = z angl. Casitas B-lineage lymphoma; WT1 = z angl.
Wilms'tumor 1; TET2 = z angl. ten-eleven translocation methylcytosine dioxygenase 2; PTPN11 =z angl.
protein tyrosine phosphatase non-receptor type 11; NRAS = z angl. neuroblastoma RAS viral oncogene
homolog. (Pfevzato z (Patel et al., 2017)).
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Soucasny vyskyt zmén v genech NPM1, DNMT3a a FLT3 je jednou z nejcastéji
prokazanych kombinaci genotypl u AML (Bezerra et al., 2020; Cancer Genome Atlas Research
Network et al.,, 2013; Papaemmanuil et al., 2016; Patel et al., 2017; Potter et al., 2019).
Pfestoze mutace NPM1 pravdépodobné predstavuje spoustéci faktor ve vyvoji AML, objevuje
se patrné jako sekundarni udalost, které predchazi vznik tzv. zakladatelskych (founder) mutaci,
a to obvykle v genech DNMT3a, IDH1, IDH2 &i TET2 (Papaemmanuil et al., 2016; Patel et al.,
2017). Rozliseni zakladatelskych a pozdnich mutaci vychazi z posuzovani vyskytu jednotlivych
mutaci ve vztahu k variantni alelické frekvenci mutaci (VAF; variant allele frequency). U mutaci
v genech DNMT3a, TET2, IDH1/2, RAD21, SMCI1A, SMC3, SRSF2 a SF3B1 byl detekovan median
VAF > 39 %, zatimco u mutace v genu NPM1 byla popsana hodnota medianu VAF okolo 17 %
(Patel et al., 2017). Mutace v genech FLT3, NRAS ¢i PTPN11 byly identifikovany s medidnem
VAF srovnatelnym ¢i nizSim nez mutace NPM1, coz naznacuje, Ze tyto mutace nejsou primarni
genetickou udalosti (Patel et al., 2017). Tento koncept postupné akumulace mutaci, kdy se
mutace NPM1 objevuje az jako subklonalni defekt, je ddle podporen popsanymi perzistencemi
mutaci v genech DNMT3a, IDH1, IDH2 u nékterych pacientli s AML s mutNPM1 v kompletni
remisi (Corces-Zimmerman et al., 2014) nebo souborem pacientd s AML s mutNPM1
relabujicich jako wtNPM1, nesoucich vsak jiné mutace stanovené v dobé diagndzy (Hollein et
al., 2018; Suzuki, 2005). U pacientd s AML s mutNPM1, kteti dosahli remise, mize byt vsak
rozvoj AML ¢i MDS bez plvodni mutace NPM1 disledkem predchozi protinddorové lécby AML,
tzv. therapy-related AML, kdy se AML vyviji ze sekundarniho leukemického klonu vzniklého,
pfipadné vyselektovaného, v priibéhu predchozi |écby (Cocciardi et al., 2019; Herold et al.,
2017; Kronke et al., 2013).

Pritomnost dalsich specifickych mutaci pak vyrazné ovliviiuje progndzu pacientti s AML
s mutNPM1. Negativni klinicky dopad maji zejména mutace FLT3-ITD ¢ mutace DNMT3a
(Alpermann et al., 2016; Déhner et al., 2005; Metzeler et al., 2016; Papaemmanuil et al., 2016;
Renneville et al., 2012; Verhaak et al., 2005). V pfipadé FLT3-ITD pravdépodobné zdlezi
na hodnoté alelického poméru (AR; allelic ratio) mutované a nemutované alely (Pratcorona et
al., 2013; S. Schnittger et al., 2011). Pacienti s mutNPM1, FLT3-ITD s AR < 0,5 (FLT3-ITD"®%) a
s NK spadaji podle aktualni WHO klasifikace do kategorie AML s pfiznivym rizikem (Dohner et
al., 2017). Nicméné byl zaznamendn nepfiznivy vyvoj onemocnéni, pokud tito pacienti
nepodstoupili alogenni transplantaci krvetvornych kmenovych bunék (allo-HSCT; allogeneic

hematopoietic stem cell transplantation) v prvni remisi (Sakaguchi et al., 2018). Zajimavy
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pohled na Ulohu FLT3-ITD v patogenezi AML s mutNPM1 nabizi nova studie Mer et al., kterd
na zakladé analyzy expresniho profilu rozliSuje dva molekularni podtypy AML s mutNPM1.
Podskupina oznacovand jako ,primitive“ obsahovala znacnou frakci kmenovych bunék,
v podskupiné charakterizované jako ,,committed” byly buriky diferencovanéjsi (Mer et al.,
2021). Analyza obou skupin z hlediska pritomnosti FLT3-ITD ukdzala, Ze pfiblizné u tretiny
pacientld expresni profil neodpovidal stavu této mutace. Zaroven zhruba u 40 % pacient(
exprimujicich wtFLT3, bez ohledu na uvedené podskupiny, doslo k relapsu, coZ neni u pacientl
s timto genotypem obvyklé. Vyvstava tedy otdzka, zda indikace téchto pacientll k allo-HSCT
v prvni remisi nezvysi jejich Sanci na preziti. U primitivniho typu AML s mutNPM1 byly dale
prokazany horsi vysledky z hlediska OS, avsak vyssi citlivost k 1é¢bé vybranymi kindzovymi
inhibitory bez ohledu na pfitomnost FLT3-ITD.

Nékteré klinické studie uvadéji, ze faktory jako OS, stav kompletni remise, prezivani
bez relapsu (RFS; relaps free survival) ¢i bez sledované udalosti (EFS; event free survival)
u pacientll s AML s mutNPM1 zaviseji také na typu pritomné mutace NPM1. Data publikace
Koh et al. signalizuji, Ze u FLT3-ITD negativnich pacient(i s mutaci typu A Ize o¢ekdvat pfiznivéjsi
progndzu nez s mutaci typu B a Q6 (Koh et al., 2009). Autofi Alpermann et al. uvadéji, ze vyskyt
mutace typu A u FLT3-ITD pozitivnich pacientd a mutace typu A a D u DNMT3a pozitivnich
pacientl byva asociovdn s horsi progndzou ve srovnani s vyskytem jinych typt mutaci NPM1
u téchto skupin pacientll (Alpermann et al., 2016). Jind analyza ukazuje zkraceni RFS a EFS
ve skupiné AML pacientli s mutaci typu A oproti skupiné s jinymi mutacemi NPM1, a to
bez ohledu na pritomnost FLT3-ITD (Selim et al., 2016). Trend k prodlouzeni OS u pacient(
s mutacemi NPM1 jiného typu neZz A, ktefi obdrZeli v ramci terapie hypometylacni latky,
zaznamendva nedavna studie Sciumé et al. (Sciume et al., 2019). Také byla nalezena spojitost
mezi dosazenim MRD negativity a typem mutace NPM1 u intenzivné lé¢enych AML pacientu
(Heiblig et al., 2019). V této studii nositelé mutace typu A dfive dosahli MRD negativity, ale
delsi OS byl zaznamendn naopak u skupiny nemocnych s jinymi typy mutaci NPM1 nez s typem
A. Na druhou stranu nékteré studie neshledaly Zadnou souvislost mezi typem mutace NPM1
a pribéhem onemocnéni pacientd s AML s mutNPM1 a NK (Park et al., 2012; Pastore et al.,
2014). Podobné konfliktni data vyplyvaji ze studii potencidlniho prognostického vyznamu
hodnoty VAF pro mutovanou alelu NPM1 (Abbas et al., 2019; Linch et al., 2020; Patel et al.,
2018). Kromé molekuldrniho profilu patfi mezi dalsi faktory ovliviujici prognézu AML

s mutNPM1 zejména vék (Becker et al., 2010; Juliusson et al., 2020; Lachowiez et al., 2020;
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Suzuki, 2005), karyotyp (Angenendt et al., 2019), pocet leukocytl (de Jonge et al., 2011) a
diskutované je i etnikum (Chauhan et al., 2013; Koh et al., 2009).
2.6.1.2 Role mutace NPM1 v leukemogenezi

Proteinovy produkt mutovaného genu NPM1 ziskavda nové vlastnosti, které maji dopad
na jeho biologickou aktivitu. Zména vnitrobunééného rozlozeni predstavuje nové pole
plUsobnosti pro mutNPM1 v cytoplazmé a zaroven sniZzend hladina wtNPM1 v jadérku vlivem
exprese z jediné alely a také v dUsledku jeho oligomerizace s mutNPM1 vede k nedostatecné
funkci proteinu. Zda k progresi maligni transformace aktivné pfispivaji nové funkce mutNPM1
Ci spiSe ztrata funkce wtNPM1, je stdle predmétem diskuse (Grisendi et al., 2006; Heath et al.,
2017). Nedavno publikovana data demonstruji, Ze fenotyp leukemické populace — nadmérna
proliferace a stupen bunécné diferenciace — zavisi na pfitomnosti mutNPM1 v cytoplazmé:
buriky s mutNPM1 maji podstatné vyssi expresi HOX genu, které jsou zasadni pro vyvoj
kmenovych bunék, zatimco v normalnich diferencovanych burnkach byva jejich hladina nizka
(Brunetti et al., 2018). Cytoplazmatickd akumulace NPM1, at uz v disledku mutace v jeho CTD
nebo patologické fuze gen, se tedy jevi jako kli¢ovy faktor leukemogeneze (Bolli et al., 2007;
Brunetti et al., 2017; Falini et al., 2009; Martelli et al., 2021; Venanzi et al., 2021). Konkrétni
mechanismus ucinku mutNPM1 v patogenezi AML vsak stale neni zcela objasnén. Vysledky
fady studii dokladaji, Ze v dusledku mutace NPM1 dochazi k naruseni genomové stability,
ztraté funkci tumor supresord p14Arf a p53, deregulaci apoptdzy a zménam v expresi C-MYC
a dalSich proteina.
2.6.1.2.1 Genomova nestabilita

NPM1 jako jeden ze substratl komplexu cyklin-dependentni kindza 2/cyklin E asociuje
s centrozomem béhem mitdzy a brani svoji pfitomnosti jeho duplikaci. Na konci G1 faze
stimuluje specificka fosforylace v pozici Thr199 NPM1 jeho uvolnéni z centrozomu, ¢imz je
zahdjen proces duplikace centrozomu (Okuda, 2002; Okuda et al., 2000; Tokuyama et al.,
2001). Pri ptrechodu buriky do anafdze pak dochazi k opétovné defosforylaci Thr199 a asociaci
NPM1 s centrozomem. Ackoli bylo pozorovano, Zze mysi haploinsuficientni pro NPM1 vykazuji
zvySené riziko rozvoje maligni transformace, aberantni pocet centrozom( a strukturni i
pocetni chromozomalni abnormality (Grisendi et al.,, 2005; Sportoletti et al., 2008),
skutecnost, Ze pacienti s NPM1 mutaci maji pfevazné NK (Falini et al., 2005; Schlenk et al.,
2008) signalizuje, Ze tato mutace ziejmé nemd zdsadni vliv na udrZeni stability genomu

na urovni chromozomdu.
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2.6.1.2.2 Deregulace tumor supresorovych proteini p14Arf a p53

V bunkach nesoucich mutNPM1 je snizena hladina wtNPM1, ktery mda potencial
regulovat stabilitu p53. Lze tedy predpokladat, Ze ¢astecné vyrazeni genu NPM1 prispéje skrze
deregulaci p53 k maligni transformaci bunék. Experimenty na mySich embryich a
embryondlnich fibroblastech s vyfazenou ¢innosti genu NPM1 vsak odhalily vys$si hladinu a
zachovanou aktivitu p53 navozujici pred¢asnou bunéénou senescenci a zastaveni bunécného
cyklu (Colombo et al., 2005; Grisendi et al., 2005). Uloha wtNPM1 pfi regulaci aktivity p53 se
tedy nejevi jako kli¢ova pro preménu zdravych bunék na buriky nadorové. Protoze C-koncové
mutace NPM1 nerusi interakci mezi proteiny NPM1 a p53, je komplex p53-mutNPM1
transportovan do cytoplazmy (Holoubek et al., 2021). Ackoli p53 uvolnény do cytoplazmy
mUze indukovat apoptdzu (Comel et al., 2014), aberantni lokalizace tohoto proteinu muze
narusit regulaci bunééného cyklu a podpofit proliferaci a prezivani bunék, coz predstavuje
zvySené riziko maligni transformace (Senapedis et al., 2014). Biologicka funkce p53 tedy muze
byt v bunkdch s mutNPM1 narusena zménou jeho vnitrobunééné lokalizace.

Jak bylo zminéno vyse, interakce NPM1 s p14Arf zprostfedkovava jadérkovou lokalizaci
pl4Arf a chrani jej pred degradaci (Colombo et al., 2005; Korgaonkar et al., 2005). V dlsledku
mutace NPM1 vsak dochazi k presunu komplexu mutNPM1-pl4Arf do cytoplazmy a
k vyraznému sniZeni polo¢asu rozpadu p14Arf. Buriky s redukovanou hladinou p14Arf nejsou
schopny adekvatni bunééné odpovédi na stres — utlumeni proliferace a zastaveni bunécného
cyklu skrze aktivaci p53 (Besten et al., 2005; Colombo et al., 2006). Neni vSak jasné, zda tento
mechanismus skutecné urychluje nddorovou transformaci bunky nesouci mutNPM1 a vede
tak k rozvoji leukémie (Besten et al., 2005). Mimoto je v burikdch exprimujicich mutNPM1
snizena schopnost p14Arf indukovat sumoylaci proteini MDM2 a wtNPM1, a to i presto, Ze je
frakce wtNPM1, stejné jako p14Arf, vlivem interakce s mutNPM1 presunuta do cytoplazmy,
Cili se oba proteiny teoreticky mohou dostat do tésné blizkosti (Besten et al., 2005). Tyto
experimenty byly ovSem provadény na mysi linii NIH-3T3 a pro vyuziti vysledkd v humanni
mediciné je proto potfeba ovéfit je téZ na lidskych burikach, at uz bunécnych liniich nebo
primarnich bunkach AML pacienta.
2.6.1.2.3 Porucha regulace apoptdézy

Mutace NPM1 v jeho C-koncové doméné ma vliv na jeho regulacni funkci v procesu
apoptézy. MutNPM1 je v cytoplazmé schopen interagovat s aktivnimi formami kaspazy-6

(CASP-6; caspase-6) a kaspazy-8 (CASP-8; caspase-8), pricemz s CASP-6 asociuje jeho
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C-koncova oblast (186—259 AA), zatimco s CASP-8 jeho N-koncova doména. MutNPM1 vazbou
k témto kaspdazdm potlacuje jejich proteazové aktivity hrajici zasadni roli v programované
bunécné smrti a také diferenciacni aktivity v myeloidnich burikdch (Leong et al., 2010). Takovy
zasah do kaspazové kaskady mizZe pfrispivat ke zvySenému preziti leukemickych bunék a
k zastaveni termindlni diferenciace blastd.

NPM1 je zodpovédny za jaderny import produktu genu GADD45a (Gao et al., 2005),
reguldtoru kontrolniho bodu prechodu mezi fazemi G2 a M (Wang et al., 1999). Podnétem
k zesilené expresi GADD45a je urcity typ posSkozeni DNA (Fornace et al., 1989). Jeho zvySenou
frakci lze pak detekovat jak v cytoplazmé, tak v jadre, kam je vzhledem k absenci vlastniho NLS
dopravovan v komplexu s NPM1 (Gao et al., 2005). Cytoplazmaticky lokalizovany NPM1
pravdépodobné neni schopen zajistit translokaci GADD45a do jadra, v dusledku ¢ehozZ tento
protein nemuze uplatnit inhibi¢ni U¢inek na pribéh bunééného cyklu.
2.6.1.2.4 Vysoka hladina proteinu C-MYC

Jako transkripcni faktor reguluje C-MYC genovou expresi asi 10-15 % lidskych gent
(Zeller et al., 2006). Translokace, amplifikace nebo mutace protoonkogenu MYC patfi k ¢astym
nalezim v mnoha typech nadora (Adhikary and Eilers, 2005; Bahram et al., 2000; Beroukhim
et al., 2010; Dalla-Favera et al., 1982; Taub et al., 1982). Jeho hladina v burce je mimo jiné
regulovana vazbou NPM1 na Fbw7y (z angl. F-box/WD repeat domain-containing 7). Fow7y
patfi mezi E3-ubiquitin ligdzy zajistujici specifickou ubiquitinylaci a degradaci onkoproteinu
C-MYC. Pro spravnou funkci Fbw7y je nezbytnd jeho jadérkova lokalizace a stabilizace
zprostredkovana interakci s NPM1. V dasledku mutace NPM1, kterd nezamezuje vazbé
proteinl mutNPM1 a Fbw7y, vSak dochazi také k cytoplazmatické delokalizaci Fbw7y a
nasledné pak k jeho degradaci. V bunkach nesoucich mutNPM1 tak nemuze probihat ucéinné
odbourdvani proteinu C-MYC (Bonetti et al.,, 2008). Imunohistochemické stanoveni
onkoproteinu C-MYC v kostni dfeni AML pacientl prokazalo, Ze vyssi mira exprese C-MYC
pozitivné koreluje s ndlezem mutace NPM1 (Ohanian et al., 2019)
2.6.1.2.5 Zmény v expresi HOX genli

Homeotické geny spadaji do velké skupiny regulacnich genl s velmi konzervovanou
strukturou DNA a hraji klicovou roli v organogenezi béhem raného embryonalniho vyvoje
(Gehring, 1987; Graham et al., 1989; Lewis, 1978; Mark et al., 1997) a také v procesu
hematopoézy (Lawrence et al., 1996). Deregulace HOX gen(i byla popsana u rliznych nadoru

vCetné leukémii (Blatt et al., 1988; Celetti et al., 1993; Grier et al., 2005; Nakamura et al.,
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1996). U AML s mutNPM1 dochazi k vyrazné zvySené expresi genli HOXA a HOXB, kterd vede
k expanzi hematopoetickych progenitorl a ke zvySené schopnosti jejich sebeobnovy (Alcalay
et al., 2005; Dovey et al., 2017; Spencer et al., 2015; Tregnago et al., 2021; Vassiliou et al.,
2011). Nedavna studie Brunetti et al. prokdzala, Ze zvySena exprese HOX gen(l neni jen
projevem vlastnosti leukemickych bunék charakteristickych pro kmenové bunky, nybrz ma
pfimou souvislost s vyskytem mutace NPM1 a s lokalizaci mutNPM1 v cytoplazmé. Odstranéni
mutNPM1 z cytoplazmy navodilo nizsi expresi HOX gen( nasledovanou diferenciaci bunék
AML (Brunetti et al., 2018).

2.6.1.3 Cilena Iécba AML s mutNPM1

Lécba AML s kurativnim zamérem byla aZ donedavna omezena prevazné na uzivani
chemickych sloucenin s cytotoxickymi ucinky. Standardni indukéni rezim vychazi z protokolu
»3+7" publikovaného v roce 1973 (Yates et al., 1973), kdy se poddva 7 dni cytarabin (ARA-C;
arabinosylcytosine) a z toho prvni 3 dny spolecné s antracykliny (Lichtman, 2013). Tento
protokol je vSak spojen s fadou nepfiznivych Gcinkd a neni vhodny pro vSechny pacienty.
Zejména starsi pacienti, pro které by tato intenzivni Ié¢ba ptinasela vice rizik, jsou proto |éCeni
SetrnéjSimi protokoly zahrnujicimi pouziti hypometylacnich analogl cytidinu (azacytidin nebo
decitabin) nebo nizsi davky ARA-C. V poslednich letech vSak dochazi k rychlému vyvoji
molekuldarné genetickych vysSetfovacich metod, coZz umoinuje efektivnéjsi hledani a
identifikaci novych prediktivnich markerd AML a s tim souvisejici rozvoj nové generace |éku
cilené zasahuijicich klicové mechanismy leukemogeneze (Lai et al., 2019).

AML s mutNPM1 za soucasné absence jinych mutaci dobfe odpovidd na indukéni
chemoterapii. Nedostatecna funkce NPM1 v dlsledku jeho mutace vyvolava tzv. ribozomalni
stres, ktery se projevi inhibici MDM2 a tedy stabilizaci p53, coz zvySuje nachylnost takové
buniky k apoptdéze (Derenzini et al., 2018). ZvysSend citlivost AML bunék s mutNPM1
k protinddorové lécbé muzZe byt zplUsobena také nizsi aktivitou NF-kB v dlsledku jeho
interakce s mutNPM1 (Cilloni et al., 2008; Zhang et al., 2016) a podporena ucinnou
T-bunécnou imunitni odezvou namitenou proti mutNPM1 (Forghieri et al., 2019; Greiner et
al.,, 2013). Nicméné vedle kardiotoxicity antracyklinG, kterd predstavuje jednu z hlavnich
limitaci |écby, pretrvava zejména u starsich pacient( riziko relapsu i rezistence na standardni
chemoterapii (Ossenkoppele et al., 2016; Roboz, 2012). A tak mozZnosti cilené terapie prinaseji
novou nadéji na dlouhodobé preziti nemocnych. Doposud nebylo objasnéno, zda pfi vzniku

AML s mutNPM1 a pfi jeji IéCbé hraje dllezitéjsi roli nedostatecna funkce wtNPM1 ¢i zména

41



lokalizace mutNPM1 a jeho interakcnich partnerd vyvoland jeho aberantni lokalizaci. Existuje
nékolik 1é¢ebnych strategii zamezujicich asociaci mutované formy NPM1 s jeho pfirozenou
formou a s jeho vazebnymi partnery a/nebo ovliviiujicich lokalizaci a stabilitu NPM1.

Jednim z moZnych pfistupl je inhibice oligomerizace NPM1. Tento ucinek byl
identifikovan u malych molekul YTR107 (5-((N-benzyl-1H-indol-3-yl)-methylene)pyrimidine-
2,4,6(1H,3H,5H) trione) (Penthala et al., 2015; Sekhar et al., 2014, 2011; Traver et al., 2021) a
NSC348884  (di-[((6-methyl-1H-benzo[d]imidazol-2-yl)methyl)((5-methyl-3-oxo-3H-indol-2-
yl)methyl)]) aminoethane) (Qi et al., 2008) vazajicich se k NTD NPM1. Experimentalni |éCivo
NSC348884 bylo posuzovdno nékolika studiemi popisujicimi nejen jeho efekt na oligomerni
komplexy NPM1, ale celou $kalu rozmanitych ucinkd, od utlumeni bunééné proliferace, pres
aktivaci p53 a indukci apoptdzy, po snizeni adhezivity bunék (Balusu et al., 2011; Phi et al.,
2019; Qi et al., 2008; Sasinkova et al., 2021). Déle byl na nadorovych bunéénych liniich
odvozenych z adenokarcinomu prostaty a z lymfomu plastovych bunék a na leukemickych
burikdch popsan synergicky efekt NSC348884 s plisobenim doxorubicinu (DOX; doxorubicin)
(Qi etal., 2008) a s plisobenim kyseliny all-trans-retinové (ATRA; all-trans-retinoic acid) a ARA-
C (Balusu et al., 2011). Nicméné klicova schopnost NSC348884 blokovat tvorbu oligomeru
NPM1 byla v neddvné studii zpochybnéna (Sadinkovd et al., 2021). Podrobnéji se touto
problematikou zabyvam v publikaci NSC348884 cytotoxicity is not mediated by inhibition of
nucleophosmin oligomerization zahrnuté v kapitole Vysledky. Alternativni zpUsob, jakym
dosdhnout rozpadu NPM1 oligomerl, predstavuje pouZiti synteticky vytvorenych
oligonukleotidli RNA, tzv. RNA aptamert (Jian et al., 2009). Jako nejvhodné;jsi z navrzenych
variant byl vyhodnocen aptamer 1A1 vykazujici afinitu pro NPM1 v jeho centrdlni oblasti
(114-186 AA). Vazba aptameru 1A1 k NPM1 navodila disociaci jeho oligomert, s ¢imz by
zfejmé mohl souviset presun NPM1 z jadérka do nukleoplazmy, ktery byl pozorovan
v bunéénych liniich exprimujicich 1A1. Spole¢né s NPM1 byl do nukleoplazmy uvolnén také
pl4Arf stabilizujici p53, coz je ve shodé se zaznamenanou vyssi expresi p53 a rozsahlejsi
apoptdzou v téchto burikach (Jian et al., 2009).

Druhou strategii cilené |écby AML s mutNPM1 je inhibice interakce mezi NPM1 a jinymi
proteiny. Do této kategorie léCivych pripravk(l spadd synteticky peptid NucAnt 6L (N6L)
plvodné cileny na receptorovy NCL na povrchu nadorovych bunék vykazujici vsak afinitu také
pro NPM1 (Destouches et al., 2011). Vazba N6L k NTD NPM1 brani jeji uéasti v proteinovych

interakcich, coZz predstavovalo slibny predpoklad zvysené apoptdézy bunék nesoucich
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mutNPM1 v dasledku uvolnéni proteint regulujicich apoptdzu z cytoplazmatickych komplext
s mutNPM1. Tato domnénka se vSak nepotvrdila, a naopak bylo dokumentovano, Zze N6L
preferencéné spousti apoptdzu v burikach obsahujicich wtNPM1 (De Cola et al., 2018). Nicméné
oSetreni bunék kombinaci N6L s DOX a/nebo ARA-C vedlo k vzestupu toxicity téchto cytostatik
u leukemickych linii OCI-AML2, exprimujici pouze wtNPM1, i OCI-AML3, exprimujici
mutNPM1, coZ pfindsi slibnou perspektivu pro terapii AML (De Cola et al., 2018), prestoze jeji
mechanismus pravdépodobné neovliviiuje NPM1. Novéji vyvijenou skupinou bioaktivnich
molekul jsou inhibitory interakce mezi APE1 a NPM1 (Poletto et al., 2016). Stejné jako NPM1,
také APE1 byva v nadorovych burikdch nadmérné exprimovdna nebo aberantné lokalizovdna,
pricemz pravé zvySend exprese obou proteinl patfi k faktorim souvisejicim s vyssi agresivitou
nadoru (Chen et al., 2018; Yuan et al., 2017). Vyssi hladina NPM1 asociovaného s APE1 tedy
mUzZe prispivat ke zvysené bunécné proliferaci, invazivité a rezistenci nadorovych bunék vici
terapii. U molekul blokujicich interakci APE1-NPM1 byla pozorovana schopnost tlumit
proliferaci nadorovych bunék a zvySovat jejich citlivost vici latkdm poskozujicim DNA (Poletto
et al,, 2016).

Alternativni Ié¢ebna strategie spociva v regulaci PTM NPM1. Je zndmo, Ze deregulace
aktivity proteinovych kinaz hraje vyznamnou roli v rozvoji nadorového bujeni, coz z téchto
proteinl Cini atraktivni cil protinadorové |écby (Giamas et al., 2007). Jednu z vyznamnych
serin-threoninovych kindz, jejiz zmény v aktivité a expresi byly popsany u rady solidnich a
hematologickych nador, predstavuje kaseinova kindza 2 (CK2; casein kinase 2) (Chua et al.,
2017). NPM1 patii mezi dobre prostudované substraty CK2 (Szebeni et al., 2003) a zarover byl
identifikovan jako klicovy ligand rozpozndvany specifickym proapoptotickym peptidem
CIGB-300 (dfive pod ndzvem P15-Tat) (Perera et al.,, 2009). Tento inhibitor cili
na fosfoakceptorovou oblast substratu CK2, kterou je v pfipadé NPM1 Ser125, ¢imz se toto
misto stava pro proteinkinazu nepfistupné (Perea et al., 2018, 2004). Zamezeni fosforylace
NPM1 v disledku navdzani CIGB-300 ziejmé narusuje stabilitu jadérka, coz nasledné vede
k masivnimu vyvolani apoptézy (Perera et al., 2009).

Dalsi mozna strategie je zaloZena na tzv. hypotéze vyhladovélého jadérka vychazejici
z pfedpokladu, Ze wt frakce NPM1 v jadérku AML bunék s mutNPM1 je nezbytnd pro jejich
preziti, a Ze tedy odstranéni zbytkového NPM1 z jadérka indukuje jadérkovy stres, ktery vyusti
v apoptozu leukemickych bunék (Falini et al., 2011; Federici and Falini, 2013). Mezi latky této

skupiny uvoliiujici NPM1 z jadérka je fazen napt. TMPyP4 (tetra-N-methyl-4-pyridyl porphyrin)
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vazajici G-kvadruplexy rDNA s vyssi afinitou nez NPM1 (Chiarella et al., 2013). Paradoxné ale
byly rozsahlejsi toxické ucinky TMPyP4 zaznamendny u bunécné linie nesouci wtNPM1
(Chiarella et al., 2013), zatimco Zivotaschopnost a rozsah apoptdézy AML bunék s mutNPM1
nebyly timto inhibitorem pfilis ovlivnény (De Cola et al., 2014). Ackoli tedy tato lé¢ba méla
najit uplatnéni v terapii AML s mutNPM1, mlze byt nakonec vyuZita spiSe v nadorovych
tkanich nadmérné exprimujicich NPM1. Skutecnost, Zze v AML burnikach s mutNPM1 je
v dUsledku snizené hladiny wtNPM1 v jadérku urcita mira jadérkového stresu, se vSak odrazi
ve zvyseni jejich citlivosti vici urcitym chemoterapeutickym latkam (Falini et al., 2011). Napfr.
ActD (Falini et al., 2015; Gionfriddo et al., 2021; B. Y. M. Yung et al., 1985), daunorubicin (Chan
and Chan, 1999), DOX (Chan et al., 1987) nebo platinova cytostatika cisplatina a oxaliplatina
(Burger et al., 2010) prohlubuji jadérkovy stres akumulaci NPM1 v nukleoplazmé, ¢imzZ dochazi
k poruseni integrity jadérka a tyto bunky podstupuji apoptézu (Rubbi, 2003).

Jina |éCebna strategie vyuziva selektivni degradace mutNPM1 pfi soucasném zachovani
hladiny wtNPM1. Jako slibny kandidat pro tento zpUsob IéCby byl navrZeny oxid arsenity, ATRA
a jejich kombinace (El Hajj et al., 2015; Martelli et al., 2015) a analog imunomoduldtoru
imiquimodu EAPB0503 (1-(3-methoxyphenyl)-N-methylimidazo[1,2-a]quinoxalin-4-amine)
(Nabbouh et al., 2017). Tato |éCiva vyvolavaji proteazomalni degradaci mutNPM1, obnovuji
jadérkovou/jadernou lokalizaci wtNPM1 a v zavislosti na koncentraci, dobé plsobeni a pouZité
bunécné linii s rGznou uUcinnosti zastavuji bunécny rlist a spoustéji apoptdzu. Z aktivnich
pfirodnich latek byl na bunécnych liniich nesoucich mutNPM1 testovan flavonoid deguelin (Yi
et al., 2015) a katechin epigallokatechin-3-gallat (Chi et al., 2014). Obé tyto rostlinné slozky
zpUsobovaly pokles hladiny mutNPM1, potlacovaly bunécnou proliferaci a indukovaly
bunécnou smrt.

Horsi progndza AML je mimo jiné asociovdna s nadmérnou expresi receptoru CRM1
(Kojima et al., 2013), ktery zprostfedkovava jaderny export rady proteinli véetné NPM1,
nejznaméjsich tumor supresorli p53, p21 ¢i retinoblastomového proteinu, a onkoproteind
jako je napt. produkt kddovany abnormalnim genem vzniklym fuzi BCR (z angl. breakpoint
cluster region protein) a ABL1 (z angl. Abelson tyrosine-protein kinase 1) (Turner et al., 2012).
Inhibice CRM1 tzv. selektivnimi inhibitory jaderného exportu (SINE; selective inhibitor
of nuclear export) se tedy jevi jako slibnd |é¢ebnd modalita v terapii nddorovych onemocnéni
(Azizian and Li, 2020). Nejlépe prostudovanym SINE je selinexor (KPT-330), jehoz efekt

na relokalizaci mutNPM1 do jadra byl jiZz zdokumentovan (Gu et al., 2018). Zatimco u solidnich
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nadord byla jeho ucinnost jen omezend, pro terapii hematologickych malignit zahrnujicich
AML, non-Hodgkinlv lymfom a mnohocetny myelom (pro jehoz Ié€bu byl neddvno schvalen
americkym Uradem pro kontrolu potravin a lé¢iv (Research, 2019)), se jevi selinexor velice
perspektivni (Azizian and Li, 2020). Monoterapie selinexorem u nemocnych
s refrakterni/relabujici AML (Garzon et al., 2017) stejné jako pfidani selinexoru ke standardni
indukéni (ARA-C + daunorubicin) a konsolidacni (ARA-C) chemoterapii u pacientl s nové
diagnostikovanou AML s vysokym rizikem (Pardee et al., 2020; Sweet et al., 2016) byly
shledany jako ucinné a bezpecné. Jak jiz bylo dfive zminéno, NPM1 interaguje s reguldtorem
myeloidni diferenciace PU.1, pfiéemzZ tato interakce neni narusena C-koncovou mutaci NPM1.
To md za nasledek presun komplexu mutNPM1-PU.1 do cytoplazmy, kde PU.1 nemlze
stimulovat diferenciaci granulocytl a monocyt(. PouZiti selinexoru blokujiciho jaderny export
mutNPM1-PU.1 nastartovalo v AML burikdch s mutNPM1 monocytickou diferenciacni drahu
(Gu et al., 2018). Podobny efekt by se dal ocekavat i u dalSich protein, jejichZ lokalizace je
ovlivnéna interakci s mutNPM1. Podrobné studium ucinku selinexoru na lokalizaci p53, ktery
je prokazatelné delokalizovan do cytoplazmy vlivem interakce s mutNPM1, ale ukdzalo, Ze
redistribuce obou proteini po osetreni selinexorem probihd nezavisle. V tomto pripadé je
nutné vzit v Uvahu rovnéz primy vliv selinexoru na p53, pticemz vysledny mechanismus
plUsobeni v burikdch s mutNPM1 je pravdépodobné souhrou nékolika rlznych signalnich
kaskad (Holoubek et al., 2021).

Pomérné nové uvaiovanym |éCebnym postupem je wvyuzZiti farmakologického
chaperonu, tedy malé molekuly zprostredkujici sbaleni proteinu (Convertino et al., 2016).
Latka s takovymto ucéinkem v pfipadé mutNPM1 indukuje sbaleni CTD do formy
charakteristické pro wtNPM1, coz vytvari predpoklad pro jeho relokalizaci zpét do jadérka
(Chiarella et al., 2013; Falini et al., 2006b; Urbaneja et al., 2017), kde mutNPM1 ztraci
antiapoptotickou funkci asociovanou se svym cytoplazmatickym vyskytem. V této kategorii
lé¢iv byl zvazovan avrainvillamid rozpozndvajici C-koncovou doménu NPM1 (Wulff et al.,
2007). Jednd se o alkaloid s antiproliferativni aktivitou, ktery v leukemickych burkach
stimuluje presun mutNPM1 z cytoplazmy do jadérka a nukleoplazmy a navozuje apoptdzu
(Andresen et al., 2016; Mukherjee et al., 2015), nicméné schopnost regulace prostorového
usporadani CTD mutNPM1 u néj zatim nebyla prokdzana. DalSim terapeutikem

s antiproliferativnimi a proapoptotickymi ucinky na bunécnou linii OCI-AML3, které téz
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indukuje pfesun mutNPM1 z cytoplazmy do jadra, je diterpen oridonin, ani u néj vsak presny
mechanismus plsobeni na mutNPM1 neni zndmy (Li et al., 2014).

Relokalizace mutNPM1 do jadérka bylo docileno také pouZitim nékterych cinidel
narusujicich syntézu DNA. Na pacientskych burikdch nesoucich mutNPM1 a na bunécéné linii
OCI-AML3 bylo prokdzano, ze po jejich oSetfeni etoposidem ¢i ARA-C dochdzi k presunu
cytoplazmatického mutNPM1 do jadérka (Bailey et al., 2019).

Jak bylo uvedeno v kapitole 2.6.1.2.5 Zmény v expresi HOX genl, vyskyt mutace NPM1
koreluje se zvySenou expresi HOX gen( (Alcalay et al., 2005; Spencer et al., 2015), kterou
v burikdch s mutNPM1 reguluji metyltransferazy MLL a DOTIL (z angl. disruptor of telomeric
silencing 1-like) (Kuhn et al., 2016). V fizeni exprese genl HOX a zajisténi obnovy krevnich
bunécnych komponent hraje dllezitou roli vazba meninu (MEN; menin) k MLL (Chen et al.,
2006; Novotny et al., 2009). Kombinace epigenetickych IéCiv inhibujicich interakci MEN-MLL a
enzym DOTIL aktivovala diferenciaci a utlumila proliferaci leukemickych blastli s mutNPM1
za souCasného snizeni exprese gentd HOX (Kiihn et al., 2016). V bunkach oSetfenych témito
Ié¢ivy nebyla zaznamenana zména v celkové metylaci konkrétnich histonl, Uroven metylace
ve specifickych lokusech souvisejicich s expresi HOX gen( vsak byla vyznamné sniZena.
Epigenetické reguldtory tedy predstavuji dalsi slibnou kategorii protinddorovych lécivych
pfipravkd pro terapii AML s mutNPM1.

Soucasnym trendem na poli |é¢by AML je cilend terapie kombinovand s dalSimi
chemoterapeutickymi rezimy. Antiapoptoticky protein B-bunécnych lymfoma BCL-2 (z angl.
B-cell lymphoma-2) je povazovan za atraktivni terapeuticky cil pro svoji schopnost podporovat
prezivani blastl a vysokou expresi v téchto burkach, ktera je asociovana s horsi progndzou
onemocnéni (Campos et al., 1993). V |écbé starsich pacientl s AML s mutNPM1 dosahuje velmi
dobrych vysledkid kombinovana lé¢ba hypometylacnich latek s Venetoclaxem, inhibitorem
BCL-2 (DiNardo et al., 2019; Lachowiez et al., 2020). Tato kombinovana terapie byla shledana
ucinnou také u pacientt se sekundarni AML ¢i s cytogenetickym nalezem predznamendvajicim
Spatnou progndzu (DiNardo et al., 2019).

Velmi aktudlnim pfistupem k l1é¢bé AML s mutNPM1 je imunoterapie vyuZivajici NPM1
jako potencialni cil pro aktivované T-lymfocyty (TL; T lymphocytes). Bylo nalezeno nékolik
imunogennich peptidd z mutované casti mutNPM1 (neoantigent), zaroven ale byly
specifikovany i sekvence schopné vyvolat imunitni odezvu a pochdzejici z nemutované casti

proteinu. V mutované oblasti NPM1 byly charakterizovany dva nonapeptidy (NPM1#1 a

46



NPM1#3) specifické pro alely HLA-A2, které byly schopny stimulovat CD8* TL. Aktivace CD8*
TL byla monitorovdana pomoci sekrece granzymu B a interferonu y. Prodlouzené peptidy
derivované z jednoho z téchto dvou neoantigend (NPM1#1) aktivovaly také CD4* TL, které by
tedy mohly ve spolupraci s CD8* TL cilené eliminovat leukemické buriky (Greiner et al., 2012).
Analyza souboru 25 pacienti s AML s mutNPM1 nasledné ukdzala asociaci mezi prodlouzenim
OS a specifickou imunitni reakci CD8* TL rozpozndvajicich peptidové fragmenty NPM1#1 a
NPM1#3 (Greiner et al.,, 2013). V nedavné studii byl identifikovan antigenné specificky
receptor na povrchu T-lymfocytl (TCR; T-cell receptor) rozpoznavajici dalsi konkrétni peptid
z mutované C-koncové oblasti NPM1 v komplexu s HLA-A2. Tento TCR byl pomoci retroviru
vloZzen do CD4*a CD8* TL zdravych jedinc(l, nosicl alely HLA-A2. Reaktivita takto upravenych
TL byla testovdna na bunécnych liniich OCI-AML2 a OCI-AML3 a také na burikach pacientu
s AML s mutaci a bez mutace NPM1. U¢innost téchto modifikovanych TL byla prokazéana jak
u leukemickych bunék nesoucich mutNPM1, tak na mysim modelu s mutNPM1 (van der Lee
et al., 2019). Zdokumentovana byla také efektivita a specifita modifikovanych T-lymfocyt(
nesoucich chiméricky antigenni receptor rozpozndvajici mutovany peptid z mutNPM1
prezentovany HLA-A2 (Xie et al., 2021). V dasledku heterooligomerizace a cytoplazmatické
lokalizace mutNPM1 je pro Stépeni na peptidové fragmenty lépe pristupny také wtNPM1,
pfipadné interakéni partnefi NPM1. Tim lze ziskat rozsahlejsi soubor antigennich peptidd,
které mohou byt prezentovany na molekulach hlavniho histokompatibilniho komplexu. Studie
zamérujici se na zjisténi frekvence vyskytu jednotlivych HLA alel I. tfidy v souboru pacient
s AML s mutNPM1 uvadi, Ze urcité HLA alely (A*02, B*07, B*18, B*40, C*07) se u pacient(
s mutNPM1 vyskytuji s nizsi frekvenci nez je bézné ve zdravé populaci ¢i u AML pacient(, ktefi
nenesou mutNPM1. Peptidy predikované pro asociaci s témito alelami pochazeji prevainé
z nemutované sekvence NPM1. Navic byla u pacientll s AML s mutNPM1 prokdzdna souvislost
mezi vyskytem téchto méné zastoupenych alel a vyvojem nemoci a pravdépodobnosti
dlouhodobého preziti (Kuzelovd et al., 2018, 2015). Nadorové tkané casto vykazuji silnou
expresiligandu programované bunécné smrti 1 (PD-L1; programmed cell death ligand 1) (Dong
et al., 2002) rozpoznavajictho membranovy receptor - protein programované bunécné smrti 1
(PD-1; programmed cell death protein 1) exprimovany predevsim na aktivovanych T- a
B-lymfocytech a nékterych myeloidnich bunkach imunitniho systému (Freeman et al., 2000).
V poslednich letech je interakci PD-L1-PD-1 v oblasti imunoterapie vénovana stale veétsi

pozornost. Ve skupiné 30 pacientl s AML (polovina s mutaci NPM1) byla u jedinc nesoucich
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mutNPM1 pozorovana vyssi exprese PD-L1, a to zejména v leukemickych kmenovych burikach
(LSC; leukemia stem cells). Nicméné v expresi PD-L1 na uUrovni mediatorové RNA (mRNA;
messenger RNA) nebyly mezi LSC a zbylou frakci bunék zjistény signifikantni rozdily (Greiner
et al., 2017). Korelace mezi hladinami mRNA a proteinu PD-L1 nebyla potvrzena ani ve studii
Brodska et al., byla vSak nalezena asociace mezi mnozstvim PD-L1 exprimovaného na povrchu
bunék a pomérem dvou jeho transkrip¢nich variant (Brodska et al., 2016b). V neddvné dobé
bylo navic prokdazano, ze NPM1 reguluje expresi PD-L1 pomoci interakce mezi NPM1 a
promotorem PD-L1 (Qin 2020). Imunoterapie je proto slibnym smérem pro lécbu AML

s mutNPM1, at uz jako monoterapie nebo jako podpurny prostfedek pro jiné zplsoby IéCby.
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3 CiLE

Tématem dizertacni prace jsou mutace v genu NPM1 a jejich dopad na funkci proteinu.
Pfirozena forma NPM1 se vyskytuje prevainé ve formé pentamerl a je lokalizovana
v bunééném jadérku. Charakteristickd mutace v CTD, kterd je velmi casto detekovana
u pacientl s AML, ma za nasledek presun mutovaného proteinu do cytoplazmy. NTD NPM1
zajistuje oligomerizaci a interakci NPM1 s mnoha dalSimi proteiny a jeji sekvence zlstava
v mutNPM1 neporuSena. Zména vnitrobunécné lokalizace mutNPM1 proto ovliviiuje nejen
jeho biologickou funkci, ale také lokalizaci jeho interakénich partnerd a wtNPM1. Pripadné
terapeutické zasahy do oligomerizacni domény NPM1 s cilem rozrusit komplexy obsahujici
mutNPM1 by mohly obnovit jadérkovou lokalizaci a aktivitu wtNPM1 i spravnou funkci jeho
interakénich partnerd. Cilem prace bylo zavést mutace do genu NPM1 a vysetfit jejich funkéni
nasledky, zejména popsat vliv klinicky relevantnich zmén v C-koncové c(asti proteinu
na vybrané interakce a pomoci manipulaci s N-koncovou doménou charakterizovat roli
oligomerizace v signalizaci NPM1. Dale popsat vliv vybranych lé¢iv na tvorbu oligomer( a

na interakéni potencidl wtNPM1 a mutNPM1.

Prace ma tyto dilci cile:

1) V navaznosti na vysledky diplomové prace porovnavajici expresi a lokalizaci mutNPM1
v bunécénych liniich Hela a HEK-293T prokdzat pomoci imunoprecipitace (IP;
immunoprecipitation) konstruktl znacenych zesilenym zelenym fluorescenénim
proteinem (eGFP; enhanced green fluorescent protein) interakci mezi exogenni a
endogenni formou NPM1.

2) Zavést a optimalizovat metody pro detekci oligomerl NPM1 in vitro pomoci nativni
polyakrylamidové gelové elektroforézy (nat PAGE; native polyacrylamide gel
electrophoresis) a seminativni polyakrylamidové gelové elektroforézy (semi-nat PAGE;
semi-native polyacrylamide gel electrophoresis), IP a in vivo prostfednictvim
konfokalni mikroskopie a casové rozliSené fluorescenéni mikroskopie (FLIM;
fluorescence lifetime imaging microscopy) v kombinaci s fluorescenénim rezonanénim
prenosem energie (FRET; fluorescence resonance energy transfer).

3) Analyzovat vliv mutace v CTD NPM1 na jeho oligomerizaci a interakci se znamymi

interakénimi partnery. Pro blizsi zkoumani byl zvolen jadérkovy fosfoprotein NCL, jehoz

49



interakce s wWtNPM1 byla dfive popsana a jeho funkce je v mnoha procesech
komplementarni s funkci NPM1.

4) Sledovani ucinku vybranych cytotoxickych Iéciv na interakci NPM1-NCL, lokalizaci
NPM1 a na stabilitu jeho oligomerd.

5) S vyuzitim molekuldrniho klonovani pripravit mutované varianty NPM1 s narusenou
oligomeriza¢ni doménou, které predstavuji modelovy systém pro experimenty
studujici oligomerizaci NPM1, a charakterizovat jejich vlastnosti pomociin vitroiin vivo
metod.

6) Prostfednictvim zavedenych metod analyzovat vliv malé molekuly NSC348884
deklarované jako inhibitor oligomerizace NPM1 na tvorbu oligomer( a na interakéni

potencial wtNPM1 a jeho mutované formy asociované s AML.
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4 VYSLEDKY

Vysledkova ¢ast je souhrnem ¢ty publikaci, které prosly fadnym recenznim fizenim a
byly uvefejnény v impaktovanych védeckych casopisech. Vysledky popsané v téchto
publikacich jsme ziskali v nasi laboratofi v dobé mého doktorského studia a mQj podil na nich

je specifikovan na konci kapitol vénovanych jednotlivym publikacim.

51



4.1 Publikace €. 1: Localization of AML-related nucleophosmin mutant depends on its
subtype and is highly affected by its interaction with wild-type NPM1

Shrnuti obsahu: V této prdci detailné charakterizujeme vnitrobunéénou lokalizaci
exogenniho fluorescencné znaceného NPM1 v zavislosti na typu C-koncové mutace a hladiné
endogenniho NPM1. Pro studium lokalizace NPM1 jsme wvyuZzivali tfi expresni systémy,
HEK-293T, Hela a NIH-3T3, liSici se mirou exprese vnasenych konstruktd a relativni hladinou
endogenniho NPM1. Zatimco bunécna linie HEK-293T je charakteristickd vysokou expresi
vnaseného plazmidu, bunky NIH-3T3 vykazuji standardni amplifikaci plazmidové DNA i
endogenniho NPM1. U bunécéné linie Hela je pfitomno vice kopii genu NPM1 (Macville et al.,
1999), a proto se tyto bunky vyznacuji vysokou hladinou endogenniho NPM1. Mimoto jsme
zavedli postup detekce cytoplazmatického mutNPM1 (bez ohledu na typ mutace) v blastech
pacientl s mutNPM1 metodou imunofluorescencniho znaceni fixovanych bunék.

Je zndmo, Ze schopnost oligomerizace NPM1 neni narusena C-koncovou mutaci, coz
umoznuje tvorbu heterooligomerl mezi pfirozenou a mutovanou formou NPM1 (Bolli et al.,
2009). Dosud identifikované typy mutaci NPM1 jsou charakterizovdny ztratou jednoho nebo
obou tryptofan( (Trp290, pripadné i Trp288) ze sekvence zajistujici lokalizaci NPM1 v jadérku
a nahrazenim této oblasti sekvenci zprostredkujici transport NPM1 z jadra. Zkonstruovali jsme
proto plazmidy nesouci dvé skupiny NPM1 mutaci. V prvni skupiné byla nej¢astéjsi NPM1
mutace typu A (80 % pripadl) a ji podobné typy B a Nm, které postradaji oba tryptofany, ale
jejichz ziskany NES ma relativné nizkou afinitu k exportnimu proteinu CRM1. Druha skupina
plazmidl obsahovala typy E a H se zachovanym Trp288 a s NES s vysokou afinitou k CRM1
(Bolli et al., 2007). Vnitrobunécénou lokalizaci vSech vyse zminénych mutovanych forem jsme
sledovali pomoci fluorescenéniho mikroskopu v bunééné linii HEK-293T. MutNPM1 typu A, B
a Nm vykazovaly témér identickou, prevainé cytoplazmatickou lokalizaci, zatimco mutNPM1
typu E a H byly pfitomny v jadérku i cytoplazmé soucasné. ProtoZe se v rdmci jedné skupiny
chovaly dané varianty srovnatelné, prezentovali jsme v publikaci z kazdého souboru
nejcastéjsi typy mutaci, tedy A a B z prvniho a E z druhého souboru. V liniich NIH-3T3 a Hela
jsme pozorovali vyrazny narast podilu bunék s mutovanou formou lokalizovanou v cytoplazmé
a jadérku zaroven. Exprese mutNPM1 typu A na drovni proteinu byla u bunécnych linii
HEK-293T, NIH-3T3 a Hela stanovena pomoci imunoblotll. Pfi porovnani snimkd
z fluorescenéniho mikroskopu a imunoblotl jsme nasli korelaci mezi poc¢tem bunék s vyhradné

cytoplazmatickou lokalizaci mutNPM1 a pomérem exprese exogenniho NPM1 vUci
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endogennimu NPM1 v bunécném lyzatu. To nds vedlo k hypotéze, Ze heterooligomery vznikaji
téZz mezi exogenni a endogenni formou NPM1 a Ze vyssi podil mutNPM1 lokalizovaného
v jadérku je dUsledkem vyssi exprese endogenniho NPM1. Tato domnénka byla nasledné
potvrzena metodou IP vyuZivajici systém agardzovych kuli¢ek s navazanymi peptidy s vysokou
afinitou k eGFP nebo k monomernimu cervenému fluorescenénimu proteinu 1 (mRFP1;
monomeric red fluorescent protein 1) — GFP/RFP-Trap. Pomoci GFP-Trapu jsme precipitovali
eGFP-znacené varianty wtNPM1 (eGFP_wtNPM1) a mutNPM1 (eGFP_mutNPM1) typu A a
typu E z bunéénych lyzatd HEK-293T a Hela. U obou bunécénych linii se endogenni NPM1
koprecipitoval spolu s exogenni, pfirozenou i mutovanou, formou NPM1, pfi¢emz pfitomnost
endogenniho NPM1 byla vyss$i pro precipitaci pfirozenou formou NPM1. Zaroven jsme
prokazali vyssi pomér endogenniho NPM1 v precipitdtech linie Hela, coZz souhlasi
s predpokladem, Ze zvySena exprese endogenniho NPM1 ma za nasledek vétsi podil jeho
molekul v heterooligomerech.

Tato publikace vychazi z dat namérenych v ramci reSeni mé diplomové prace. Je vsak
vyznamné rozsitena o (1) imunofluorescencni detekci variant NPM1 na vzorcich od pacientl
s AML, kterym byla vzhledem k vysokému vyskytu leukocytt (prevazné blastl) v periferni krvi
provedena leukodeplece (Fig. 1); (2) veskeré statistické analyzy tykajici se vnitrobunééné
lokalizace mutNPM1 (Fig. 2b, 3b, 3¢, 4c); (3) kvantitativni stanoveni hladiny exogenniho NPM1
(wt a s mutacemi typu A, B a E) vici endogennimu NPM1 pomoci techniky imunoblotu a
hodnoceni Gcinnosti transfekce jednotlivych konstruktd u bunécné linie HEK-293T (Fig. 2c); (4)
imunobloty srovnavajici rlznou hladinu endogenniho NPM1 a rozdilnou expresi exogenniho
mutNPM1 typu A u bunécnych linii HEK-293T, NIH-3T3 a Hela (Fig. 4b, 4d); (5)
imunoprecipitacni experimenty prokazujici interakci mezi endogenni a exogenni formou

NPM1 (Fig. 5).

MUj podil na praci: (1) Pfiprava mutovanych forem NPM1 technikou molekularniho
klonovani a jejich transfekce do bunécénych linii HEK-293T, Hela a NIH-3T3; (2) provedeni
lokaliza¢nich  experimentl vyuZivajicich konfokalni mikroskopii (live-cell imaging,
imunofluorescence); (3) pfiprava bunécnych lyzatl z adherentnich bunécnych linii HEK-293T,
NIH-3T3 a Hela, provedeni PAGE v pritomnosti dodecylsiranu sodného (SDS; sodium dodecyl
sulfate), IP pomoci GFP-Trapu a vyhodnoceni western blotl (WB; western blot); (4) pfiprava

obrazkd a ucast na psani manuskriptu.
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4.2 Publikace €. 2: Monitoring of nucleophosmin oligomerization in live cells

Shrnuti obsahu: Biologicka aktivita a oligomerizace NPM1 spolu Uzce souviseji
(Hingorani et al., 2000; Mitrea et al., 2014; Prinos et al., 2011). Jednotlivé molekuly NPM1
spolu v oligomerech interaguji skrze NTD (Hingorani et al., 2000), ktera zaroven
zprostredkovdva radu interakci s dalSimi proteiny, napf. pl4Arf (Bertwistle et al., 2004;
Itahana et al., 2003), APE1 (Vascotto et al., 2009), MEF/ELF4 (z angl. E74-like factor 4) (Ando
et al., 2013). Zasah do oligomerizacni domény by tedy mohl vést ke zménam v interakéni
kapacité NPM1. U proteinu, ktery je diky interakci s mutovanou formou NPM1 delokalizovan
do cytoplazmy, se predpoklada, Ze porusenim interakéni domény muze dojit k jeho uvolnéni
z komplexu s mutNPM1 v cytoplazmé a jeho presun zpét do jadra by pak mohl zpUsobit
obnoveni jeho biologické funkce. NTD NPM1 tudiZz pfedstavuje zajimavy terapeuticky cil
(Balusu et al., 2011; Jian et al., 2009; Qi et al., 2008). Dle dostupné literatury byla oligomerizace
NPM1 studovdna prednostné metodami in vitro (Chan and Chan, 1995; Duan-Porter et al.,
2014; Enomoto et al., 2006; Hingorani et al., 2000; Lin et al., 2016; Liu and Yung, 1999; Mitrea
et al., 2014; Prinos et al., 2011; Yung and Chan, 1987). Rozhodli jsme se k analyze NPM1
oligomerizace in vitro experimenty doplnit in vivo pfistupy zaloZzenymi na fluorescencnich
proteinech. Fluorescenc¢ni proteiny jsme tedy pomoci technik molekuldrniho klonovani
pfipojili ke studovanym proteinim, coz ndm umoznilo pro sledovani NPM1 oligomerizace
zavést a validovat dvé in vivo metody vyuzivajici fluorescenéni mikroskopii — kros-korela¢ni
analyzu dvou fluorescencnich signalll detekovanych ve spektrdlné odliSenych kanalech
((ccN&B; cross-correlation number and brightness assay) kombinovanou s pulzné
prokladanym buzenim (PIE; pulsed interleaved excitation)), coz jsou metody fluorescenéni
korelacni spektroskopie, a metodu ¢asoveé rozlisené fluorescencni spektroskopie FLIM-FRET.
Kroskorelace dvou spektralné odliSenych signal udava statistickou miru podobnosti ¢asového
prabéhu signall, které pfrislusi dvéma odlisné barevnym fluoreskujicim znackam. Hodnota
tohoto parametru zrcadli spoleény pohyb rGzné barevnych molekul wvyskytujicich se
v molekularnich komplexech ve sledovaném vzorku. Jako znacky jsme poutzili fluorescenéni
proteiny eGFP a mRFP1. Tyto znacky mohou byt zaroven pouzity i pro sledovani vzajemné
vzdalenosti oznacenych molekul prostfednictvim FRET. Technika FLIM-FRET mapuje dobu
dohasinanifluorescence zelené fluoreskujiciho proteinu eGFP, ktery slouZil jako donor, z ¢ehoz
muZe byt nasledné usuzovdno na vzddlenost mezi oznacenymi molekulami Cili potencialni

interakci. Jako akceptor jsme pouzili Cerveny fluorescencni protein mRFP1. Obé fluorescencni
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metody pouZité pro in vivo sledovani oligomerizace NPM1 vyzaduji vhodné kontroly. Jako
pozitivni kontrola pro PIE-ccN&B metodu byl pouzit wtNPM1 znaceny soucasné obéma
fluorescenénimi proteiny: mRFP1 na N-konci a eGFP na C-konci. Tento model ukazoval nejvyssi
miru korelace zeleného a cerveného signalu. Negativni kontrolu predstavovala smés dvou
typU protein(i, eGFP_wtNPM1 a volného mRFP1. V méreni FLIM-FRET jsme pfitomnost FRET
ovérili metodou zaloZzenou na fotodestrukci (vybéleni) akceptoru. Po vybéleni akceptoru by
mélo v pfipadé pritomnosti pfenosu energie dojit k prodlouzeni doby dohasindni a narUstu
intenzity fluorescence donoru a k ndvratu ke stavu bez FRET. FRET jsme timto zplsobem
pozorovali vesmési proteind eGFP_wtNPM1 a WwtNPM1 znaceného mRFP1
(mRFP1_wtNPM1). To je vsouladu s predpokladem, Ze molekuly NPM1 spolu interaguji v
oligomerech (Schmidt-Zachmann et al., 1987; Umekawa et al., 1993; Yung and Chan, 1987).
Negativni kontrolu v analyze FLIM-FRET predstavovala dvojice NCL zna¢eného eGFP a NCL
znateného mMRFP1. NCL vykazuje prevaziné jadérkovou lokalizaci srovnatelnou v
transfekovanych bunkach s NPM1 (Schmidt-Zachmann and Nigg, 1993) a zaroven nedochazi k
vyraznému zkraceni doby dohasinani fluorescence u smési barevné znacenych molekul NCL ve
srovnani s dobou dohasinani fluorescence pozorovanou pro eGFP-znaceny NCL bez
pritomnosti ¢ervené formy, ¢imz bylo ovéreno, Zze k podstatnému zkraceni doby dohasinani
eGFP v pfipadé eGFP_wtNPM1-mRFP1_wtNPM1 nedochazi v disledku nespecifické interakce
molekul vyskytujicich se v jadérku ve vysokych koncentracich a tudiz velmi blizko u sebe. S
takto nastavenym systémem metod vhodnych pro sledovani interakci in vivo jsme planovali
naméfit data pro molekuly NPM1 s poskozenou oligomerizaci. Jednim z inhibitord
oligomerizace NPM1 ma byt [é¢ivo NSC348884 (Balusu et al., 2011; Qi et al., 2008). V nasich
experimentech vsak tato latka v doporucenych koncentracich indukovala bunécnou apoptdzu
a snizeni bunécéné adhezivity, coz nam ztizilo studium jejiho efektu metodami zaloZzenymi na
fluorescencni mikroskopii. Podrobnéji jsme se jejimu vlivu vénovali v pozdéjsi publikaci
(Sadinkova et al., 2021). K ovlivnéni oligomerizace NPM1, a tedy k validaci in vivo metod, jsme
dale pouzili metody molekuldrniho klonovani a provedli inhibujici zdsahy do oligomerizacni
domeény popsané v literature. Cys21 je uveden jako kliCova AA pro tvorbu oligomerd NPM1
(Huang et al., 2013; Prinos et al., 2011). Jeho substituce za Phe ¢i Trp inhibuje dle studie Prinos
et al. tvorbu pentamerd NPM1 (Prinos et al., 2011), substituce za Ala podle Huang et al. pak
tento proces ¢astec¢né narusuje (Huang et al., 2013). V jiné publikaci se doklad3, Ze jadérkova

lokalizace variant NPM1 pifimo souvisi s jejich vyskytem v oligomernich komplexech (Enomoto

55



et al.,, 2006; Jian et al., 2009). Pokud by tedy nasledkem inhibujici mutace v Cys21 doslo
k poSkozeni oligomerizace NPM1, méla by byt narusena lokalizace této formy v jadérku a
takovy protein by se mél ve zvySené koncentraci vyskytovat v nukleoplazmé. Za vyuziti
konfokalni mikroskopie jsme tedy porovnali vnitrobunéénou lokalizaci fluorescencné
znacenych wtNPM1, NPM1 mutantl p.Cys21Ala a p.Cys21Phe v burikdch HEK-293T. Shledali
jsme, Ze vSechny tfi formy NPM1 vykazuji srovnatelnou lokalizaci, s pfevahou signdlu z jadérek
a minoritni nukleoplazmatickou frakci. Toto pozorovani naznacuje, Zze mutace v Cys21 bud
neinhibuji oligomerizaci NPM1, nebo rozpad NPM1 komplex( v jadérku nevede k relokalizaci
NPM1 do nukleoplazmy. Ndsledné jsme ovérovali vliv substituce Cys21 na oligomerizaci NPM1
metodou FLIM-FRET. Grafy ukazujici rozdéleni dob dohasinani fluorescence eGFP
v jednotlivych obrazovych elementech v zavislosti na poméru mezi intenzitou v ¢erveném a
zeleném detekénim kandlu pro Cervené a zelené znacené dvojice wtNPM1, NPM1 p.Cys21Ala
a p.Cys21Phe vykazovaly pro vSechny dvojice stejny trend, a to snizeni doby dohasinani
fluorescence eGFP s rostoucim pomérem intenzit akceptoru ku donoru. Tento vysledek svédci
o pfitomnosti oligomer(l u vSech testovanych variant NPM1. Ddle u téchto variant byla
provedena analyza PIE-ccN&B. Koeficienty kroskorelace testovanych dvojic ¢ervené a zelené
znaceného wtNPM1, p.Cys21Ala, p.Cys21Phe byly vzdjemné statisticky neodlisitelné, coz
rovnéz podpofilo nasi domnénku o schopnosti oligomerizace Cys21-mutovanych NPM1
molekul. Zavérem jsme uvedené in vivo metody doplnili o imunoprecipitacni analyzu,
pro kterou byly pouZity lyzaty HEK-293T bunék transfekovanych vidy jednou zelené znacenou
variantou wWtNPM1, p.Cys21Ala a p.Cys21Phe. Endogenni NPM1 se koprecipitoval
ve srovnatelné mire jak s wtNPM1, tak s formami NPM1 mutovanymi v Cys21, coz dolozZilo
zachovanou vazebnou schopnost téchto mutantl k wtNPM1. Lze tedy shrnout, Ze pomoci
dynamickych metod fluorescenéni spektroskopie je moziné sledovat oligomery tvorené

molekulami NPM1 a Ze substituce Cys21 nerusi schopnost NPM1 vytvaret oligomery.

MUj podil na praci: (1) Pfiprava NPM1 mutantd p.Cys21Ala a p.Cys21Phe technikou
molekuldrniho klonovani a jejich transfekce do bunécné linie HEK-293T; (2) provedeni
lokalizacnich experimentd vyuzivajicich konfokalni mikroskopii (live-cell imaging); (3) pfiprava
bunéénych lyzata z adherentni bunécéné linie HEK-293T, provedeni SDS-PAGE, IP pomoci

GFP-Trapu a vyhodnoceni WB.
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4.3 Publikace €. 3: AML-associated mutation of nucleophosmin compromises its
interaction with nucleolin

Shrnuti obsahu: Tato studie popisuje vliv C-koncové mutace NPM1 na jeho
oligomerizacni vlastnosti a jeho interakci s vyznamnym jadérkovym fosfoproteinem NCL.
Prostfednictvim nat PAGE a semi-nat PAGE jsme prokazali, Ze stabilita oligomer( tvorenych
mutNPM1 je nizsi neZ stabilita wtNPM1 komplexu, cozZ je dllezity poznatek pro vyvoj léCiv
cilenych na oligomerizaci NPM1. PfestoZze mnohé proteiny interaguji s NPM1 prostiednictvim
jeho NTD zodpovédné za oligomerizaci NPM1, nékteré, jako napf. p53 (Colombo et al., 2002;
Lambert and Buckle, 2006) ¢i NCL (Li et al., 1996), interaguji s NPM1 skrze jeho stfedni a
C-koncovou oblast. NCL je multifunkéni fosfoprotein nachazejici se prfevdiné v jadérku a
spolupracujici s NPM1 predevsim pfi ribogenezi, opravach DNA a bunécné proliferaci (Scott
and Oeffinger, 2016; Tajrishi et al., 2011). Nase vysledky ziskané pomoci IP a konfokalni
mikroskopie dokladaji, Ze interakce NPM1 a NCL je podstatné narusena pfitomnosti C-koncové
mutace NPM1. V pripadé NPM1 mutace typu A, kterd vede ke ztrdté NolS, jde o uplnou
absenci interakce mutNPM1-NCL, zatimco pro mutaci typu E, kterd zplsobuje ztratu pouze
jednoho ze dvou tryptofanl podstatnych pro jadérkovou lokalizaci, zGstava tato interakce
zCasti zachovana. NCL interaguje s oblasti NPM1 nezasaZzenou mutaci (187-245 AA) (Li et al.,
1996), sekvence vazebného mista pro NCL zdstava proto v mutNPM1 nezménéna. Naruseni
nebo fyzickou separaci interakénich partnerl odrazejici jejich odliSnou vnitrobunécnou
lokalizaci. Druhou uvedenou moznost jsme testovali za vyuziti cytotoxickych léciv ActD nebo
Leptomycinu B (LmB; Leptomycin B), kterd zpuUsobuji redistribuci NPM1 a NCL
do nukleoplazmy. ActD, znamé antibiotikum inhibujici syntézu RNA (Goldberg and Rabinowitz,
1962; Reich et al., 1961), indukuje kondenzaci jadérek a nukleoplazmatickou relokalizaci
jadérkovych proteint (Brodska et al., 2016a; Kalousek et al., 2005). LmB inhibuje jaderny
exportni protein CRM1 (Kudo et al., 1998), coz vede k akumulaci jeho klientnich protein,
k nimz patfii NPM1, v jadre (Bolli et al., 2007; Falini et al., 2006b). Kolokalizace fluorescenc¢né
znaCenych exogennich proteinl NCL a mutNPM1 navozena ucinkem ActD nebo LmB byla
v burikdch HEK-293T ovérena fluorescenéni mikroskopii, pfitomnost proteinového komplexu
byla studovana metodou IP. Zatimco interakce wtNPM1-NCL zlstala v burikdch osetfenych
cytostatiky neporusend, interakce mezi mutNPM1 a NCL detekovana nebyla. Lze tedy

predpokladat, Ze neschopnost mutNPM1 vazat NCL neni zpUsobena jejich odliSnou
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vnitrobunécnou lokalizaci. Pfitomnost mutNPM1 v bunce ma za nasledek relokalizaci ¢asti
wtNPM1 do cytoplazmy (Bolli et al., 2009; Brodska et al., 2017) a tedy snizeni hladiny NPM1
dostupného pro tvorbu komplexu NPM1-NCL. Za pfedpokladu neménné exprese NCL dochazi
v téchto burikach k vychyleni poméru relativnich koncentraci wtNPM1 a NCL, coz mlzZe mit
vyznamny dopad na bunééné procesy regulované témito proteiny. Porovnali jsme tedy
hladinu exprese NCL v blastech pacientd s mutNPM1 a bez mutNPM1 a v bunécnych liniich
OCI-AML3 (exprimujici mutNPM1) a OCI-AML2 (exprimujici wtNPM1). Z vysledk je patrné, ze
uroven exprese NCL neni zavisla na pritomnosti mutNPM1, coz muize mit vliv na kooperaci
téchto jadérkovych proteind.

Dalsi l1écCivo, které jsme se rozhodli blize charakterizovat ve vztahu k NPM1, byla ATRA.
ATRA predstavuje vyznamného zdastupce v terapii akutni promyelocytarni leukémie (APL;
acute promyelocytic leukemia) (Burnett et al., 2015; Castaigne et al., 1990; Fenaux et al., 1997;
Huang et al., 1988; Lo-Coco et al., 2013), jejiz vznik je u vétSiny nemocnych s APL spjat
s balancovanou translokaci t(15;17)(q24;921) zahrnujici nadorovy supresor promyelocyticky
leukemicky protein (PML; promyelocytic leukemia protein) a receptor RARa (Alcalay et al.,
1991; Borrow et al.,, 1990; de Thé et al., 1990; Kakizuka et al., 1991; Rowley et al., 1977).
Priblizné u 1-2 % pacientl s APL dochazi ke vzniku variantnich translokaci, kdy je gen RARa
fuzovan s jinym partnerem nez s PML (Liquori et al., 2020). Jednim z variantnich fuznich gent
je NPM1::RARa (Corey et al., 1994). Ackoli nékteré studie vyhodnocuji ATRA jako ucinnou
v terapii APL pacientu s pfitomnosti NPM1::RARq, je jeji ucinek u této formy onemocnéni stale
diskutovan (Corey et al., 1994; Grimwade et al., 2000; Hummel et al., 1999; Kikuma et al.,
2015; Nicci et al., 2005; Sanz et al., 2019; Xu et al., 2001). V této publikaci jsme charakterizovali
vliv ATRA na expresi a lokalizaci NPM1 a na stabilitu jeho oligomer( jak u leukemickych bunék
pacientd s AML, tak u bunécénych linii OCI-AML3 a OCI-AML2. Néktefi autofi popisuji degradaci
mutNPM1 v dlsledku plsobeni ATRA a nasledné uvolnéni wtNPM1 z heterooligomer(
lokalizovanych v cytoplazmé a jeho presun zpét do jadra (El Hajj et al., 2015; Martelli et al.,
2015). Nase imunofluorescencni pozorovani bunék osSetfenych ATRA neprokdazala vyrazny
ubytek mutNPM1, nicméné jsme zaznamenali jeho ¢astecny presun z cytoplazmy do jadra.
Ve shodé s publikaci Martelli et al. jsme téZ pozorovali zménu v poctu a tvaru jadérek bunék
linie OCI-AML3 vyvolanou plGsobenim ATRA. Expresi pfirozené i mutované formy NPM1 jsme
dale stanovili pomoci WB, z nichZ byla zjisténa mirné snizena hladina exprese obou variant

NPM1 a zaroven vyssi frakce NPM1 v oligomernim usporadani (zejména u bunék OCI-AML3).
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Rozli¢né funkce a vnitrobunécna lokalizace NPM1 jsou modulovany skrze jeho oligomerizacni
stav (Enomoto et al., 2006; Jian et al., 2009; Mitrea et al., 2014; Russo et al., 2021), pficemz
zastoupeni monomer( a oligomerd NPM1 je regulovano zejména jeho (de)fosforylaci a
interakcemi s jinymi proteiny skrze jejich segmenty bohaté na pfitomnost argininu (Mitrea et
al., 2014). Monomery NPM1 se uplatiuji zejména béhem poskozeni DNA a apoptdzy (Russo
et al., 2021), v prlibéhu S a M faze bunécného cyklu (Chou and Yung, 1995). Pfedpokladame,
Ze vyssi podil oligomera v burikdch oSetfenych ATRA souvisi s diferenciaénim ucinkem ATRA.
Zvyseny pocet bunék nachazejicich se v GO/G1 fazi jsme potvrdili pomoci pritokové
cytometrie. Vzhledem k pozorovanému efektu ATRA na lokalizaci mutNPM1 jsme toto lécivo
vyuzili také v experimentech s latkami navozujicimi kolokalizaci proteint NCL a mutNPM1
za UCelem posouzeni jejich pripadné interakce. Ani v tomto pfipadé vsak nebyla mezi

studovanymi proteiny detekovdna zadna interakce.

MUj podil na praci: (1) Transfekce exogennich protein (NCL a rlznych forem NPM1)
do bunéénych linii HEK-293T a Hela; (2) provedeni lokaliza¢nich experimentl vyuZivajicich
konfokalni mikroskopii (live-cell imaging, imunofluorescence); (3) pfiprava bunécnych lyzatq,
provedeni nat PAGE, semi-nat PAGE a SDS-PAGE, IP pomoci GFP/RFP-Trapu a vyhodnoceni

WB; (4) pfiprava obrazk( a ucast na psani manuskriptu.
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4.4 Publikace €. 4: NSC348884 cytotoxicity is not mediated by inhibition of
nucleophosmin oligomerization

Shrnuti obsahu: Publikace diskutuje ucinky lé¢iva NSC348884, které je pouzivano jako
inhibitor oligomerizace NPM1. Ackoli NSC348884 ovliviiuje také proliferaci, expresi p53 a
apoptdzu (Balusu et al.,, 2011; Y. Guo et al., 2014; Luo et al., 2017; Phi et al., 2019; Qi et al.,
2008; Yu et al., 2021), fada studii jeho cytotoxicky ucinek pfipisuje pravé narusené schopnosti
NPM1 oligomerizovat (Hu et al.,, 2019; Phi et al., 2019; Reichert and Rotshenker, 2019).
V dosavadnich publikacich bylo pisobeni NSC348884 na Urovni ovlivnéni oligomerizace NPM1
analyzovano pomoci PAGE bunécénych lyzata ziskanych za nativnich podminek (Balusu et al.,
2011; Qietal., 2008; Yu et al., 2021). Nase vysledky z nat PAGE vSak nepotvrdily destabiliza¢ni
efekt NSC348884 na komplexy oligomerd NPM1 u bunéénych linii HL-60, MV4-11, KG-1,
OCI-AML2, OCI-AML3, HEK-293T a Hela bez ohledu na pfitomnost mutNPM1. Rozhodli jsme
se tedy ucinek léc¢iva ovérit také in vivo metodami — konfokalni mikroskopii a metodou
FLIM-FRET - a rozsifit testovani in vitro o IP vyuZivajici systém GFP/RFP-Trap. Funkénost
méficich postupl pro detekci oligomeri NPM1 byla ovéfena jak pozitivnimi kontrolami
(eGFP- a mRFP1-zna¢enymi formami wtNPM1 a mutNPM1), tak souborem negativnich
kontrol, tedy molekul NPM1 nesoucich mutace v oligomerizani doméné. Ty byly navrieny
dle dat z publikaci (Prinos et al., 2011), (Huang et al., 2013) a (Enomoto et al., 2006), v nichz
jsou charakterizovany konkrétni oblasti a AA zbytky odpovédné za oligomerizaci NPM1. Jako
prvni negativni kontroly byly pfipraveny konstrukty nesouci NPM1 se zaménou p.Cys21Ala a
p.Cys21Phe. In vitro byla metodou nat PAGE pozorovdna ¢aste¢na destabilizace takovychto
oligomernich komplex( (Fig. 2), nicméné, jak bylo prokdzdno v nasi drivéjsi publikaci
prostiednictvim metod fluorescenéni mikroskopie, FLIM-FRET, PIE-ccN&B a IP, interakéni
schopnost téchto mutantll nebyla inhibovana (Holoubek et al.,, 2018). Tvorbu
heterooligomer( jsme potvrdili také v mikroskopickych analyzach zaznamenavajicich ¢astecny
presun mRFP1-znacenych proteinl nesoucich mutaciv Cys21 do cytoplazmy v dlsledku tvorby
heterooligomer( s eGFP_mutNPM1 v bunkach HEK-293T (Fig. 1). ProtozZe varianty p.Cys21Ala
ani p.Cys21Phe proteinu NPM1 nebyly shledany jako vhodnd negativni kontrola, byla
pfipravena série konstruktl s rozsahlejsSimi modifikacemi — NPM1 nesouci delece prvnich 25
(A25 NmutNPM1), 100 (A100 NmutNPM1) a 117 (A117 NmutNPM1) AA. Z publikace
Enomoto et al. vyplyva, Ze NPM1 protein zkraceny na N-konci (NmutNPM1) neni schopen

oligomerizovat a je kompletné relokalizovan do nukleoplazmy (vyjma varianty NPM1 o délce
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25-294 AA, jehoi oligomerizani vlastnosti i jadérkovd lokalizace maji zlstat ¢astecné
zachovdny) (Enomoto et al., 2006). Pomoci konfokalni mikroskopie jsme pozorovali
prfitomnost vSech variant NmutNPM1 jak v jadérku, tak v nukleoplazmé, pricemz podil
nukleoplazmatické frakce se zvySoval s rozsahem N-koncové delece. Vysledky ziskané
metodou IP prokazaly, Zze a¢koli NmutNPM1 skutecné postradaji schopnost tvorit mezi sebou
oligomerni komplexy, jejich interakce s pfirozenou celodélkovou formou NPM1 zlstava
do jisté miry zachovana. Absence zmény ¢asu dohasinani fluorescence donoru pti pouZziti
in vivo metody FLIM-FRET téZ naznacuje neschopnost NmutNPM1 forem oligomerizovat.
Mimoto jsme shledali, Ze tyto N-koncové delece usnadnuji koprecipitaci jadérkovych
vazebnych partner NPM1, NCL a FBL, coZ patrné souvisi s konformaéni zménou NmutNPM1
ovliviiujici pFistupnost vazebnych mist pro dané interakéni partnery. Potvrdili jsme rovnéz
vyrazny Ubytek proteinu pl14Arf v precipitdtech zkrdcenych forem, coz odpovidd drivéjSim
pozorovanim jinych autor(, Ze p14Arf interaguje s NPM1 skrze jeho oligomeriza¢ni doménu
(Enomoto et al., 2006). Na zakladé namérenych dat byla jako adekvatni negativni kontrola
pro daldi experimenty testujici ucinky Iéciva NSC348884 vybrana dvojice A117 NmutNPM1
proteinl fuzovanych se dvéma rlznymi fluorescenénimi proteiny, eGFP a mRFP1.

Za Uucelem stanoveni efektivni koncentrace NSC348884 byly na adherentnich
bunécénych liniich Hela, HEK-293T a nékolika liniich ustavenych z bunék pacientd s AML
provedeny testy viability a detekovany apoptotické markery (hladina p53 proteinu a aktivni
forma kaspdzy-3). V souladu s vysledky z predchozich publikaci (Balusu et al., 2011; Qi et al.,
2008) byla u nékterych bunécnych linii oSetfenych NSC348884 zaznamenana vyssi exprese p53
a v zavislosti na davce |éciva a dobé jeho plisobeni také aktivace apopdzy. V rozporu s daty
namérenymi Balusu et al. naSe experimenty na bunécnych liniich OCI-AML2 a OCI-AML3,
stejné tak jako na pacientskych bunkach, neprokazaly, Ze by pfitomnost mutace NPM1 byla
spojena s vyssSi citlivosti k lé¢ivu NSC348884. Samotny Uucinek inhibitoru NSC348884
na oligomery NPM1 v burikdch Hela a/nebo pouze HEK-293T byl sledovan (1) konfokalnim
mikroskopem, (2) metodou FLIM-FRET, (3) IP a (4) technikou nat PAGE a semi-nat PAGE.
Vysledky méreni efektu NSC348884 pomoci jednotlivych metod jsou nasledujici: (1)
fluorescencni mikroskopii byla detekovdna nezménéna frakce cytoplazmaticky lokalizovaného
mRFP1_wtNPM1 v  dlsledku zachovanych  heterooligomerlT  mRFP1_wtNPM1-
eGFP_mutNPM1 (podobné vysledky jsme ziskali i pro opacné znaceni, tedy kombinaci

eGFP_wtNPM1 a mRFP1-znaceny mutNPM1 (mRFP1_mutNPM1)), (2) prodlouzeny cas

61



dohasinani fluorescence eGFP po vybéleni akceptoru mRFP1 u parl eGFP_wtNPM1-
MRFP1_wtNPM1 a eGFP_mutNPM1-mRFP1_mutNPM1 prokazal pretrvavajici interakci mezi
fluorescenéné znacenymi molekulami NPM1, (3) koprecipitace endogenni i exogenni formy
NPM1 s pfislusSnou variantou NPM1 v bunkach kotransfekovanych eGFP_wtNPM1-
MRFP1_wtNPM1 a eGFP_mutNPM1-mRFP1_mutNPM1 potvrdila pfitomnost interakci mezi
jednotlivymi variantami NPM1, (4) analyza lyzat( bunééné linie HEK-293T metodou nat PAGE,
semi-nat PAGE a WB odhalila neporusené oligomerni komplexy eGFP_wtNPM1-
mMRFP1_wtNPM1, eGFP_mutNPM1-mRFP1_mutNPM1 a mRFP1_wtNPM1-eGFP_mutNPM1,
coz opét signalizuje Zadny nebo zanedbatelny Ucinek léc¢iva NSC348884 na oligomerizaci
NPM1. Lze tedy shrnout, Ze oligomerizace NPM1 byla studovana nékolika vzajemné se
doplfujicimi pristupy, pficemz zadny z nich neprokdzal inhibi¢ni vliv lé¢iva NSC348884
na tvorbu oligomerd NPM1.

Zajimavym vysledkem této publikace je zména adhezivnich vlastnosti bunék Hela a
HEK-293T po inkubaci s NSC348884. Snizenda bunécna adheze byla zpocdtku pozorovana
pomoci mikroskopie a poté charakterizovdna skrze méreni elektrické impedance, které
monituruje pfilnavost adherentnich bunék k povrchu elektrody. Jelikoz zmény impedance
vyvolané lé¢ivem NSC348884 mély podobny charakter jako zmény dfive pozorované
po pridani IPA-3, inhibitoru p21-aktivovanych kindz (Greberiovd et al., 2019), prostudovali
jsme aktivitu a expresi vybranych regulaénich proteind aktinového cytoskeletu,
p21l-aktivované kinazy 1 (PAK1; p21-activated kinase 1) a kofilinu. Oba proteiny vykazovaly
na Ser144 a vyssi uroven fosforylace kofilinu na Ser3), aniz by byla ovlivnéna hladina jejich

celkové exprese.

MUj podil na praci: (1) Pfiprava vhodnych variant NPM1 s mutaci v NTD technikou
molekuldrniho klonovani a jejich transfekce do bunécnych linii; (2) provedeni lokalizacnich
experimentl vyuzivajicich konfokalni mikroskopii; (3) priprava bunécnych lyzatQ, provedeni
nat PAGE, semi-nat PAGE a SDS-PAGE, IP pomoci GFP/RFP-Trapu a vyhodnoceni WB; (4)

priprava obrazk( a Ucast na psani a revizich manuskriptu.
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5 DISKUZE

Ackoli je AML s mutNPM1 klasifikovana WHO jako samostatna kategorie (Arber et al.,
2016), role NPM1 mutaciv procesu leukemogeneze zlstava stale nejasnd. Kanalyze mutNPM1
se vyuzivda kombinace nékolika detekénich technik (Falini et al., 2010), pficemzZ ne vSechny
pouzivané metodiky spolehlivé detekuji pfitomnost mutace (Venanzi et al.,, 2021).
Cytoplazmaticka lokalizace mutNPM1 je typickym nalezem u podtypu AML s mutNPM1 a ma
zfejmé zasadni vliv na vyvoj a transformaci onemocnéni (Bolli et al., 2007; Brunetti et al., 2017,
Falini et al., 2009; Martelli et al., 2021; Pitiot et al., 2007; Venanzi et al., 2021). Tuto teorii
podporuje skutecnost, Zze i v pfipadé vzacnych mutaci NPM1 v jiném exonu nez 12 a
rozmanitych fuzi genu NPM1 je vysledny produkt v rlizné mire zastoupen v cytoplazmé
(Albiero et al., 2007; Bischof et al., 1997; Campregher et al., 2016; Chattopadhyay et al., 2014;
Falini et al., 2021, 2006a; Mariano et al., 2006; Martelli et al., 2021, 2016; Martelli, 2018).
Vyjimku tvofi jeden popsany pfipad, kdy NPM1 nesouci mutaci v exonu 11 a zaroven 12 nebyl
detekovan v cytoplazmé, ale pouze v jadre, za coz ziejmé zodpovida chybéjici NES bézné
utvareny v CTD mutNPM1 (Pianta et al., 2009). Nukleoplazmatickou, nikoli cytoplazmatickou,
lokalizaci lze predpokladat také u nové identifikovaného fuzniho proteinu vytvoreného
spojenim TRIP12 (z angl. thyroid hormone receptor interactor 12) a NPM1 (Shiba et al., 2019).
N-koncova vnitfné neusporadand oblast TRIP12, kterd zprostfedkovava jadernou lokalizaci
proteinu (Larrieu et al., 2020), je fuzovana s CTD NPM1 vykazujici vazebnou afinitu k NA a
nesouci NolLS. Koncentraci mutNPM1 v cytoplazmatické frakci stejné jako obsah wtNPM1
v jadérku ovliviuje relativni zastoupeni téchto variant v burnce, ponévadz v dlsledku tvorby
heterooligomerl dochdazi k presunu casti kazdého z obou partneri do bunécnych
kompartmentd charakteristickych pro lokalizaci druhé varianty (Bolli et al., 2009; Brodska et
al., 2017, 2016a). Bolli et al. tuto situaci popisuje v expresnim systému NIH-3T3, zatimco
v pacientskych blastech exprimujicich mutNPM1 pfesun mutované varianty NPM1 do jadra
nezaznamenava. Dale tato prace ukazuje nejen cytoplazmatickou, ale také
nukleoplazmatickou lokalizaci exogenniho wtNPM1 v burikach kotransfekovanych nadbytkem
mutNPM1. V nasich experimentech na bunécnych liniich HEK-293T a Hela transfekovanych
plazmidy nesoucimi mutNPM1 a wtNPM1 v poméru 8:1 vSak tato situace nenastala a wtNPM1
byl detekovan v cytoplazmé a pfipadné v jadérku (Kraémarova, 2016). Vznik heterooligomer(
mezi znacenou mutovanou a znacenou pfirozenou formou NPM1 jsme pozorovali
konfokdlnim mikroskopem u bunék NIH-3T3, HEK-293T a Hela (viz publikace ¢. 1 a
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(Kra¢marova, 2016)), pficemz posledni uvedend bunécnd linie vykazovala velmi intenzivni
fluorescenci mutNPM1 v jadérku (Kra€marova, 2016). Vysokd jadérkovda exprese mutNPM1
byla patrnd také v Hela burikach obsahujicich pouze tento typ vektoru. Mozné vysvétleni pro
takto ucinny pfesun mutNPM1 do jadérka pfinesly vysledky karyotypizace linie HelLa odhalujici
zmnozeni oblasti 5q, ve které se nachazi lokus pro NPM1 (Macville et al., 1999). Interakci
endogenniho NPM1 s exogenni, pfirozenou nebo mutovanou, formou NPM1 nasledné
potvrdila imunoprecipitacni analyza z bunéc¢nych lyzat HEK-293T a Hela (viz publikace ¢. 1).
Exogenni wtNPM1 koprecipitoval endogenni NPM1 mnohem ucinnéji nez exogenni mutované
varianty NPM1. Jako mozné vysvétleni tohoto pozorovani jsme zpocatku uvazovali identickou
lokalizaci, a tedy lepsi pfistupnost nemutovanych proteind wtNPM1. Ponévadz jsme vsak
u mutNPM1 typu A lokalizovaného prevainé v cytoplazmé neshledali snizené mnoiZstvi
koprecipitovaného endogenniho NPM1 oproti mutNPM1 typu E, ktery se do znacné miry
nachdzi i v jadérku, tato hypotéza se nejevila jako pravdépodobna. Pozdéji jsme odhalili nizsi
stabilitu oligomernich komplexd tvorenych molekulami mutNPM1 (viz publikace €. 3), coz by
mohlo byt divodem slabsi koprecipitace endogenni formy NPM1. S nalezy konfokalni
mikroskopie korelovaly vysledky imunoblotu detekujiciho rozdily v poméru exprese
endogenniho a exogenniho wtNPM1 v bunécnych liniich HEK-293T a Hela (viz publikace €. 1).
Dale jsme popsali, Ze vnitrobunécéna distribuce proteinu NPM1 je ovlivnéna nejen relativni
koncentraci variant NPM1 pfitomnych v burice, ale také konkrétnim typem mutace NPM1 (viz
publikace €. 1 a (Kra¢marovad, 2016)). Publikace Bolli et al. upozorfiuje na heterogennilokalizaci
wWtNPM1 v blastech pacientd s mutNPM1 a jako moznou pfic¢inu uvadi rozdily v genové expresi
mutované a zdravé alely NPM1 (Bolli et al., 2009). Neddvna studie na souboru AML pacientt
vskutku potvrzuje zvySenou hladinu mRNA transkriptu z mutované alely NPM1 oproti
transkriptu z alely zdravé (Bailey et al., 2020). U vzork( vysetfovanych v préci Bolli et al. vsak
zfejmé nebyl stanoven konkrétni typ vyskytujicich se mutaci (Bolli et al., 2009), coz mlze byt
dalsi faktor sehravajici roli v rozmanité lokalizaci endogenniho wtNPM1. Ve shodé s jinou
studii téhoz autora (Bolli et al., 2007) jsou nase data namérena ve vzorcich leukemickych
bunék od pacientll s AML i v bunécné linii HEK-293T, ze kterych vyplyvda, Ze mutace NPM1
vedouci k deleci celého NoLS zpuUsobuji jeho ucinnéjsi translokaci do cytoplazmy oproti
mutacim NPM1, které NoLS poskozuji pouze ¢astecné. Vzhledem k tvorbé heterooligomert
obsahujicich wt a mutovanou formu NPM1 se tedy pravdépodobné zastoupeni NPM1

v jadérku odviji také od typu pritomné mutace. Dalo by se proto ocekavat, Ze rozdilné mnoZstvi

64



wtNPM1 soustfedéného v jadérku leukemickych bunék bude mit vliv na prognézu nemocnych.
V odbornych kruzich vSak nepanuje jednotny nazor na vyznam konkrétnich typd mutaci NPM1
v progndze onemocnéni (Alpermann et al., 2016; Heiblig et al., 2019; Koh et al., 2009; Park et
al., 2012; Pastore et al., 2014; Sciume et al., 2019; Selim et al., 2016). Zajimavy poznatek
tykajici se této kontroverze pfindsi nedavny vyzkum Tregnago et al. porovndvajici soubor
mutovanych variant NPM1 s kompletné a s ¢astecné deletovanym NolLS. U bunék z prvni
uvedené skupiny byla ve srovnani s druhou skupinou detekovana vyssi mira exprese HOXA
genu a nizsi hladina p53 promitajici se do snizené citlivosti nadorovych bunék k chemoterapii
nebo k inhibitoru antiapoptotického proteinu BCL-2, Venetoclaxu (Tregnago et al., 2021).
PonévadZ nadmérna exprese HOX byla identifikovana jako ukazatel nepfiznivé prognézy AML
s mutNPM1 (Nagy et al.,, 2019), autofi publikace Tregnago et al. spekuluji, Ze typ mutace
NPM1 muze poskytnout informaci o ocekdvaném pribéhu onemocnéni (Tregnago et al.,
2021).

Publikace €. 2 pfindsi nové metodické pristupy studia oligomerizace NPM1 umoznujici
potvrdit nebo vyvratit pfitomnost interakce mezi dvéma kolokalizujicimi proteiny v Zivych
burikach. Za ucelem studia vlivu inhibitor(i oligomerizace NPM1 jsme zavedli nové metody
PIE-ccN&B a FLIM-FRET umoziujici ziskat vice informaci o oligomerizaci NPM1 in vivo, a
nasledné jsme hledali vhodnou negativni kontrolu s AA sekvenci co nejpodobné;jsi wtNPM1,
ale s poskozenou schopnosti oligomerizace (viz publikace ¢. 2). Zdména Cys21 v proteinu
NPM1 za Phe ¢i Trp poSkozuje dle autor(l Prinos et al. tvorbu oligomerl NPM1, pri¢emz
ke stanoveni oligomeriza¢niho stavu NPM1 vyuzili metod 10% SDS-PAGE (s bunécnymi lyzaty
¢i purifikovanym rekombinantnim proteinem NPM1 sklizenymi do Laemmliho pufru
bez povareni) a WB (Prinos et al., 2011). Podobné bylo popsano naruseni tvorby oligomeru
v pripadé zamény Cys21 za Ala (Huang 2013). Efekt téchto substituci jsme ovérovali u NPM1
mutantl p.Cys21Ala a p.Cys21Phe pomoci technik PIE-ccN&B, FLIM-FRET a IP (viz publikace ¢.
2) a pozdéji také prostrednictvim konfokdlni mikroskopie, nat PAGE a semi-nat PAGE (viz
publikace €. 4). Zddnd z nami provedenych metod nepotvrdila Uplnou ztratu schopnosti
oligomerizace NPM1 v disledku mutace v Cys21, nicméné experimenty in vitro zaznamenaly
nizsi stabilitu oligomernich komplexa tvofenych témito mutovanymi variantami (viz publikace
¢. 4). Nesoulad mezi vysledky elektroforéz provadénych nami a Prinos et al. mize byt

vrsve

bez vyuziti vysokych teplot, lyzaty byly nafedény v Laemmliho pufru (s obsahem SDS a
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B-merkaptoetanolu) a proteiny byly nasledné separovany v gelu obsahujicim SDS. Tyto
podminky jsou blizké tém, které v naSich experimentech oznacujeme jako seminativni.
Dle nasSich vysledk(i seminativni podminky indukuji rozpad NPM1 oligomernich komplexu
obsahujicich p.Cys21Ala nebo p.Cys21Phe, nicméné za nativnich podminek, tedy zcela
bez pouziti denaturujiciho SDS a jen s nizkou koncentraci redukujiciho dithiotreitolu, zGstavaji
tyto oligomery alespon z¢asti zachovany (viz publikace €. 4). Uvedené rozdily v podminkach
pfipravy vzork( vysvétluji i skutecnost, Ze jsme v rozporu s Prinos et al. detekovali
prostrednictvim IP schopnost NPM1 p.Cys21Phe interagovat s endogennim NPM1 (publikace
€. 2). Rozhodli jsme se tedy pfipravit varianty NPM1 s kratSimi nebo rozsahlejsimi delecemi
v NTD, azZ po deleci celé této domény. Tyto delece dle literatury vedou ke ztraté schopnosti
proteinu oligomerizovat a interagovat s endogenni formou NPM1 a k jeho relokalizaci
do nukleoplazmy (Enomoto et al., 2006). Ackoli jsme téZ zaznamenali uvolnéni téchto
deletovanych variant do nukleoplazmy, stdle jsme, na rozdil od Enomoto et al., pozorovali
jejich zretelnou akumulaci v jadérku (viz publikace €. 4). Roli zde pravdépodobné sehrava
pfitomnost NoLS a domény zodpovédné za vazbu k NA. Dle nasich vysledki NmutNPM1 sice
netvori homooligomerni komplexy, jsou ale schopny interagovat s endogennim i exogennim
wtNPM1 (viz publikace €. 4). S rozsahlejsi deleci NTD NPM1 mnoiZstvi koprecipitovaného
endogenniho NPM1 klesda. Také tato interakce zfejmé prispiva k udrzeni jadérkové lokalizace
NmutNPM1, pficemzZ jeji sila odpovidd pomérnému zastoupeni jednotlivych variant
NmutNPM1 v jadérku. MozZné vysvétleni interakce NmutNPM1 s wtNPM1 navzdory ¢astecné
Ci uplné absenci oligomeriza¢ni domény spociva v charakteru interakce NmutNPM1 a dalSich
jadérkovych proteind NCL a FBL (viz publikace €. 4). Na zakladé odliSné struktury NmutNPM1,
a tedy pravdépodobné odlisné pristupnosti interakéni oblasti pro tyto dva jadérkové proteiny,
dochdzi v bunéénych lyzatech k vyrazné vyssi koprecipitaci NCL a FBL s NmutNPM1 nez
s WtNPM1. PonévadZz wtNPM1 patii mezi interakéni partnery NCL (Li et al., 1996) a FBL (Amin
et al.,, 2008; Holoubek et al., 2021), spekulujeme, Ze se jeho asociace s NmutNPM1
uskutecniuje pravé prostiednictvim komplexu s proteiny NCL a FBL. Tyto proteinové komplexy
jsou pak zrejmé prilis velké na to, aby pronikaly do porl polyakrylamidového gelu, takze
analytické techniky nat PAGE a nasledny WB je nezachyti (viz publikace ¢. 4). Zajimavy
poznatek pfineslo studium vazby mezi NmutNPM1 a wtNPM1 pomoci metod FLIM-FRET a IP
ukazujici, Ze tuto interakci lze prokazat pouze v jednom usporadani (viz publikace €. 4). Pokud

je WtNPM1 pouZit jako akceptor pfi procesu FRET nebo je koprecipitovan spolecné
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s NmutNPM1, potvrzuje se existence interakce. V opacném pripadé, tedy je-li wtNPM1
donorem pro prenos fluorescencni energie nebo pokud je pfimo precipitovan z bunééného
lyzatu, jeho interakci s NmutNPM1 nedetekujeme. Domnivame se, Ze heterooligomery
mezi témito dvéma partnery jsou sloZzeny zejména z podjednotek WtNPM1, které zajistuji
dostatecnou stabilitu komplexu. Na jednu molekulu NmutNPM1 tak teoreticky pfipada nékolik
molekul wtNPM1, jejichZ pfitomnost je detekovatelnd IP a WB a jejichz fotovybéleni jakoZto
akceptoru ve FRET experimentech zplsobuje prodlouzeni doby dosvitu fluorescence donoru
Cili NmutNPM1.

NPM1 a NCL patfi mezi proteiny se zasadni strukturalni roli v architekture jadérka a
zaroven zastdvaji komplexni funkce jako je regulace bunécného déleni ¢i apoptdzy a reakce
na stresové faktory (Brodska et al., 2019; Tajrishi et al., 2011). Ackoli se mutace NPM1 témér
vyhradné vyskytuji v jeho C-koncové oblasti (Borrow et al., 2019; Falini et al., 2005), ktera neni
vazebnym mistem pro NCL (Li et al., 1996), jejich dlsledkem je naruseni schopnosti takto
mutovaného proteinu interagovat s NCL (viz publikace €. 3). V sérii experimentl vyuZzivajicich
cytotoxickych Iéciv pro pfesun mutNPM1 a NCL do nukleoplazmy jsme testovali predpoklad,
Ze tvorba komplexu mutNPM1-NCL by mohla byt obnovena jejich relokalizaci do spole¢ného
bunécéného kompartmentu. Vazba mezi témito proteiny vSak ani pfi takovychto podminkach
detekovana nebyla, coZ naznacuje, Ze absence interakce mutNPM1-NCL neni zpUsobena
odlisSnou vnitrobunécénou lokalizaci obou partnerd. Zména vazebnych schopnosti mutNPM1 je
tedy mnohem pravdépodobnéji disledkem odlisné konformace jeho CTD (Di Natale et al.,
2019; Grummitt et al., 2008). S ohledem na podobnou lokalizaci vazebnych mist proteinu
NPM1 pro p53 apro NCL (186-259 AA (Colombo et al., 2002), respektive 242—-269 AA (Lambert
and Buckle, 2006) versus 187-245 AA (Li et al., 1996)) pfinasi zajimavé vysledky studie
Holoubek et al., ve které je prokazano, Zze mutace NPM1 neznemoziuje jeho interakci s p53
(Holoubek et al., 2021). Interakce p53 s variantami NPM1 s deletovanou NTD navic poukazuje
na to, Ze tvorba komplexu mezi témito dvéma proteiny je zdroven nezavisla
na oligomerizacnich vlastnostech NPM1. Dynamicky charakter interakce mezi p53 a mutNPM1
s deletovanou NTD ale napovida, Ze v tomto ptipadé je NTD dlleZita pro stabilitu utvoreného
komplexu (Holoubek et al., 2021). Podle studie Tregnago et al. (Tregnago et al., 2021) se
mnozstvi cytoplazmaticky lokalizovaného p53 v disledku mutace NPM1 odviji od jejiho typu.
K vysledk(im této prace je ale pottfeba ptistupovat s védomim, Ze v experimentech byly pouZzity

bunécné linie s nestandardni expresi p53 a vysledky na burikach s wtp53 se mohou lisit. Zcela
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jednoznacéné jsme vSak prokazali vliv typu NPM1 mutace na mnozstvi wtNPM1, ktery je diky
Ucasti v heterooligomerech s mutNPM1 premistén z jadérka do cytoplazmy (viz publikace ¢.
1). Mutace NPM1, které nerusi jeho NoLS kompletné, ponechavaji mutovany protein ¢aste¢né
v jadérku a v komplexech s nim i jeho interakéni partnery. Lze tedy ocekavat, Ze v téchto
bunkach bude biologickd aktivita NPM1 méné ovlivnéna a Ze i funkce p53 bude v dlsledku
vyssi jadérkové frakce proteinu NPM1 méné zasazena (Tregnago et al., 2021). K rozdilné
citlivosti AML bunék s mutNPM1 k pouzité lécbé muzZe tak pfispivat Ucinnéjsi apoptoza
nadorovych bunék nesoucich mutace sméfrujici NPM1 do cytoplazmy pouze c¢astecné
(Tregnago et al., 2021). ZvySena rezistence bunék linie OCI-AML3 k Iéc¢iviim indukujicim
p53-dependentni apoptdzu (napr. Aktinomycin D (Brodska et al 2016), NSC348884 (publikace
¢.4), nebo selinexor (Holoubek et al 2021)) tedy muiZe souviset s narusenim drahy p53,
vyvolanym aberantni delokalizaci p53 do cytoplazmy. Potencidlni faktor ovliviujici pozdéjsi
nastup apoptdzy vyvolané |éCivy u bunécné linie OCI-AML3 vSak mUZe predstavovat také
relativné nizsi hladina p53 v téchto burikdch oproti OCI-AML2 (viz publikace ¢. 4 a (Holoubek
et al., 2021). Na rozdil od exprese p53 je relativni hladina NCL v burikdch pacientl s AML a
nadorovych linii OCI-AML2 a OCI-AML3 stabilni, bez ohledu na pfitomnost mutace NPM1 (viz
publikace €. 3). Tim v burikach s mutNPM1 dochazi k vychyleni poméru relativnich koncentraci
NCL a NPM1 schopného interagovat s NCL. ZvySend exprese NCL byva detekovana v rGznych
typech nadorovych tkani (Balga-Silva et al., 2018; X. Guo et al., 2014; Qiu et al., 2013; Wolfson
et al., 2016; Xu et al., 2016; Z. Xu et al., 2012; Yan et al., 2016) véetné leukemickych bunék
(Marcel et al., 2017; Otake et al., 2007; Shen et al., 2014), pficemz nadmérnd hladina jeho
transkriptu je u AML pacientU starSich 60 let ukazatelem horsi prognézy (Marcel et al., 2017).
Jednim ze zakladnich rys(i nddorové bunky je zvétSeny narok na tvorbu protein(, coZ vyZzaduje
také zvySenou transkripci rDNA (Hein et al.,, 2013). Abnormdalni mnozstvi NCL, znamého
reguldtoru syntézy rRNA (Bouche et al., 1984; Egyhazi et al., 1988; Ginisty et al., 1998; Roger
et al., 2003; Sipos and Olson, 1991), tedy mlze podpofit nddorovou transformaci bunék
hyperaktivaci biogeneze ribozom( a ddle napt. stimulaci exprese protiapoptotickych protein(
BCL-2 a AKT serin/threonin kindzy 1 ¢i potlaéenim translace tumor supresoru p53
(Abdelmohsen and Gorospe, 2012). Lze proto ocekdvat, Ze zména poméru mezi hladinou
wtNPM1 a hladinou NCL v burikdch s mutNPM1 bude mit dopad na kooperaci obou protein(

a mUze tak byt jednim z faktor( pfispivajicich k rozvoji leukémie.
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Ponévadz oligomery sestavené z molekul mutNPM1 jsou méné stabilni nez oligomery
wtNPM1 (viz publikace €. 3), vhodné zvolend koncentrace inhibitoru oligomerizace NPM1
muzZe umoznit rozruseni oligomernich struktur mutNPM1 za soucasného zachovani komplexu
nesoucich wtNPM1. NSC348884, jehoz efekt jsme podrobné analyzovali v publikaci €. 4, je
v fadé studii pouzivano pro destabilizaci oligomerl NPM1. Zaznamenané zmény bunécénych
déjd a vlastnosti jsou pak davany do souvislosti s inhibici oligomerizace NPM1. Vedle rozpadu
NPM1 oligomernich komplexd (Balusu et al.,, 2011; Qi et al., 2008; Yu et al., 2021) patfi
k nejcastéji pozorovanym efektlim NSC348884 snizend exprese NPM1 (Luo et al., 2017; Phi et
al., 2019), inhibice proliferace nadorovych bunék (Phi et al., 2019; Qi et al., 2008) a jejich
apoptoéza (Balusu et al., 2011; Y. Guo et al., 2014; Luo et al., 2017; Phi et al., 2019; Qi et al.,
2008; Yu et al., 2021). Kromé toho byl v burikdch v odezvé na NSC348884 zaznamendn piesun
NPM1 do nukleoplazmy a caste¢né i do cytoplazmy a zaroven prechodné zvyseni hladiny
reaktivnich kyslikovych radikald (ROS; reactive oxygen species) a pokles exprese
antioxidacniho enzymu PRDX6 (z angl. peroxiredoxin-6) vysoce exprimovaného u rliznych typ(
nadoru (Liu et al., 2017). V souvislosti se zndmou podplrnou funkci NPM1 v procesu replikace
virové NA (Duan et al., 2014; Huang et al., 2001; Mai et al., 2017; Okuwaki et al., 2001a; Shi et
al.,, 2017; Song et al., 2021; Tsuda et al., 2006; Zhou et al., 2020) ptindsi zajimavé zjisténi studie
Abraham et al., dle které NPM1 agreguje v cytoplazmé bunék napadenych virem Chikungunya
(CHIKV; Chikungunya virus) a brzdi jeho replikaci (Abraham et al., 2017). Popisovand agregace
NPM1 je v bunkdach infikovanych CHIKV Udajné inhibovana NSC348884, nasledkem cehoz
dochadzi k ucinnéjsi replikaci viru a zvySeni virové zatéze. Nicméné na snimcich z konfokalniho
mikroskopu, které maji tuto skutecnost ilustrovat, je detekovan wtNPM1 v cytoplazmé i
v intaktnich burikach, v nichz by mél byt lokalizovan v jadérkach (Abraham et al., 2017).
Z nasich internich srovnavacich analyz souboru nékolika protilatek proti NPM1 od Santa Cruz
Biotechnology vyplyvd, Ze protilatka uvedena v této publikaci pro detekci NPM1 v sekci
Material a Metody neni pro imunofluorescencni zobrazovéni vhodna (Barbora Brodska, ustni
sdéleni). Popisované ucinky NSC348884 na podporu replikace virové DNA nelze tedy
jednoznacné pripsat pravé zménam v agregaci NPM1. Vedle synergického pusobeni
NSC348884 a bézné pouzivaného chemoterapeutika DOX na viabilitu nadorovych bunék (Qi et
al., 2008) bylo pozorovano, ze NSC348884 muze potlacit mechanismus rezistence nadorovych
bunék k protinadorové 1écbé prostfednictvim snizené hladiny glykoproteinu-P, jehoz expresi

NPM1 ovliviiuje (Luo et al., 2017). V poslednich letech se stéle rozsifuje spektrum popsanych
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ucinkd NSC348884 pripisovanych jeho udajné schopnosti indukovat rozpad oligomeri NPM1
(Hu et al.,, 2019; Reichert and Rotshenker, 2019). V dosavadnich studiich testujicich
destabilizacni efekt NSC348884 je vsak pro detekci oligomerli NPM1 vyuzita pouze jedna
metoda, a to polyakrylamidova gelova elektroforéza bunécnych lyzatl ziskanych za nativnich
(nedenaturacnich) podminek, tj. v nepfitomnosti SDS a bez oSetfeni vysokymi teplotami
(Balusu et al., 2011; Qi et al., 2008; Yu et al., 2021). Lyzaty jsou nasledné nanaseny do gelu
s rliznym obsahem SDS (0-12 %) a po preblotovani na membranu jsou oligomerni i
monomerni formy NPM1 detekovany specifickymi protilatkami proti NPM1. Uvadéné vysledky
se lisi jak polohou, ve které jsou detekovany oligomery (v rozsahu 120-200 kDa), tak zptisobem
detekce monomer( (koncentrace SDS v gelu, soucasné s oligomery nebo oddélené na jiném
gelu apod.). Z popisu metody detekce oligomeri NPM1 ve studii Yu et al. vyplyva, Ze PAGE
probihala v gelu obsahujicim SDS, ¢ili za seminativnich podminek, kdy podle nasich vysledku
dochazi k ¢astecnému rozpadu oligomeri na monomery (viz publikace ¢. 3 a ¢. 4), jejichz
hladina vSak v této studii neni analyzovana (Yu et al., 2021). Imunobloty z nat PAGE v publikaci
Qi et al. opét zachycuiji snizujici se mnoZstvi oligomert NPM1 u bunék oSetfenych NSC348884,
nicméné i zde chybi zaznamenany ndrlst monomerli NPM1 (monomery NPM1 byly
analyzovany jinym imunoblotem po separaci na semi-nat PAGE elektroforéze a i jejich exprese
je po oSetfeni NSC348884 nizsi nez v kontrole) (Qi et al., 2008). Zaznamenany pokles hladiny
NPM1 v dusledku pisobeni NSC348884 tedy mUzZe odrdzet snizenou celkovou expresi NPM1,
kterou kromé téchto dvou studii popisuji i dalSi publikace (Luo et al., 2017; Phi et al., 2019).
Pfi  pohledu na marker molekulovych hmotnosti (MW; molecular weight)
v polyakrylamidovém gelu bez SDS v publikaci Qi et al. a Balusu et al. vyvstava otazka
spravného urcéeni pozic jednotlivych bandl, ponévadZ oligomerni komplexy NPM1 jsou
v poloze odpovidajici strukture trimer( (zhruba 120 kDa) (Balusu et al., 2011; Qi et al., 2008).
Oproti tomu Yu et al. detekuje oligomery NPM1 pfi oCekavané velikosti okolo 200 kDa, coz
odpovida jeho pentamerni formé (Yu et al., 2021). Nami stanovena velikost komplexti NPM1
okolo 360 kDa (viz publikace €. 2 a €. 4) koresponduje s dfive publikovanou hodnotou 358 kDa
(Okuwaki et al., 2012), coz by mohlo souhlasit se dvéma asociovanymi pentamerickymi cykly
NPM1 (Lee et al., 2007). Samostatny namét pro dalsi studii ptinasi vyssi MW oligomernich
komplexl ve vétsSiné bunécnych linii oSetfenych NSC348884 oproti MW oligomeru
v inhibitorem neosetfenych kontrolnich bunkach (viz publikace €. 4). Jako mozné vysvétleni

nabizime uUvahu, Ze NPM1 podléhd vlivem NSC348884 posttranslatnim modifikacim, které
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mohou ménit MW daného proteinu (Mocanu et al., 2009). Pro analyzu inhibi¢niho ucinku
NSC348884 na oligomerizaci NPM1 jsme vedle nat PAGE a semi-nat PAGE vyuZili fluorescencni
mikroskopii, FLIM-FRET a IP, pficemz Zadna z uvedenych metod nepotvrdila schopnost tohoto
|é¢iva destabilizovat oligomery NPM1 (viz publikace €. 4). Nepozorovali jsme ani popisovanou
zménu vnitrobunécéné distribuce NPM1 navozenou v disledku pasobeni tohoto IéCiva (Liu et
al., 2017). Neménna lokalizace NPM1 v nasich experimentech s NSC348884 m(iZze souviset
s dobou plsobeni tohoto inhibitoru — zatimco Liu et al. sledoval pfesun NPM1 z jadérka
do cytoplazmy po 24 hodinach od ptidaniléciva, plisobeni NSC348884 v nasich pokusech vedlo
po 2 hodindch k uvolnéni oSetfenych bunék z podkladu (viz dale v textu). Ve shodé s jinymi
publikacemi (Balusu et al., 2011; Y. Guo et al., 2014; Luo et al., 2017; Phi et al., 2019; Qi et al.,
2008; Wang et al., 2020; Yu et al., 2021) jsme ale zaznamenali apoptdzu bunék osetienych
NSC348884, u bunék s funkénim p53 doprovazenou podstatnym zvySenim jeho proteinové
exprese. Na zakladé vysledk(l fady studii se tedy NSC348884 jevi jako perspektivni induktor
apoptodzy, k niz pravdépodobné pfrispiva vyvolani oxidativniho stresu. Otazkou vsak zlstava
jeho selektivni funkce v indukci apoptdzy. Zatimco Balusu et al. pozoroval, Ze NSC348884
preferenéné spousti apoptdzu v bunkich nesoucich mutNPM1 (linie OCI-AML3), v nasem
souboru byla tato bunécna linie jednou z nejméné citlivych k oSetfeni NSC348884 (viz
publikace €. 4). Monitorovani Zivych bunék konfokalnim mikroskopem a méreni elektrické
impedance v pribéhu plsobeni NSC348884 odkrylo novou biologicky vyznamnou vlastnost
tohoto léciva, kterou je schopnost narusovat prirozenou adhezi bunék (viz publikace €. 4).
Jednim z nalezenych cil( plisobeni NSC348884 jsou p21-aktivované kindzy, jejichz aktivita je
dllezitd pro veskeré déje vyzadujici praci cytoskeletu a jevi se také jako klicova pro preziti
leukemickych bunék (Kuzelova et al., 2021b). Dle naSich analyz NSC348884, podobné jako
inhibitor IPA-3 (Greberiova et al., 2019), plsobi velmi rychlé uvolnéni adherentnich bunék
z podkladu a snizuje kindzovou aktivitu PAK1. Aktivovana PAK1 prostfednictvim LIM kinazy
napriklad inhibuje ¢innost kofilinu, proteinu depolymerizujiciho aktin, coZz vede ke stabilizaci
aktinovych vldken (Condeelis et al., 2005). Dynamika aktinového cytoskeletu je nezbytnym
predpokladem nejen pro Uspésny priibéh mitdzy, ale také pro bunécnou motilitu a invazivitu
¢i angiogenezi (Li and Wang, 2020). Zaznamenané zmény bunécéné adheze vyvolané
pUsobenim NSC348884 koreluji s Udaji nedavné publikace Hu et al., kterd prokazuje asociaci
jadérkového stresu s implantaci embrya do endometria (Hu et al., 2019). JelikoZ je NPM1

pfipisovana uloha v regulaci bunécné odpovédi na stres (Kurki et al., 2004; Yang et al., 2016;
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Yao et al., 2010), zaméfila se tato prace na jeho roli v uhnizdéni embrya do délozni sliznice.
Vramci sledovani bunécné lokalizace a exprese NPM1 autofi testovali také inhibitor
NSC348884 a zjistili, Ze jeho plsobeni sniZzuje pocet mist k implantaci. Jednim z regulacnich
mechanismui pohybovych procesl spjatych s embryogenezi, zanétlivou reakci, hojenim ran a
tvorby metastdz je signalni draha kinazy regulované extraceluldrnim signdlem (ERK;
extracellular signal-regulated kinase) (Tanimura and Takeda, 2017). Uloha aktivace ERK byla
popsana také v bunécné adhezi (Tanimura and Takeda, 2017). Zajimavym vysledkem védecké
skupiny Liu et al. je pak zjisténi, Ze NSC348884 snizuje expresi fosforylované ERK (Liu et al.,
2017). Tato zjisténi poskytuji novy pohled na plsobeni NSC348884 a nasvédcuji jeho
schopnosti naruseni bunééné adheze. Zavérem lze shrnout, Zze nase analyza vlivu inhibitoru
NSC348884 na oligomerizaci NPM1 nepotvrdila vysledky doposud publikovanych studii a
podtrhla vyznam kombinovani odliSnych vyzkumnych pfistupl. Soubor metod, které
prezentujeme v publikaci ¢. 4, predstavuje uUcinny zplsob identifikace inhibi¢ni aktivity
kandidatnich latek cilenych na oligomerizaci NPM1. Kromé vlastniho testovani ucinnosti
NSC348884 na oligomery NPM1 bylo cilem optimalizovat koncentraci |éciva tak, aby
nedochdazelo k bezprostfedni apoptdze a bylo tak dosazeno spolehlivych vysledk(. Rada studii
interpretujici pozorované efekty NSC348884 jako nasledek inhibice oligomerizace NPM1
neprokazuje zddnou metodou, Ze k této inhibici vskutku dochazi (Abraham et al., 2017; Y. Guo
et al., 2014; Hu et al., 2019; Liu et al., 2017; Luo et al., 2017; Reichert and Rotshenker, 2019).
Vysledky jejich experimentl tak pravdépodobné odrazeji alternativni regulaci bunécnych

pochodd, napfiklad tvorbu ROS nebo deregulaci adheznich mechanismu.
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6 SHRNUTI

Tato dizertacni prace analyzuje dlsledky dvou typl mutaci NPM1 na jeho oligomerizaci,

lokalizaci a nékteré interakce. Jednim typem jsou specifické C-koncové mutace vyskytujici se

jako nejcastéjsi geneticky podminéna aberace u AML pacientli s NK, druhym typem jsou

bodové mutace nebo delece v N-termindlni doméné NPM1 simulujici efekt pfipadnych

inhibitord NPM1 oligomerizace, které by bylo mozno vyuzit k |éCbé pacientd s mutNPM1.

Prace dale zkouma ucinky léciv NSC348884 a ATRA na tvorbu oligomer( NPM1. Nase poznatky

jsou prezentované ve Ctyfech publikacich uvedenych v kapitole 4 Vysledky.

Vytycené cile dizertacni prace byly splnény a ziskané vysledky jsou nasledujici:

1)

2)

3)

4)

Potvrdili jsme asociaci mezi typem C-koncové mutace NPM1 a lokalizaci mutovaného

proteinu a zaméfili se na stabilitu a tvorbu oligomer( pfirozené i mutované formy

NPM1.

* potvrdili jsme interakci mezi exogenni (pfirozenou i mutovanou) a endogenni
formou NPM1

* detekovali jsme nizsi stabilitu oligomernich komplex(i tvorenych mutovanou
variantou NPM1 ve srovnani s oligomery wtNPM1

Zavedli a optimalizovali jsme pro nase podminky fadu metod pro detekci oligomeru

NPMZ1: nativni a seminativni elektroforézu, imunoprecipitaci, konfokalni mikroskopii a

metody ¢asoveé rozliSené fluorescence.

Zjistili a prokazali jsme, ze v dUsledku C-koncové mutace NPM1 je inhibovéana interakce

NPM1 a NCL, atoi presto, ze sekvence NPM1 Ucastnici se vazby s NCL neni C-terminalni

mutaci zasazena. Exprese NCL v bunkach exprimujicich mutNPM1 z(stava nezménéna,

¢imz dochazi ke zméné relativnich koncentraci obou protein(i, a to mize mit vliv

na bunécéné procesy, ve kterych tyto proteiny spolupracuiji.

Plisobeni lé¢iv ActD, LmB ¢i ATRA smértujicich alespon ¢aste¢né oba interakéni

partnery, mutNPM1 a NCL, do stejného bunécného kompartmentu neobnovilo tvorbu

komplexu mutNPM1-NCL, coZ naznacuje, Ze dlvodem absence interakce mezi

mutNPM1 a NCL zfejmé neni fyzickd separace téchto protein(. Déale jsme pozorovali

stabilizacni efekt ATRA na oligomery NPM1 a také presun mutNPM1 do jadra a mirné

snizenou celkovou expresi NPM1 v dlsledku jejiho plsobeni. Zmény lokalizace
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5)

6)

mutNPM1 po pUsobeni ActD a LmB odpovidaly dfivéjSim pozorovanim a vliv téchto

dvou léciv na oligomerizaci NPM1 jsme nezaznamenali.

Charakterizovali jsme oligomerizaci, stabilitu a lokalizaci NPM1 s rGzné rozsahlymi

delecemi v N-termindlni doméné (A25 NmutNPM1, A100 NmutNPM1 a

A117 NmutNPM1) a NPM1 nesouciho bodovou mutaci v Cys21 (p.Cys21Ala a

p.Cys21Phe).

* substituce Cys21 za Phe ¢i Ala neinhibuje oligomerizaci NPM1, ale ovliviiuje
stabilitu oligomerU (zejména p.Cys21Phe)

* NPM1 p.Cys21Ala a p.Cys21Phe vykazuji jadérkovou lokalizaci stejné jako wtNPM1

* delece oligomerizacni domény u NPM1 (A117 NmutNPM1) znemozZni tvorbu
homooligomer(, ale pfitomnost nizké koncentrace A117 NmutNPM1 neinhibuje
tvorbu komplexu s wtNPM1

* vSechny deletované varianty NmutNPM1 jsou pfitomny jak v jadérku, tak
v nukleoplazmé, v niz pomérné zastoupeni dané varianty roste s rozsahem delece
NTD

* interakce NPM1 s dalSimi jadérkovymi proteiny, NCL a FBL, je deleci NTD posilena

Popsali jsme Ucinky léciva NSC348884, jehoZ velmi dlleZitou uvadénou vlastnosti je

inhibice oligomerizace NPM1.

* potvrdili jsme proapoptoticky ucinek NSC348884

* s vyuZitim zavedenych metodickych pfistupl rozporujeme schopnost NSC348884
inhibovat oligomerizaci NPM1

* detekovali jsme novou vlastnost NSC348884, kterou je schopnost naruseni

adhezivity bunék
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Abstract

Mutations of the gene for nucleophosmin (NPM1) are the most frequent genetic aberration
in patients with acute myeloid leukemia (AML). The mechanism of leukemic transformation
in this leukemia subtype is not fully understood, but aberrant cytoplasmic localization of
mutated NPM (NPMmut) is widely considered as an important factor for leukemia manifes-
tation. We analyzed the subcellular localization of three types of NPM with a C-terminal
mutation (A, B and E). Genes for the individual NPM forms were fused with a gene for one of
fluorescent protein variants in plasmids, which were transfected into three cell lines with dif-
ferent endogenous NPM expression. Subcellular localization of the fluorescent protein-
labeled NPM was further correlated with the relative expression of all NPM forms. We con-
firmed a high cytoplasmic expression of NPMmutA and NPMmutB whereas a substantial
fraction of NPMmutE was found to be localized in nucleoli. Moreover, we revealed that the
localization of fluorescently labeled NPM is affected by the interaction between various
forms of the protein.

Introduction

The phosphoprotein nucleophosmin (NPM) is an abundant protein located mainly in the
nucleolus, although it shuttles between the nucleolus, the nucleus and the cytoplasm. It regu-
lates many cellular processes, mainly the ribogenesis [1], centrosome duplication control [2]
and apoptosis [3,4]. Mutation of the NPM 1 gene is the most frequent genetic aberration in
AML and generally causes NPM relocation from the nucleolus into the cytoplasm [5]. The
mistargeting is caused by mutations in exon 12 of the NPM1 gene leading to the loss of trypto-
phan W288 and/or W290 at the C-terminus of the resulting protein [6]. The mutations highly
compromises the nucleolar localization signal (NoLS) and, moreover, the protein acquires an
extra nuclear export signal (NES) in addition to two NESes already present in its N-terminal
domain [7]. Specific NPM mutations are characteristic for about 60% of adult AML with the
normal karyotype [8] and are associated with good response to induction therapy [9]. The
most frequent AML-related NPM mutation type (type A) occurs in 75£80% of adult AML
patients with NPM mutation [5,9+11]. The resulting mutated protein (NPMmutA) lacks both
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tryptophans W288 and W290 and it has the most frequent NES motif L-xxx-V-xx-V-x-L [12].
Bolli et al [13] identified six different NES motifs with various exporting efficiency associated
with C-terminal mutations. The strongest NES motifs were associated with NPM mutants
retaining W288 that drives the NPM into the nucleolus. The authors concluded that a strong
NES motif balancing the force of W288 allows for the export of NPMmut into the cytoplasm,
and that NPM translocation might be critical for leukemogenesis. All AML-related NPM
mutations reported to date were heterozygous, i.e. the patients were heterozygous for the
mutation and retained a wild-type allele [5,9,10]. Homozygous Npm1 mutant knock-in mice
were reported to show embryonic lethality [14].

The impact of the mutation type on survival characteristics was widely examined and the
results of individual studies varied: while no difference in the overall survival (OS) and in the
disease-free survival (DFS) was observed by Pastore et al. [15], other researchers reported
either better or worse outcome for patients with NPMmutA vs. patients with mutations of
other type [16,17]. The role of different types of NPMI mutation, either individually or in the
presence of other common gene mutations was suggested to be essential also for childhood
AML prognosis [18]. However, these studies generally compared the group of patients with
the most frequent mutational type A versus a merged group of patients with other types of
mutation. We believe that if the cytoplasmic localization of NPM is critical for leukemogenesis,
the difference should be searched between types causing different subcellular localization. We
thus compared the subcellular distribution of NPMmutA with that of NPMmut type B, which
differs from the type A only in one aminoacid (L289M) and with the type E, which retains
‘W288 and has the strongest NES motif, L-xxx-L-xx-V-x-L [19].

NPM conformation exhibits monomer+pentamer equilibrium, which is modulated by post-
translational modifications, in particular by phosphorylation, and by protein binding [20], the
pentamers being formed through the domain located at the N-terminus of the protein [21].
This domain is also responsible for the majority of interactions of NPM with various proteins
[1,22]. It was reported, that the ability to oligomerize is, at least in part, maintained in C-termi-
nal mutants [23]. Falini et al [24] suggested that the increased nucleophosmin export into the
cytoplasm probably perturbs multiple cellular pathways by loss-of-function (delocalization of
NPM nucleolar interactors into the cytoplasm) and/or gain-of-function mechanisms. Balusu
etal [25] demonstrated that AML cells expressing mutated NPM are more sensitive to disrup-
tive effects of the inhibitor NSC348884 on NPM oligomerization, in comparison with AML
cells expressing NPMwt. Recently, we revealed that the localization of NPMmutA is not exclu-
sively cytoplasmic and that a substantial fraction of NPMmutA still resides in the nucleoli [26].
Moreover, we and other authors [26,27] have shown that due to heterooligomer formation,
subcellular distribution of NPMmutA changes when the cells are co-transfected with NPMwt.
In the present work, we used HEK-293T cell system allowing high amplification of transfected
plasmids to investigate the localization of various mutation types. The impact of the endoge-
nous NPM was then analyzed in three cell lines with different ratio of endogenous to exoge-
nous NPM expression. The interaction between various NPM types was further confirmed by
co-immunoprecipitation.

Material and methods
This study was conducted in the period 02-11/2016.

Cell culture and chemicals

Cancer cell lines HEK293T (gift from Dr. §. Némeckovd Institute of Hematology and Blood
Transfusion, Czech Republic) and NIH 3T3 (gift from Dr. M. ]irouikovz{& IMG CAS, Czech
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Republic) were cultivated in DMEM (Sigma-Aldrich), 10% FCS, 37ECand 5% CO, atmo-
sphere. Cancer cell line HeLa (gift from Dr. J. Maléskyh IEM CAS, Czech Republic) was
cultivated in RPMI 1640 (Biochrom AG) supplemented with 10% FCS, 37ECand 5% CO,
atmosphere. Peripheral blood mononuclear cells (PBMC) of AML patients were isolated from
leukapheretic products using density gradient centrifugation on Histopaque 1077 (Sigma-
Aldrich Corporation, USA) at 500 g and 20ECfor 25 min. PBMC were resuspended at a den-
sity of 5x10° cells/ml in RPMI 1640 medium (10% FCS, 37£C,5% CO,). All patients signed
informed consent to the use of their biological material for research purposes in agreement
with the Declaration of Helsinki. The Ethics Committee of the Institute of Hematology and
Blood Transfusion approved this research at the application of grant No 16-30268A. All sam-
ples were tested for presence of C-terminal NPM mutation by PCR and the mutation type was
determined by sequencing as described previously [28].

Plasmid construction and cell transfection

As described in detail previously [26], gene for nucleophosmin was amplified from cDNA
library (Jurkat cells, Origene) by PCR and inserted to vectors peGFP-C2 and pmRFP1-C2 (orig-
inally Clontech) designed for expression of protein chimeras with a fluorescent protein con-
nected to the N-terminus of the target protein by standard methods of molecular cloning. NPM
mutants were constructed by PCR using extended primers containing mutated part of exon 12
of the NPM1 gene and restriction sites (Table 1). After amplification in E. coli, the plasmids
with subcloned genes were purified with PureYield Plasmid Miniprep System (Promega) and
transfected into adherent cell lines using jetPRIME transfection reagent (Polyplus Transfection)
for each experiment. Transfection efficiency was analyzed by flow cytometry (BD Fortessa).

Immunofluorescence

The samples were prepared as described previously [26]. Briefly, cells in suspension were
seeded on a coverslip in humidified chamber for 15 min and then fixed with 4% paraformalde-
hyde (PFA) overnight at 4EC. After 10min of permeabilization by 0,5% Triton X-100, the cells
were incubated for 1h with a mouse monoclonal anti-NPM primary antibody (clone 3F291,
Santa Cruz Biotechnology, 1:100) and for another 1h with the secondary antibody (Alexa-
Fluor555-conjugated anti-mouse, Life Technologies, 1:200) and with Hoechst33342 (1uM,
Life Technologies). The stained cells were observed under confocal laser scanning microscope
FluoView FV1000 (Olympus Corporation).

Live-cell imaging. Subcellular distribution and colocalization of eGFP- or mRFP1-fused
variants of nucleophosmin was observed by Olympus FluoView FV1000 confocal microscope
(Olympus Corporation). For subcellular distribution statistics, at least 800 cells from three
independent experiments were evaluated. Fluorescence images were processed by FluoView
software FV10-ASW 3.1.

Celllysis

Transfected adherent cells were briefly washed with PBS, trypsinized and extensively washed
with PBS. The cell pellets were lysed in Laemmli sample buffer, boiled for 5 min, centrifuged at
200.000g/4ECfor 4h and the supernatant was stored at -20EC.

Immunoprecipitation

GFP-Trap_A system (Chromotek) was used following the manufacturerAsinstructions.
Briefly, transfected adherent cells were resuspended in ice-cold PBS, scrapped from dish and
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extensively washed with PBS. Then the cell pellet was lysed in the lysis buffer (10mM Tris/Cl
pH7.5, 150mM NaCl, 0.5mM EDTA, 0.5% NP-40, protease and phosphatase inhibitors), incu-
bated on ice for 30 min and centrifuged at 20.000g/10min/4EC. The lysate was then transferred
into the GFP-Trap_A beads and incubated for 1h at 4EC. After centrifugation and extensive
wash in the diluting buffer (10mM Tris/Cl pH7.5, 150mM NaCl, 0.5mM EDTA), GFP-Trap_A
beads were resuspended in SDS-sample buffer, boiled for 5 min and centrifuged at 2.500g/
2min/4EC.Supernatant was stored at -20ECuntil used for SDS-PAGE.

Western blotting

Five microliters of each sample were subjected to SDS-PAGE and transferred into nitrocellu-
lose membrane (Hybond PVDF, Amersham). Mouse monoclonal antibodies against B-actin,
GFP and NPM (clone NA24 for wt+mut detection, clone E3 for wt-only detection) were from
Santa Cruz Biotechnology. All primary antibodies were used at a dilution 1:100+1:500. Anti-
mouse HRP-conjugated secondary antibody was purchased from Thermo Scientific and used
at concentrations 1:10,000+1:50,000. ECL Plus Western Blotting Detection System (Amer-
sham) was used for chemiluminescence visualization and evaluation by G-box iChemi XT4
digital imaging device (Syngene Europe).

Statistical analysis

No power calculations were performed. We analyzed all primary AML samples available at the
Institute of Hematology and Blood Transfusion during the period 2015+2016 (N = 17). The
majority of experiments were performed using cell lines and repeated until the observed differ-
ences between groups reached statistical significance. A p-value of 0.05 or lower was pre-set to
be indicative of a statistically significant difference between groups compared. In diagrams,
arithmetic means of at least three replicates of all experiments were plotted with SD error bars.
Significance levels (p values of ANOVA or StudentAst-test) were determined using InStat Soft-
ware (GraphPad Software).

Results
Subcellular localization of mutated NPM depends on mutation type

Seventeen PBMC samples from AML patients were screened for the presence of NPM muta-
tion by the PCR and by the immunofluorescence. We detected the NPMwt in 7 (41%) patients,
the NPMmutA in 9 (53%) patients and one patient had the mutation type Nm (1108_1109ins
CCAGQG). Blasts with extranuclear NPM localization were found in all samples from the patients
with a NPM mutation whereas the localization of NPM was restricted to nucleoli (and partially
nuclei) in the samples without mutation (Fig 1).

We transfected HEK-293T cell line with eGFP-labeled variants of NPM and examined the
eGFP_NPM subcellular localization under the confocal microscope (Fig 2a). The wild-type
NPM and three types of mutated NPM (A, B and E) were analyzed. While the eGFP_NPMwt
was detected solely in nucleoli, more than 80% of eGFP_NPMmutA-transfected cells exhibited
exclusively cytoplasmic localization of the mutated protein (Fig 2b). A combination of
eGFP_NPMmutA signal from the nucleolus with cytoplasmic staining was observed in
approximately 15% of the transfected cells. Moreover, the relative fluorescence intensity from
the remaining cells, showing eGFP_NPMmutA signal only in the nucleoli (approximately 5%
of transfected cells), was weak, indicating low plasmid amplification in these cells. Subcellular
distribution of eGFP signal in cells transfected with eGFP_NPMmutB was almost identical as
for NPMmutA (Fig 2a). On the contrary, 65% of cells transfected with eGFP_NPMmutE
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Fig 1. NPMis localized in the cytoplasm of blast from AML patients with NPM mutation. PBMC from
AML patients with NPMwt (wt), NPMmutA (mut A) or NPMmutNm (mut Nm) were incubated with anti-NPM
(clone 3F291) primary and AlexaFluor555 secondary antibodies (red). The nuclei were visualized with
Hoechst 33342 (blue). Arrows indicate the cytoplasmic localization of NPM in AML blasts with NPMmut. The
bars represent 10um.

https://doi.org/10.1371/journal.pone.0175175.g001

displayed eGFP fluorescence from the nucleolus, whether exclusively or partially (i.e. signal
was detected from both the cytoplasm and the nucleoli) (Fig 2a and 2b, S1 Table). Identical
results were obtained with plasmids containing the red form of the fluorescence protein,
mRFP1, instead of eGFP (data not shown). The transfection efficiency measured by flow
cytometry was about 45% in all samples and high expression of recombinant fusion proteins
was confirmed by immunoblot (Fig 2c, S1 Fig).

) = (c) GFP wt mutA mutB mutE
T 100 o — — — — G P (64kDa)
c'6 Te—— ;
- _— — j-Actin (41kDa
,g, B s f ( )
=% —_— GFP (27kDa)
L2 50
zI . NPM exo (64kDa)
o £
85 28
] A e s ssmm s NP endo (37kDa)
o
0 NPM exolendo: 0,23 0,16 0,12 0,16
%‘ mut A mut E

vs. transfection efficiency: 1,15 1,06 085 0,90

Fig 2. Subcellular distribution of mutated NPM depends on mutation type. (a) eGFP fluorescence from HEK-293T cells
transfected with eGFP plasmid (GFP), eGFP_NPMwt (wt), eGFP_NPMmutA (mutA), eGFP_NPMmutB (mutB) or
eGFP_NPMmutE (mutE) showing various subcellular distribution of individual NPM variants. The bars represent 20um. (b) fraction
of transfected cells displaying eGFP_NPMmutA (or E) signal only from the cytoplasm (white bars), from the cytoplasm and nucleoli
(grey bars) or only from nucleoli (black bars). The error bars in the graph represent +SD of at least 3 independent experiments.
Statistical significance degree of difference between mutA and mutE obtained from two-way ANOVA test was P < 0.001 (***). (c)
immunoblot of lysates from HEK-293T cells transfected with individual NPM variants. GFP-NPM (exogenous) is detected at 64
kDa, the endogenous NPM at 37 kDa. B-Actin represents the loading control. Densitometric evaluation of NPM exo/endo level and
the ratio of NPMexo/endo expression vs the transfection efficiency (20%, 15%, 13,9% resp. 17,8% for wt, mutA, mutB resp. mutE)
are indicated for the individual cell lines.

https://doi.org/10.1371/journal.pone.0175175.9g002
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Interaction between wild-type and mutated NPM

We have previously checked the tug-of-war hypothesis described by Bolli et al [27] suggesting
that the localization of both fluorescently labeled wt and mutated NPM forms depends on their
mutual ratio. We showed that the abundance of one NPM form caused partial redistribution of
its oligomer partner in Hela cells co-transfected with eGFP_NPMmutA and mRFP1_NPMwt
[26]. Here we analyzed the distribution of fluorescently labeled NPM variants in HEK-293T
cells co-transfected with mRFP1_NPMwt and eGFP_NPMmutA or eGFP_NPMmutE (Fig 3a).
For both mutation types, co-transfection with wt caused significant changes in the subcellular
distribution: higher fraction of eGFP_NPMmut in the nucleolus as well as a fraction of
mRFP1_NPMwt in the cytoplasm was observed in comparison with the distribution in single
form-transfected cells (Fig 3b and 3¢, S1 and S2 Tables). Our observations prove the fact that
the ability of NPM to form oligomers is not disrupted by any type of C-terminal mutation and
that heterooligomers between the wild-type and mutated NPM are formed affecting the locali-
zation of each other.

Endogenous NPM affects the localization of NPMmut

The subcellular distributions of NPMmutA in both single (NPMmut only) or double
(NPMmut+NPMwt) transfected HEK-293T cells markedly differed from the distribution pre-
viously observed in HeLa cells [26]. We hypothesize, that the reason for this difference lays in
various endogenous expression of NPM in these two cell lines. Karyotype studies of HeLa cells
proved a multiplied number of NPM gene copies [29] and a high endogenous NPM expression
was thus expected in this cell line. On the other hand, HEK-293T cell line contains the SV40
Large T-antigen, which allows for amplified expression from transfected plasmids containing
the SV40 origin of replication. Therefore, we compared the localization and level of NPM pro-
tein expression in these two cell lines. In addition, the commonly used mouse NIH-3T3 cell
line with standard endogenous NPM expression and unaffected plasmid amplification was
analyzed for comparison (Fig 4, S2 Fig, S3 Table). The distribution of eGFP-NPMmutA varied
from almost cytoplasmic in HEK-293T to highly nucleolar in HeLa (Fig 4a and 4c, S3 Table).
The expression of the endogenous NPM was higher in HeLa compared to the other cell lines
(Fig 4b, S2 Fig) and the ratio between the endogenous and the exogenous protein in the trans-
fected cells (Fig 4d, S2 Fig) reflected the high amplification ability of HEK-293T (even with
correction for various transfection efficiency in individual cell lines, Table 2).

A good correlation between the fraction of cells with cytoplasmic-only NPMmutA localiza-
tion and the ratio of exogenous vs. endogenous NPM expression was observed. We suggest
that heterodimers are formed not only between the fluorescently labeled NPM forms but also
between the recombinant and the endogenous protein. This suggestion was further confirmed
by eGFP-precipitation from lysates of transfected cells of HEK-293T and HeLa cell lines using
GFP-Trap nanobeads (Fig 5a, S3 Fig). NPM expression was examined by two anti-NPM anti-
bodies. The anti-NPM clone NA24 is directed to recognize the N-terminus of the human
NPM and it is thus able to detect the overall NPM, i.e. both the NPMwt and NPMmut. The
anti-NPM clone E3 is specific for an epitope at the C-terminus (aa 253+294) of NPMwt and it
should hardly recognize the NPMmut. Indeed, whereas the clone NA24 detected GFP-NPM
signal from all lysates of transfected cells, the clone E3 generated a signal only from samples
transfected with eGFP-NPMwt. On the contrary, both clones equally detected the endogenous
NPM in all precipitates containing any type of eGFP_NPM but not in precipitates from
untransfected cells. Despite its relatively low expression in HeLa cells, eGFP_NPM effectively
co-precipitated the endogenous NPM also in this cell line. Moreover, a higher ratio of the co-
precipitated NPMwt vs. the precipitated eGFP_NPM corresponds to higher expression of the
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Fig 3. Interaction between wild-type and mutant affects localization of individual forms of NPM. (a) eGFP (green) and
mRFP1 (red) fluorescence from HEK-293T cells co-transfected with mRFP1_NPMwt and eGFP_NPMmutA (mutA) or
eGFP_NPMmutE (mutE). The bars represent 20 pm. (b) fraction of transfected cells displaying eGFP_NPM signal only from
the cytoplasm (white bars), from the cytoplasm and nucleoli (grey bars) or only from nucleoli (black bar). GFP_mut denotes
the signal from cells transfected with eGFP_NPMmut only, +RFP_wt denotes e GFP signal from cells co-transfected with
eGFP_NPMmut and mRFP1_NPMwt. The error bars in the graph represent +SD of at least 3 independent experiments. (c)
fraction of transfected cells displaying mRFP1_NPMwt signal from the cytoplasm: wtBcells transfected only with
RFP_NPMwt, wt+mutA (or E)zcells co-transfected with RFP_NPMwt and GFP_NPMmutA (or E). The error bars in the graph
represent +SD of 5 independent experiments. Statistical significance degree of difference between the samples: P < 0.01
(**), P <0.001 (***).

https://doi.org/10.1371/journal.pone.0175175.g003
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Fig 4. Localization of exogenous NPMmutA depends on endogenous NPM level. (a) eGFP fluorescence from HEK-293T (1),
NIH-3T3 (2) or HeLa (3) cells transfected with eGFP_NPMmutA showing its various subcellular distribution in individual cell lines. The
bars represent 20um. (b) immunoblot of lysates from various cell lines indicates different endogenous NPM expression. B-Actin
represents the loading control. Densitometric evaluation of NPM/B-Actin ratio is indicated for individual cell lines. (c) fraction of
transfected cells displaying eGFP_NPM signal only from the cytoplasm (white bars), from the cytoplasm and nucleoli (grey bars) or
only from nucleoli (black bar). The error bars in the graph represent +SD of at least 3 independent experiments. Statistical
significance degree of difference between the samples: P <0.01 (**), P <0.001 (***). (d) immunoblot of lysates from various cell
lines transfected with NPMmutA indicates different expression of transfected eGFP_NPM. GFP-NPM (exogenous) is detected at 64
kDa, the endogenous NPM at 37 kDa. B-Actin represents the loading control. Relative ratio of NPM exo/endo expression is indicated
for the individual cell lines. Two-fold concentrations of primary and secondary antibodies had to be used to detect exogenous NPM
expression in all lines. Therefore, absolute evaluation of the NPM exo/endo expression needs correction for the exo/endo NPM ratio
calculated in Fig 2c.

https://doi.org/10.1371/journal.pone.0175175.g004

endogenous NPM in HeLa cells (Fig 5b, S3 Fig). For both cell lines, the amount of co-precipi-
tated NPM was substantially higher in the samples from eGFP_NPMwt-transfected cells than
in the samples transfected with eGFP_NPMmut.

Discussion

The significance of specific nucleophosmin mutations in AML has been recognised by the
World Health Organization (WHO) which defined the AML with NPM1 mutation as a

Table 2. Transfection efficiency for individual cell lines assessed by flow-cytometry.

HEK-293T NIH 3T3 HelLa
transfection ef®ciency (% of cells) 47 +£13 11+4 19+4
estimated ratio NPM endo:NPM_GFP 1:1 4:1 10:1

mean+SD values from at least 6 samples were calculated. Ratio of NPM forms was estimated from the
transfection ef®ciencyand the protein expression levels determined from WB.

https://doi.org/10.1371/journal.pone.0175175.t002
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Fig 5. Formation of heterooligomers between eGFP_NPM and endogenous NPM was confirmed by GFP-precipitation. (a)
Representative immunoblots of lysates and GFP-precipitates from the cells transfected with individual NPM variants. U:
untransfected cells, wt: eGFP_NPMwt, mutA: eGFP_NPMmutA, mutE: eGFP_NPMmutE. Anti-NPM antibody clone NA24 was used
to detect the overall NPM expression (i.e. both the NPMwt and NPMmut), the clone E3 was used to detect NPMwt only. GFP-NPM
(exogenous) is detected at 64 kDa, the endogenous NPM at 37 kDa. B-Actin represents the loading control. (b) The ratio between
endogenous (NPM) and exogenous (NPM-GFP) expression in GFP-precipitates and lysates from cells transfected with
eGFP_NPMwt. The membrane from 30 to 100 kDa was incubated with anti-NPM clone NA24.

https://doi.org/10.1371/journal.pone.0175175.g005

distinct entity [24]. The AML with NPM1 mutation without concomitant mutations in other
genes is classified into the group with favorable prognosis. However, leukemogenic potential
of the mutation as well as the reason for the better outcome are still unclear. The most frequent
mutation type (type A) occurs in 75% of patients with NPM mutation, other relatively frequent
types B, resp. D are detected in about 9, resp 8% of patients [10,15,30+32]. The mutations A
and D differ from each other only in one base of the inserted tetranucleotide, without change
in the resulting aminoacid sequence. The type B differs from these types also in a single base,
which results in the change in one aminoacid (L289M) in the translated protein [33]. All the
proteins resulting from the most frequent mutation types lack both tryptophans W288 and
W290 and possess a weak acquired NES motif L-xxx-V-xx-V-x-L. The presence of a NPM
mutation in patients with AML was reported to correlate with the cytoplasmic localization of
NPM [34]. Consistently with these reports, we observed cytoplasmic NPM localization in all
AML samples with NPM mutation (Fig 1). However, the only non-A case in our cohort was of
type Nm which is very similar to the type A and the resulting protein differs from NPMmutA
in one aminoacid only (L289Q).

The studies investigating the impact of mutation type mostly compared groups of patients
with mutation type A versus non-A types. Whereas Koh et al observed worse OS and shorter
remission for the non-A group [17], Alpermann et al. reported better survival in patients with
non-A mutations [16]. Pastore 2014 [15] found no difference between type A and non-A
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groups and, moreover, these authors did not find any difference even in a more detailed dis-
crimination between the types A, B, D and the others (rare). Recently, Alpermann et al. [30]
reported that different subtypes of NPM1 mutation were associated with different profiles with
respect to clinical parameters as well as to accompanying molecular markers. Particularly, they
revealed that DNMT3A mutations worsen the outcome of patients with type A and type D
NPM1 mutations but not with the type B. However, statistics matching the mutations accord-
ing to their putative subcellular distribution were not performed, probably due to the low fre-
quency of the rare mutations. We suggested previously, that the cytoplasmic localization of
NPM is critical for immune therapy prognosis [28]. Therefore, it is important to investigate
the difference between the mutation types causing different subcellular localization. In the
present work, we examined the localization of three types of NPM mutation (A, B and E) in
HEK-293T cell line, in relation to the presence of W288 and the force of the acquired NES
motif. We uncovered substantial difference between the localization of the NPMmutA (or B)
and the NPMmutE. A high proportion of NPMmutE is retained in the nucleoli in contrast to
the mostly cytoplasmic localization of NPMmutA (Fig 2). Interestingly, the mean fluorescence
intensity (MFI) determined by flow-cytometry as well as the GFP-NPM level analyzed by
immunoblot revealed that the amplification of the plasmids was mostly lower in cells trans-
fected with NPMmut than in NPMwt-transfected cells indicating lower amplification of plas-
mids containing NPMmut.

In agreement with the experiments described by Bolli et al [27], the localization of each
NPMmut type was strongly affected by the co-expression of NPMwt, probably due to hetero-
oligomer formation. In cells co-transfected with GFP-NPMmut and RFP-NPMwt, a higher
proportion of NPMmut in the nucleoli as well as the NPMwt in the cytoplasm was detected
for the both A and E mutation types (Fig 3). The interaction between various NPM forms
was further tested in three different cell lines representing various expression systems and
pools of the endogenous NPM. A nice correlation of GFP-NPMmut localization with the
ratio of exogenous vs. endogenous NPM expression was observed (Fig 4 and Table 2). The
interaction between the endogenous and exogenous NPM was further evidenced thanks to
GFP-precipitation (Fig 5a). The formation of NPM oligomers or complexes with its interac-
tion partners mediated by its N-terminal domain is largely documented [22,35,36] and the
ability of NPM to form oligomers was reported to be retained also in its variants with an
altered C-terminus, whether in the fusion protein NPM-ALK [37] or in the protein with spe-
cific mutation [38]. Nonetheless, little is known about the potential of the oligomerization
domain of the altered protein. In our experiments, a higher proportion of co-precipitated
endogenous NPM according to the lowest ratio of exo-/endogenous NPM expression was
detected in HeLa cells (Fig 5b). Irrespectively of the cell line, the amount of co-precipitated
endogenous NPM was substantially higher in cells transfected with GFP-NPMwt than in
cells transfected with any type of NPMmut. This may be partially explained by a higher
accessibility of the endogenous NPM for eGFP-NPMwt due to their identical localization.
Similar localization should favor the interaction of the endogenous NPM with NPMmutE
rather than with NPMmutA, but we did not observe any difference between the levels of co-
precipitated endogenous NPM in samples with mutations A and E. Hence, it is possible that
the oligomerization potential of NPMmut is lowered when compared to the interaction
potential of the wild-type form. This can be supported by the findings of Balusu et al [25]
that the cells with NPMmut are more susceptible to a specific inhibitor of NPM oligomeriza-
tion than the cells with NPMwt and that the NPMmut tends to form dimers rather than olig-
omers. Recently, it was uncovered that unbalanced allelic expression of mutant alleles is a
relatively common occurrence in multiple myeloma patients [39]. The mutant/wild-type
allelic ratio for NPM1 has been suggested to have a prognostic value in AML [40]. In
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summary, besides the type of the mutation, the oligomerization potential of NPMmut
together with the NPMwt/NPMmut ratio considerably affects the subcellular NPM distribu-
tion and likely the patientAsoutcome.

Conclusion

Changes in the intracellular localization contribute very likely to leukemogenicity as well as
to the survival advantage which are associated with nucleophosmin mutations in acute mye-
loid leukemia. Hence, it is important to describe in detail the localization of both the wild-
type and the mutated protein in cells with every mutation type. The basic location for the
wild-type NPM is in the nucleoli, NPM with mutations A or B reside in the cytoplasm,
whereas the form E is found in the cytoplasm, in the nucleus and in the nucleoli. Furthemore,
the localization of all these forms is affected by their relative amounts thanks to oligomer for-
mation. Finally, the ability of NPMmut to form oligomers seems to be lowered irrespective
of the mutation type.

Supporting information

S1 Fig. Original Western blots with molecular size marker for Fig 2c.
(TIF)

S2 Fig. Original Western blot with molecular size marker for Fig 4b ((a)) and 4d ((b)).
(TIF)

S3 Fig. Original Western blots with molecular size marker for Fig 5a ((a)) and 5b ((b)).
Multiple blots were performed from identical samples in one SDS-PAGE run for individ-
ual cell lines ((a)).

(TIF)

S1 Table. Subcellular distribution of the mutated NPM type A (mutA) and type E (mutE)
in HEK-293T cells transfected with the eGFP_NPMmut (columns mutA/E only) or co-
transfected with the eGFP_NPMmut and mRFP1_NPMwt (columns mutA/E + wt). The
data from three independent experiments are presented as fractions of cells (% of transfected
cells) exhibiting eGFP_NPM signal from the cytoplasm only (C), from the cytoplasm and the
nucleoli (C+N) or from nucleoli only (N).

(DOCX)

S2 Table. Fraction of transfected cells displaying mRFP1_NPMwt signal from the cyto-
plasm. wt onlyDcells transfected only with RFP_NPMwt, +mutA (or E)=+cells co-transfected
with RFP_NPMwt and GFP_NPMmutA (or E).
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$3 Table. Subcellular distribution of the mutated NPM type A in HEK-293T, NIH-3T3 or
Hela cells transfected with the GFP_NPMmutA. The data from at least three independent
experiments are presented as fractions of cells (% of transfected cells) exhibiting GFP_NPM
signal from the cytoplasm only (C), from the cytoplasm and the nucleoli (C+N) or from nucle-
oli only (N).
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S4 Table. Transfection efficiency of individual cell line transfections with fluorescently
labeled forms of NPM.
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Tab S1: Subcellular distribution of the mutated NPM type A (mutA) and type E (mutE) in HEK-293T
cells transfected with the eGFP_NPMmut (columns mutA/E only) or co-transfected with the
eGFP_NPMmut and mRFP1_NPMwt (columns mutA/E + wt). The data from three independent
experiments are presented as fractions of cells (% of transfected cells) exhibiting eGFP_NPM signal
from the cytoplasm only (C), from the cytoplasm and the nucleoli (C+N) or from nucleoli only (N).

Exper. mutA only mutA + wt
No. C C+N N C C+N N
1 72 23 5 21 70 10
2 84 12 4 25 65 10
3 84 11 5 46 35 19
Exper. mutE only mutE + wt
No. C C+N N C C+N N
21 58 20 4 69 27
39 43 19 3 63 34
44 40 16 10 65 25

Tab S2: Fraction of transfected cells displaying mRFP1_NPMwt signal from the cytoplasm: wt only -
cells transfected only with RFP_NPMwt, +mutA (or E) — cells co-transfected with RFP_NPMwt and
GFP_NPMmutA (or E).

Exper. % of cells with NPMwt in
No. cytoplasm
wtonly [ +mutA | +mutE
1 1 39 21
2 4 40 18
3 6 32 23
4 37 24
> 33 12

Tab S3: Subcellular distribution of the mutated NPM type A in HEK-293T, NIH-3T3 or Hela cells
transfected with the GFP_NPMmutA. The data from at least three independent experiments are
presented as fractions of cells (% of transfected cells) exhibiting GFP_NPM signal from the cytoplasm
only (C), from the cytoplasm and the nucleoli (C+N) or from nucleoli only (N).

Exper. HEK 293T NIH 373 Hela
No. C C+N N C C+N N C C+N N
1 72 23 5 75 21 4 27 56 17
2 84 12 4 47 48 5 18 61 21
3 84 11 5 31 67 2 56 36 8
4 8 57 35




Tab S4: Transfection efficiency of individual cell line transfections with fluorescently labeled forms of
NPM.

HEK NIH Hela
61 13,2 24

41,9 12,4 20,7

42,5 6,4 15,6

29,3 6,5 21,1

56,8 11,5 19,6

48,7 10,4 12,1

44,1 19 15

63,7 20,4

57,6 22,2

55,5 22,2

66,1 18,5
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54,1
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Mean 47 11 19

SD 13 4 4

Fig S1: Original Western blots with molecular size marker for Fig. 2c.
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Fig S2A: Original Western blot with molecular size marker for Fig 4b.
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Fig S2B: Original Western blot with molecular size marker for Fig 4d.
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Fig S3A: Original Western blots with molecular size marker for Fig 5a. Multiple blots were performed
from identical samples in one SDS-PAGE run for individual cell lines.
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Abstract

Oligomerization plays a crucial role in the function of nucleophosmin (NPM), an abundant nucleolar
phosphoprotein. Two dual-color methods based on modern fluorescence confocal microscopy are
applied for tracking NPM aggregates in live cells: cross-correlation Number and Brightness analysis
(ccN&B) combined with pulsed interleaved excitation (PIE) and fluorescence-lifetime imaging
microscopy (FLIM) utilizing resonance energy transfer (FRET). HEK-293T cells were transfected with
mixture of plasmids designed for tagging with fluorescent proteins so that the cells express mixed
population of NPM labeled either with eGFP or mRFP1. We observe joint oligomers formed from the
fluorescently labeled NPM. Having validated the in vivo methods, we study an effect of substitutions in
cysteine 21 (Cys21) of the NPM N-terminus on the oligomerization to demonstrate applicability of
the methods. Inhibitory effect of mutations of the Cys21 to nonpolar Ala or to aromatic Phe on the
oligomerization was reported in literature using in vitro semi-native electrophoresis. However, we do
not detect any break-up of the joint NPM oligomers due to the Cys21 mutations in live cells. In vivo
microscopy observations are supported by an in vitro method, the GFP-Trap immunoprecipitation
assay. Our results therefore show importance of utilizing several methods for detection of biologically
relevant protein aggregates. In vivo monitoring of the NPM oligomerization, a potential cancer
therapy target, by the presented methods offers a new way to monitor effects of drugs that are tested as
NPM oligomerization inhibitors directly in live cells.

Abbreviations NPM nucleophosmin
AML acute myeloid leukemia PIE pul'sed'interleaved
ccN&B cross-correlation N&B excitation
analysis
FFS fluorescence fluctuation
spectroscopy 1. Introduction
FLIM fluorescence lifetime ima-
ging microscopy Nucleophosmin (NPM) is an abundant nucleolar
P fluorescent proteins Phosphoprotein with st.ror.lg expression in proliferat-
ing cells [1-3]. NPM, similarly to another abundant
FRET Forster (fluorescence)

nucleolar phosphoprotein nucleolin (NCL), is thought

resonance energy transfer to function as a hub protein. NPM is thus capable of

NCL nucleolin interacting with other nucleolar assembly proteins [4].

©2018 IOP Publishing Ltd
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They are involved in various types of cancer. NPM is
frequently overexpressed in solid tumors [5, 6]. NPM
is upregulated in relapsed/refractory acute leukemia
as shown by proteomic analysis [7]. Moreover, NPM is
mutated or fused to other proteins in hematological
disorders [6, 8]. The NPM1 gene mutation resulting in
changes of the NPM C-terminus is the most frequent
genetic aberration in the acute myeloid leukemia
(AML) [9]. These changes cause relocation of the
C-terminus-mutated NPM (NPMc+) from the
nucleolus into the cytoplasm [10, 11]. In the cells
expressing the NPMc+, NPM-interacting tumor
supressors such as p53 or ARF are readily dislocated to
the cytoplasm bound to NPMc+, which interferes
with their proper regulative and anti-malignant action
[12-14].

Oligomerization state of the NPM is critical for its
function and dynamics [15-17]. NPM, a member of
nucleoplasmin family of proteins [18, 19], forms pen-
tamers in a ring-like configuration [20, 21]. Current
models of the pentameric NPM arrangement are
based on x-ray crystallography of the core oligomer-
ization domain without protein C-terminus [22].
NPM N-terminus domain is reported to be respon-
sible for the oligomerization [23, 24]. Cysteines Cys21
and Cys104 present in the N-terminus were identified
to play important role in the NPM oligomerization
[16, 25]. Formation of the NPM pentamers was inhib-
ited by mutation of Cys21 to Ala or to aromatic hydro-
phobic residues (Phe or Tyr). The C21F mutant
expressed in MCF7 cells did not oligomerize with
endogenous wild-type (WT) NPM [16]. Conserved
tyrosine 67 in (-hairpin was also found to affect the
NPM oligomerization in dominant-negative fashion
[26]. On the other hand, the NPMc+ keeps its ability
to form oligomers [25, 27].

The NPM oligomerization, specifically the
N-terminus of NPM responsible for the oligomeriza-
tion, is being considered a promising target for the
cancer therapy [28, 29]. Though only the Phe and not
the Tyr substitution of Cys21 drastically inhibited cha-
perone activity of NPM [16], it is supposed that the oli-
gomerization of NPM is linked to its molecular
chaperon activity [1]. Furthermore, it is supposed that
the ability of NPM to interact with the tumor sup-
pressors depends also on its oligomerization status
[6, 30, 31]. Targeting the NPM interaction ability via
modulation of its oligomerization should help to re-
localize the tumor suppressors back to the nucleus.
Their pro-apoptotic activity should be restored there,
possibly in cooperation with WT NPM resting in the
nucleus. The small molecule inhibitor NSC348884
was identified to interfere with the oligomerization
thereby affecting differentiation and apoptosis in leu-
kemic cells [15, 32, 33]. Treatment with cytotoxic
agents such as actinomycin D did not affect the NPM
oligomerization in HeLa cells [34]. The oligomeriza-
tion was changed during apoptosis induced by tumor
necrosis factor [35].

AHoloubek et al

The oligomerization of NPM has been extensively
studied in vitro. Various methods, such as PAGE
[16, 31], native electrophoresis [17, 34], sedimentation
in saccharose gradient [1, 34, 36], co-immunoprecipi-
tation with epitope tags [27, 36, 37], deuterium
exchange mass spectrometry (DXMS) [26], size exclu-
sion chromatography [1] and split synthetic Renilla
luciferase protein fragment-assisted complementation
(SRL-PFAC) [38], were used. However, our ability to
understand oligomerization processes in cells is still
limited [39]. Data on the NPM oligomerization in vivo
are mostly missing. Fusing NPM with colored variants
of fluorescent proteins (FP) enables application of
fluorescence-based methods to monitor protein-pro-
tein interactions in vivo. Classical one-color Number
and Brightness (N&B) is a fluorescence fluctuation
spectroscopy (FFS) method [40], in which a number of
fluorescing molecules and their brightness are statisti-
cally evaluated for each pixel along series of images.
This enables to estimate the aggregation state of the
fluorescing species [41, 42]. N&B method was repor-
ted to provide reliable information on molecular
aggregation in vivo, including additional spatial infor-
mation contained in 2D brightness maps [41]. Stan-
dard transfection protocols provide relatively high
expression levels of fluorescently labeled proteins
which is ideal for imaging but unfavorable for one-
color N&B, because fluctuations of the fluorescence
intensity of individual molecules are difficult to
resolve against a relatively high signal. Based on a
simultaneous two color detection, dual-color FFS
techniques, such as fluorescence cross-correlation
spectroscopy (FCCS) [43, 44] or cross-correlation
Number and Brightness analysis (ccN&B) [40, 45],
offer convenient tools to detect protein aggregates in
live cells. Having cloned plasmids for expression of
NPM fused with eGFP and mRFP1 [46], we apply the
ccN&B [47] to monitor joint aggregates formed by
NPM tagged with both FP variants. The ccN&B is
combined with a pulsed interleaved excitation (PIE)
[48, 49], which enhances the method sensitivity by
suppressing spectral cross-talk caused by bleeding of
eGFP fluorescence to mRFP1 detection channel. We
validate the method in live cells by using appropriate
controls.

The FFS-based methods can be complemented by
the Forster resonance energy transfer (FRET) report-
ing on proximity of the FP-tagged proteins. In FRET,
transfer of excitation energy from donor, e.g. eGFP, to
acceptor, e.g. mRFP1, depends strongly on their dis-
tance in the nm range. As FRET also manifests in
shortening of the donor fluorescence lifetime [50, 51],
proximity of the tagged proteins can be effectively
monitored by fluorescence lifetime imaging micro-
scopy (FLIM). We observe shortening of eGFP fluor-
escence lifetime in a mixture of eGFP- and mRFP-
tagged NPM and we attribute this shortening to FRET
by acceptor photobleaching. The FLIM-FRET can
therefore instantly monitor the co-localization of the
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FP-tagged NPM in aggregates formed in live cells
[50-53]. In agreement with the ccN&B method,
FLIM-FRET experiments verify our observations
made when studying NPM substituted in the Cys21.
Finally, we confirm the unexpected stability of the
Cys21-mutated NPM aggregates also with an in vitro
method, co-immunoprecipitation GFP-Trap assay.

2. Material and methods

2.1. Cell cultivations

Adherent cell line HEK-293T (a gift from S Némeck-
ovd’s lab, Institute of Hematology and Blood Transfu-
sion) was cultured under standard cultivation
conditions in DMEM (SIGMA) supplemented with
10% FBS (SIGMA), 37 °C and 5% CO, atmosphere.

2.2.Flow cytometry

Co-transfection efficiency was tested by flow cytome-
try (LSR Fortessa, BD Biosciences). Cells were
detached from cultivation dish with Trypsin (SIGMA),
dissolved in DMEM medium to block Trypsin, span
down and then resuspended in PBS. Fluorescence
originating from eGFP and mRFP1 tags was registered
in FITC and PE channels, respectively. Green and red
-positive events were assessed for at least 20 000 cells
for each sample.

2.3. Co-immunoprecipitation GFP-Trap assay
Transfected cells expressing fluorescent proteins were
processed after 40h-incubation. GFP-Trap_A system
(Chromotek) was used following the manufacturer’s
instructions as described in [27]. Briefly, eGFP expres-
sing adherent cells were scrapped from dish in ice-cold
PBS and extensively washed with PBS. The cell pellet
was lysed in the lysis buffer (10 mM Tris/Cl pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, protease
and phosphatase inhibitors) on ice for 30 min and
centrifuged at 20.000 g/10 min/4 °C. The lysate was
applied on the GFP-Trap_A beads and rotated for 1 h
at 4°C. Then the samples were centrifuged and
extensively washed in the diluting buffer (10 mM
Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA) to be
resuspended in 2xSDS-sample buffer (100 mM Tris
pH 6.8, 4% SDS, 200 mM DTT, 20% glycerol), boiled
for 10 min and centrifuged at 2.500 g/2 min/4 °C.
Supernatant was stored at —20 °C until used for SDS-
PAGE. Western blotting was carried out according to
[27]. Mouse monoclonal antibodies against GFP and
NPM (clone 3F291) were from Santa Cruz Biotechnol-
ogy and they were used at a dilution 1:500. Anti-mouse
HRP-conjugated secondary antibody was purchased
from Thermo Scientific and used at concentrations
1:50 000. Blots were visualized with ECL Plus Western
Blotting Detection System (GE Healthcare) and eval-
uated by G-box iChemi XT4 digital imaging device
(Syngene Europe).

AHoloubek et al

2.4. Plasmid construction and cell transfection
Plasmids for expression of fluorescently tagged pro-
teins were constructed by standard molecular cloning
techniques (cutting with restriction enzymes (Thermo
Scientific) and ligation (NEB)). Plasmids for NPM and
NCL expression were prepared as described in [46].
Fragments, PCR-amplified from cDNA library (Jurkat
cells, Origene), were subcloned to vectors peGFP-C2
or pmRFP1-C2 (originally Clontech) using Xhol and
BamHI unique restriction sites. Mutations of Cys21
were introduced to the sequence of WT NPM using
merged primers containing appropriate mutation and
Xhol restriction site (table 1). Following PCR amplifi-
cation, the resulting fragments were subcloned into
the peGFP-C2 and the pmRFP1-C2 as in the case of
the WT NPM form.

The constructed plasmids were amplified in E. coli
and purified with PureYield Plasmid Miniprep System
(Promega). For transfection, cells were seeded to
1 x 10°/ml cell density 24h prior transfection.
Expression plasmids were transfected into HEK-293T
cells using jetPrime transfection reagent (Polyplus
transfection) according to manufacturer’s protocol.
Growth medium was replaced 4 h after transfection
and cells were then grown 40 h prior analysis.

The NPM constructs and their combinations
which were prepared or used in this study are sum-
marized in table 2. In addition, combination of NCL
constructs is mentioned.

2.5. Live cell imaging

The cells were grown on glass bottom Petri dish
(Cellvis). Fluorescence experiments were carried out
at a room temperature after sealing the Petri dish with
parafilm to prevent CO, leakage. One Petri dish
sample was measured typically within 1 h. The sub-
cellular distribution and colocalization of eGFP- or
mRFP1-fused NPM variants were observed under a
confocal laser scanning microscope FluoView FV1000
(Olympus Corporation) as in [46]. Fluorescence
images were processed by FluoView FV10-ASW 3.1
software and by Image]J-FiJi.

2.6. PIE-ccN&B data acquisition and analysis

PIE-ccN&B  cross-correlation experiments utilized
dual-color laser excitation set-up with a pulsed ‘blue’
source (Picoquant, LDH-DC-470, 470 nm) and a
‘green’ continuous wave source (Uniphase, He-Ne
laser, 543 nm). The excitation beam of both wave-
lengths was guided into the sample via 488/543/633
dichroic mirror (Olympus) and water immersion
objective (Olympus 60x, NA 1.2). The emitted fluores-
cence was then guided through a pinhole (120 m),
coupled into the multimode optical fiber and at its exit
it was split into two detection channels separated by a
535 DCXC dichroic mirror (Chroma filters). The
‘blue’ and ‘green’ emission channels were equipped
with the bandpass filters transmitting wavelengths of
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Table 1. Primers used in plasmid construction for PCR amplification.

G_NPM forward
G_NPM(C21A) forward
G_NPM(C21F) forward
G_NPM reverse

aaaaaactcgagcatggaagattcgatggacatg
aattaactcgagcatggaagattcgatggacatggacatgagccccctgaggecccagaactatcttttcggtgctgaactaaagge
aattaactcgagcatggaagattcgatggacatggacatgagccccctgaggecccagaactatetttteggtttcgaactaaagge

g tcectt: ttrrtrmrtgc

O 590

Table 2. Coding of constructs and their combinations (symbol ‘/” denotes mixture of constructs).

R_NPM_G positive control, bi-colored NPM with mRFP1 and eGFP attached on N- and C-terminus, respectively
G_NPM/R_NPM two color NPM (mixture of NPM tagged with eGFP or mRFP1, both from the N-terminus)

G_NPM NPM tagged with eGFP from the N-terminus

G_NPM/R negative control (mixture of NPM tagged with eGFP from the N-terminus and free mRFP1)
G_NCL/R_NCL two color NCL (mixture of NCL tagged with eGFP or mRFP1, both from the N-terminus)
G_NPM-C21A NPM C21A mutant tagged with eGFP from the N-terminus

G_NPM-C21F NPM C21F mutant tagged with eGFP from the N-terminus

G_NPM-C21A/R_NPM-C21A
N-terminus)
G_NPM-C21F/R_NPM-C21F
N-terminus)

two color C21A NPM mutant (mixture of G_NPM-C21A tagged with eGFP or mRFP1, both from the

two color C21F NPM mutant (mixture of G_NPM-C21F tagged with eGFP or mRFP1, both from the

515 + 15nm and 605 + 20nm (Chroma filters),
respectively. Signal was detected with two single
photon counting modules (tau-SPAD, Picoquant) and
the arrival times were recorded with multichannel
event timer with TCSPC option (Hydraharp 400,
Germany) synchronized with the Galvo scan unit
(Fluoview 1000, Olympus). This arrangement enabled
us to operate the experiments in the PIE mode
adjusted for the combination of pulsed and contin-
uous wave laser. Specifically, the ‘blue’ pulsed laser was
operated at 10 MHz repetition rate (i.e. approximately
100 ns temporal spacing between the adjacent pulses).
As the lifetime of the eGFP fluorophore is about 2.5 ns,
the mRFP1 emission excited exclusively by the con-
tinuous wave ‘green’ source can be extracted by means
of the time-gating (i.e. the signal coming in last 50 ns
within the TCSPC histogram was taken), which
suppressed completely the undesired cross-talk arti-
fact. For the PIE-ccN&B cross-correlation experi-
ments, we adapted the protocol originally developed
for the Raster image correlation spectroscopy (RICS)
[54]. For each experiment, 100 frames consisting of
84 x 82 pixels were collected. The scanner was
operated at the speed of 100 us/pixel with a step of
50 nm. The image stacks were taken only from the
nucleoplasm which displayed relatively uniform fluor-
escence intensity.

The values of eGFP and mRFP1-brightness (B,
and B,, respectively) and cross-brightness (B..) can be
calculated for each pixel within the recorded set of
images as described in [55, 56]. In brief, prior to the
brightness calculation the images were corrected for
bleaching by a detrend procedure accounting for the
Poissonian distribution of the recorded signal. The
cross-variance o, of the fluorescence signal, and sub-
sequently the cross-brightness B.., were then eval-
uated for the eGFP and mRFP1 channels as follows:

2 2~ (IN((L — (L))

O e @
2
cc = Ls 2
(h) (L)

where I and I, stand for the fluorescence intensity in
the eGFP and mRFP1 channel, respectively, (I;) and
(L) stand for their means and K is the number of
evaluated frames.

2.7. FLIM—data acquisition and analysis

FLIM experiments were carried out on an inverted
IX83 microscope with FV1200 confocal scanner
(Olympus). The microscope was equipped with a
FLIM add-on comprising picosecond semiconductor
lasers, fibre-coupled GaAsP hybrid detectors, and
TimeHarp 260PICO TCSPC detection electronics (all
PicoQuant, Berlin, Germany). The instrument was
complemented with frequency-doubled OPO (Cha-
meleon compact), laser (Coherent, Santa Clara, USA)
for tunable VIS excitation used in photobleaching
experiments. Specifically, cellular FLIM experiments
were performed with a UPLSAPO 60x NA 1.2 water
immersion objective (Olympus). eGFP fluorescence
was excited at 485 nm by a LDH-DC-485 laser head
(PicoQuant), emission decays were collected on the
pixel-by-pixel basis in the epi-fluorescence mode
using combination of 560 nm short-pass dichroic and
Semrock 520/35 bandpass filters in the descanned
detection path. To avoid pile-up, the data collection
rate was kept below 5% of the laser repetition rate.
FLIM data were analyzed by the SymPhoTime64
software (PicoQuant). The lifetime images were gener-
ated by a robust ‘fast-FLIM’ approach when mean
pixel lifetimes were calculated by a method of
moments [57]. Specifically, the mean lifetime 7, for
each pixel was determined as the difference between
the barycentre of the fluorescence decay recorded at
one position of the scanner and the offset t,4.; at the
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Figure 1. Cellular localization of NPM variants tagged by fluorescent proteins; Localization of G_NPM and R_NPM corresponds to
the natural nucleolar localization of WT NPM (row A). C21A and C21F NPM mutants exhibit a similar nuclear localization (row B
and row G, respectively). All NPM forms, regardless of the fluorescent protein variant used for their labeling, are located mainly in the
nucleolus. Co-localization of the colored forms is shown in the merge images. Minor nucleoplasmic localization of NPM is shown in
the enhanced merge images acquired with augmented excitation. The Cys21 mutations do not significantly affect nucleoplasmic NPM
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steepest uprise of the decay curve:

. Y oLt
— S0

Tay - toﬂ'set) (3)

where I; stands for the intensity recorded in time ¢,
Least-squares reconvolution was applied for accurate
analysis of cumulative decays from larger ROIs (cell,
nucleus, nucleolus). Fluorescence of eGFP was
assumed to decay bi-exponentially [53, 58]:

It =a-e /M +ay-e/m, (4)

where 7; are lifetime components and a; stand for
corresponding amplitudes. The intensity-weighted
mean fluorescence lifetime was calculated as:

Toean = Y[+ T f; = aiTi/Y_aiTi (5)

where f; are intensity fractions of the ith lifetime
component. Correlation plots were done in Matlab.

2.7.1. Statistical analysis

Statistical analysis was performed using the GraphPad
Prism software. Student’s t test was performed for
statistical analysis, p values of p < 0.05 were deemed
statistically significant. Asterisks are used to denote
statistical significance: *, p < 0.05; **, p < 0.01 and
“**p < 0.001.

3. Results

3.1. Expression of dual-color labeled NPM variants
in HEK-293T cells

Methods for the NPM oligomerization monitoring
based on the cross-correlation FFS (ccFFS) require
dual-color labeling. We transfected HEK-293T cells
with 1:1 mixtures of plasmids (table 2), as in [46], to
ensure simultaneous expression of eGFP- and
mRFP1-tagged NPM inside the cell. Typical confocal
images of cells expressing NPM variants labeled with
both colors are shown in figure 1.

Good controls are an essential prerequisite for reli-
able identification of interacting proteins by means of
the ccFFS methods. In cross-correlation experiments
based in the PIE-ccN&B, we used cells expressing
R_NPM_G (table 2) carrying both eGFP and mRFP1
on the same protein as a positive control and cells
expressing combination of G_NPM (table 2) with free
mRFP1 as a negative control. Confocal images of these
controls are presented in figure 2. The eGFP and
mRFP1 proteins bound within the R_NPM_G should
drift together in the cell nucleus. R_ NPM_G was
found to be localized both in the nucleus and the
nucleolus (figure 2(A)), with weaker preference for the
nucleolus compared to the WT NPM (figure 1(A)).
The common movement should result in positive
value of cross-brightness B.. obtained by the ccN&B
(see equation (2)). For the negative control we used the
G_NPM complemented with free mRFP1 expressed




10P Publishing

Methods Appl. Fluoresc. 6 (2018) 035016

AHoloubek et al

1000

)

(=}

o
T

-]
=1
o

8
=
T

=]

o

=1
T

mRFP1 fluorescence signal (a.u.)

0 200 400 600 800 1000
eGFP fluorescence signal (a.u.)

confirmed also for the NPM_G/R negative control (A).

Figure 2. Dual-color labeling of cells expressing controls for the PIE-ccN&B and labeling of cells expressing the G_NPM/R_NPM mix
are tested by microscopy imaging and by flow cytometry; (row A)—Cells expressing the R_NPM_G construct are used as a positive
control. Presence of the bi-colored NPM in nucleoplasm is stronger compared to the WT NPM in figure 1. (row B)—Cells expressing
G_NPM/R mix serve as a negative control. Free mRFP1 spreads throughout the cell. Co-localization with G_NPM in the nucleoplasm
is displayed in the merge image where the G_NPM nucleoplasm localization is enhanced by augmented excitation. Bars represent

20 pm. In Cand D, HEK-293T cells co-transfection by red and green fluorescent tags was evaluated by flow cytometry with
simultaneous detection of green and red fluorescence. (C)—Flow cytometry data of the cells expressing the R_NPM_G construct
exhibit diagonal distribution (O) which shows simultaneous labeling of the cells with both fluorescent tags. Data of cells expressing
single tags only, i.e. G_NPM (A) and R_NPM (V), and background signal of unlabeled cells (OJ) are included to illustrate thresholding
of the dual-color events. The R_NPM_G events are fitted with a polynomial curve. (D)—Events registered for the cells expressing the
G_NPM/R_NPM mix (O) are distributed along the polynomial curve fitted to the R_NPM_G events in C. Dual labeling was
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from the empty cloning vector. To compensate for
higher expression of mRFP1 compared to G_NPM,
either cells with lower mRFP1 signal were selected for
the experiment or cells were transfected with lower
amount of the mRFP1 plasmid.

The dual labeling of cells was verified by flow cyto-
metry (figures 2(C), (D)). Cells expressing the
R_NPM_G served as a reference. Since each fused pro-
tein carries pair of the flurescent proteins each cell
expressing the bi-colored NPM should contain the
same amount of eGFP and mRFPI1. Indeed, events
detected for cells expressing the R_NPM_G lay
approximately on a diagonal (figure 2(C)). Addition-
ally, events registered for cells expressing G_NPM/

R_NPM mixture (1:1) exhibit broad intensity dis-
tribution along a curve fitted to the R_NPM_G events
(figure 2(D)). This confirms simultaneous expression
of both eGFP- and mRFP1-tagged NPM which is a
good prerequisite for successful application of the
ccN&B in detection of bi-colored aggregates.
Inhibition of the NPM oligomerization by muta-
tion of Cys2l to Ala or Phe was already reported
[16, 25]. To have a possibility to test NPM oligomer-
ization monitoring by the PIE-ccN&B, NPM gene in
plasmids for FP-tagged expression was mutated by
molecular cloning to provide the Cys21-mutated
NPM variants. HEK-293T cells were transfected with
1:1 mixtures of the plasmids to express the WT NPM
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and the NPM mutants fused either with eGFP or
mRFP1. Localization of the two color NPM mutants in
cells was verified by the confocal fluorescence micro-
scope compared to WT NPM (figure 1). The WT NPM
localizes preferentially to the nucleolus as expected
(figure 1(A)). Compromising the oligomerization by
the substitutions in the Cys21 should result in deloca-
lization of NPM to the nucleoplasm [31]. However, we
observed that all the NPM variants labeled with eGFP
or mRFP1 are localized mainly in nucleoli
(figures 1(B), (C)). Hence, contrary to the expecta-
tions, the Cys21 mutants do not show any signs of
delocalization from the nucleolus to the nucleoplasm.
The tagged mutants are matching the tagged WT NPM
in their localization and nucleoplasma levels. There-
fore, the inhibition effect of the Cys21 substitutions on
the NPM oligomerization is challenged by these
microscopy observations in live cells.

3.2. PIE-ccN&B -based monitoring of the NPM
oligomerization

Provided that joint aggregates consisting of both
eGFP- and mRFP1-labeled NPM are formed in
transfected cells, the aggregates emit green and red
fluorescence simultaneously. Therefore, green and red
fluorescence signals that originate from double illumi-
nated confocal volume should fluctuate simulta-
neously in separate detection channels as the two-
color aggregates drift in and out the volume. The
cross-correlation between the signals can be obtained
e.g. from equation (2). The FFS-based methods can see
exclusively the oligomerization of the mobile fraction
of the NPM, which is a source of the fluctuation in the
signal. To eliminate any crosstalk between channels,
we collected the data in the PIE mode that enables
entire separation of eGFP and mRFP1 signals. The
measuring frame of 84 x 82 pixels was positioned in
the nucleoplasm to obtain as homogenous distribu-
tion of the fluorescence signal as possible. The cross-
correlation brightness B, was calculated for each pixel
in a series of raster images using equation (2). The
mean B value was then determined across the whole
measuring frame. The controls were used for valida-
tion of the PIE-ccN&B protocol in live cells. Typical
pixel-based distribution of B.. in a cell expressing the
R_NPM_G construct is demonstrated in figure 3(A).
Typical Gaussian fits obtained for the controls and the
G_NPM/R_NPM mix are shown in figure 3(B).
Results clearly indicate that the distribution of B,
corresponding to the G_NPM/R_NPM can be found
between the distributions corresponding to the posi-
tive and the negative controls, being close to the
positive one. Mean B__ values calculated for individual
cells of the controls and the G_NPM/R_NPM mix
(n = 9 for the R_LNPM_G, n = 7 for the G_NPM/
R_NPM, n =4 for G_NPM/R) are shown in
figure 3(C). The positive control R_NPM_G and the
G_NPM/R_NPM mix are significantly separated
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Figure 3. PIE-ccN&B monitoring of the NPM oligomeriza-
tion; (A)—Typical pixel-based B distribution of the
R_NPM_G construct (positive control) in a single cell. (B)—
Comparison of typical Gaussian fits of the single-cell distribu-
tions acquired for the G_NPM/R_NPM mixture and positive
and negative controls. Compared to the negative control
G_NPM/R, the G_NPM/R_NPM and the G_NPM_R dis-
tributions exhibit significant shift to positive values. (C)—
Mean B, values acquired for individual cells expressing the
two-color mixtures of WT NPM and the Cys21 mutants are
compared with respect to the positive and the negative
controls.

from the negative control G_NPM/R. The elevated
mean B, values calculated for the G_NPM/R_NPM
mix point to formation of drifting two-color NPM
aggregates.

Data acquired for the dual labeled Cys21 NPM
mutants in the PIE-ccN&B experiments are presented
together with data for the WT NPM in figure 3(C).
There is no statistically significant difference between
B, values acquired for the two-color mixtures of NPM
mutants and B values of the WT protein mixture
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Figure 4. FLIM-FRET monitoring of the NPM oligomeriza-
tion; Cells expressing G_NPM/R_NPM (A) and G_NCL/
R_NCL (B) were imaged in green channel and their fluores-
cence was analyzed by the fast-FLIM (C), (D). The two-color
NPM exhibits systematic shortening of the eGFP lifetime (C)
compared to the two-color NCL (D). Pixel-by-pixel correla-
tion analysis of the FLIM images is presented in (E). 7, was
correlated with fluorescence intensity reflecting eGFP con-
centration. G_NPM lifetimes (black dots) are significantly
below those of G_NCL (red dots). Only pixels with sufficient
fluorescence intensities were used for the analysis.

(p = 0.83 for C21A and 0.87 for C21F). The points
obtained for all mixtures are clearly separated from the
negative control G_NPM/R. Also this result under-
mines the inhibitory effect of the Cys21 substitutions
on the NPM oligomerization in live cells.

3.3. FLIM-based monitoring of nucleophosmin
oligomerization

We applied FLIM-FRET for tracking donor-acceptor
proximity in mixed NPM oligomers to confirm
independently the oligomerization of the FP-tagged
NPM observed in live cells. The proximity should be
manifested by shortening of eGFP fluorescence life-
time since excitation is then transferred from the
donor eGFP to the acceptor mRFP1. A typical result
obtained measuring cells expressing the G_NPM/
R_NPM mix is presented in figure 4. NCL like NPM
localizes preferentially into the nucleolus [46]. It
exhibits also comparable fluorescence intensities in
the nuclei of transfected cells. So NCL was used for

Figure 5. Comparison of eGFP fluorescence lifetimes aver-
aged across the whole nuclei; Individual cells expressing the
G_NPM/R_NPM mix are compared to those expressing the
G_NCL/R_NCLand G_NPM. FRET is demonstrated by
shortening of the eGFP lifetime in cells expressing the
G_NPM/R_NPM while the G_NCL/R_NCL reference is
close to the G_NPM only.

comparison with NPM in the FLIM-FRET experi-
ments (figures 4(A), (B)). In FLIM images
(figures 4(C), (D)), we can clearly see significant
shortening of the eGFP lifetime in cells expressing the
G_NPM/R_NPM compared to the G_NCL/R_NCL.
Pixel-by-pixel correlation analysis of the FLIM images
is shown in figure 4(E). Pixel-based average eGFP
lifetime 7,, is plotted against the corresponding
fluorescence intensity. G_NPM/R_NPM 7, values
are well below G_NCL/R_NCL values. Therefore the
G_NCL/R_NCL mix is used as a negative dual-color
reference which helps to demonstrate presence of
FRET in the case of the G_NPM/R_NPM.

An alternative analysis of the same data is shown in
figure 5. Fluorescence decays were averaged across
individual nuclei and rigorously analyzed by least-
squares reconvolution analysis yielding nucleus-based
mean fluorescence lifetime 7,,,.,,. This analysis con-
firmed significant shortening of the eGFP lifetime in
cells expressing the G_NPM/R_NPM mix compared
to control cells expressing G_NPM only, i.e. without
presence of the acceptor. eGFP lifetimes observed for
the G_NCL/R_NCL reference are even slightly longer
compared to the G_NPM control. The absence of life-
time shortening comparable to the G_ZNPM/R_NPM
in the G_NCL/R_NCL case indicates that FP crowd-
ing in a dense nucleolus environment does not neces-
sarily mean marked eGFP lifetime decrease due to
nonspecific FRET.

For further confirmation of the FRET, we per-
formed acceptor photobleaching, which is expected to
restore the donor lifetime (figure 6). Two similar dual-
color G_ZNPM/R_NPM cells exhibiting shortened
eGFP lifetime were imaged. The mRFP1 acceptor in
one of the cells was photobleached by a high-intensity
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Figure 6. FRET in the G_NPM/R_NPM mix is confirmed by acceptor photobleaching; Two G_NPM/R_NPM cells with similar
green and red fluorescence were selected. (A)—The red channel intensity in the Cell 2 was reduced during acceptor photobleaching by
astrong 550 nm illumination in the area bordered by the red rectangle. (B) FLIM images of the cells were measured before and after
the photobleaching. Pixel-by-pixel correlation between 7, and red/green intensity ratio before and after photobleaching (C, D,
respectively) and pixel-by-pixel correlation between 7,,, and eGFP fluorescence intensity before and after photobleaching (E, F,
respectively) was analyzed. Black and red colors correspond to the Cell 1 and the Cell 2, respectively. 7,, decreases significantly with
increasing Icq/Igreen ratio for both cells prior to photobleaching, which indicates FRET. Then 7,,, shifts to longer values in the Cell 2
after the photobleaching, which is accompanied by increase in the eGFP fluorescence intensity. This indicates successful FRET
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laser light (550 nm) (figure 6(A)). The eGFP lifetime
was restored from ~2.2 ns to ~2.4 ns as seen in the
FLIM images (figure 6(B)), which corresponds to the
lifetimes presented in figure 5. The pixel-by-pixel ana-
lysis of eGFP lifetimes in dependence on acceptor/
donor intensity ratio (figures 6(C), (D)) and in
dependence on eGFP intensity (figures 6(E), (F))
clearly shows that donor lifetimes and intensities shif-
ted after the acceptor bleaching, which indicates FRET
confirming the donor/acceptor proximity. Therefore
in accordance with the PIE-ccN&B data, the observed
FRET points to proximity of the labeled NPM in het-
ero-aggregates formed in live cells. We attribute the

observed aggregates to the NPM oligomerization
expected in live cells.

3.4. Effect of Cys21-mutations on the NPM
oligomerization

Having validated the in vivo FLIM-FRET method with
the WT NPM, we used it to investigate the influence of
the Cys21 substitutions on the NPM oligomerization
in live cells. Pixel-by-pixel correlation analysis of FLIM
images showed that eGFP lifetimes have similar
distribution in cells expressing the WT and the Cys21-
mutated NPM (figures 7(A)—(C), respectively). The
significant lifetime decrease with increasing donor/
acceptor ratio points to FRET in mixed oligomers
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Figure 7. Oligomerization of the Cys21-NPM mutants in live
cells observed by the FLIM-FRET; Lifetime correlation plots
and corresponding histograms for cells expressing the two-
color mixtures of WT NPM (A), NPM-C21A (B) and NPM-
C21F (C) are shown. FP-tagged proteins were localized in cells
as shown in figure 1. Intensity-thresholded FLIM images were
analyzed pixel-by-pixel to correlate 7, with the ratio of
fluorescence signals registered in the red and the green
channel, the I;eq/Igreen corresponds to acceptor/donor ratio.
Red lines are linear fits visualizing slope in the plots.

regardless from what FP-tagged NPM variant the
oligomers are formed.

Both the FLIM-FRET and the PIE-ccN&B experi-
ments reveal that the Cys21-mutants exhibit oligo-
merization behavior in vivo similar to the WT NPM.
To further support these findings, we applied in vitro
co-immunoprecipitation utilizing a pull-down of
eGFP-labeled proteins by the GFP-Trap beads [27].
The co-immunoprecipitation can be used for identifi-
cation of interaction partners of the eGFP-labeled
NPM. It should therefore detect endogenous NPM co-
residing in the hetero-oligomers.

We transfected cells with plasmids for expression
of free eGFP, G_NPM, G_NPM-C21A and G_NPM-
C21F. The eGFP-labeled proteins are co-immunopre-
cipitated with their interaction partners (figure 8). The

AHoloubek et al

endogenous NPM is detected in each precipitate
which points to tight interaction of the native NPM
with the G_NPM and with both of the eGFP-tagged
Cys21-NPM mutants. No interaction is found in the
control sample containing free eGFP. The GFP-Trap
proves that the eGFP-labeled NPM is able to form
complexes with the endogenous NPM irrespective of
the Cys21 mutations, which were expected originally
to inhibit the NPM oligomerization.

4. Discussion

With an aim to study a role of the NPM oligomeriza-
tion in cell response to cytotoxic drugs and in
launching the apoptosis, we apply gentle noninvasive
dual-color confocal microscopy techniques, ccN&B
and FLIM-FRET, for detection of NPM oligomers.
The ccN&B was combined with the PIE to suppress
the spectral cross-talk caused by bleeding of the eGFP
fluorescence to the mRFP1 detection. However, use of
this combined approach meant longer time spent on
one pixel (100 us/pixel) during scanning, which is
needed for acquiring a sufficient number of photons to
calculate a cross-correlation parameter (B.) with
lower experimental dispersion. Even after prolonging
the dwell time, the number of photons was not high
enough to perform brightness-based analysis in both
colors, e.g. B plots in dependence on values of one-
color brightness corresponding to the green and the
red channels [42]. Additionally as mentioned in the
Introduction, it is impossible to guarantee single-
molecule conditions with standard fluorescent pro-
teins and transfection protocols in live cells, which
impedes the proper FFS-based analysis. Moreover,
marked photobleaching together with FRET further
disqualify the quantitative ccN&B analysis in the
herein presented system. Therefore, by using the
reliable positive and negative controls, we show
qualitatively that the PIE-ccN&B detects reliably joint
diffusion of green and red tags residing in mixed
aggregates (figure 3).

The PIE-ccN&B experiments are complemented
with the FLIM-FRET method to confirm the detection
of the FP-tagged NPM mixed aggregates. Shortening
of the eGFP lifetime is observed in cells expressing the
G_NPM/R_NPM mix. Appearance of FRET is ver-
ified by measuring reference not-exhibiting FRET
(G_NCL/R_NCL) with very similar cellular expres-
sion and localization (figures 4, 5) and by acceptor
photobleaching (figure 6). FRET indicates proximity
of eGFP and mRFP tags in the mixed aggregates.
Therefore, the B, elevation indicating joint diffusion
observed in the PIE-ccN&B and the eGFP lifetime
shortening due to FRET monitored by the FLIM are
attributed to formation of oligomers in the G_NPM/
R_NPM-expressing cells. The PIE-ccN&B experi-
ments monitored the oligomerization in nucleoplasm
where NPM is in a dynamic equilibrium with the
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Figure 8. GFP-Trap assay; HEK-293T cells were transfected with plasmids for expression of G_NPM, G_NPM-C21A and G_NPM-
C21F. Cells expressing free eGFP served as a control. Cell lysates were tested for NPM by anti-NPM antibody (A) and for GFP by anti-
GFP (B). GFP-pulled immunoprecipitates were tested for the endogenous NPM (C). Free eGFP in control lane and GFP-tagged NPM
in other lanes were detected by the anti-GFP antibody (D). Endogenous NPM co-precipitates with all the eGFP-tagged NPM variants
indicating formation of hetero-complexes. No NPM is detected in the control lane.

nucleolus [30, 59]. In FLIM, the NPM oligomerization
was detected both in the nucleoplasm and in the
nucleolus.

Having validated the in vivo fluorescence-based
methods, we planned to investigate response of these
methods to the oligomerization inhibition. Among
artificial drugs, NSC348884 was reported to inhibit the
NPM oligomer formation [33]. However, massive
apoptosis was induced by the NSC348884 concentra-
tions inhibiting the oligomer formation [33], which
impeded its use for reduction of the oligomerization.
The affected cells detached from the bottom cover
glass (our observation) making it inappropriate refer-
ence for the dual-color FFS monitoring of oligomer-
ization in the adherent live cells. Moreover, identical
drug dosage induces the apoptosis also in peripheral
blood lymphocytes of healthy donors (our unpub-
lished results) making it inappropriate for use in can-
cer treatment. Therefore, we investigated the influence
of Cys21 mutations that were also reported to inhibit
the NPM oligomerization in vitro [16, 25].

A crucial role of the Cys21 located in the
N-terminus of NPM for oligomerization has been sug-
gested by in vitro SDS-PAGE electrophoresis substitut-
ing the Cys21 with Ala or Phe [16, 25]. In parallel,
preferential localization of WT NPM to the nucleolus
was shown to be affected by its oligomerization status.
The correlation between the NPM oligomerization
and its localization to the nucleolus was postulated
using Myc-tagged mutants and immunofluorescence
staining [31]. Hence, compromising the oligomeriza-
tion with the substitutions in Cys21 should lead to
delocalization of NPM to the nucleoplasm. Surpris-
ingly, we have not observed the expected delocaliza-
tion of the NPM-C21A and NPM-C21F FP-tagged
mutants. The localization of these mutants was indis-
tinguishable from the localization of the tagged WT
NPM (figure 1). This suggests that either the inhibition

does not occur or the inhibition does not result in
delocalization of NPM to the nucleoplasm.

In agreement with the localization microscopy, the
herein presented advanced confocal microscopy
methods, the PIE-ccN&B (figure 3) and the FLIM-
FRET (figure 7), confirm that the NPM-C21A and the
NPM-C21F mutants can reside in joint oligomers
under physiological conditions in live cells. All these
experiments thus indicate that the Cys21 mutations do
not inhibit the NPM oligomerization in live cells. In
our laboratory, we came to similar conclusion also in
experiments addressing the delocalization of the
Cys21 NPM mutants to the cytoplasm driven by inter-
action with the FP-tagged NPMc+ (data not shown).
The NPMc+ induced partial cytoplasmic delocaliza-
tion of WT NPM [27] but also of the Cys21 mutants.
The delocalization indicates that all the investigated
variants of NPM interact with the NPMc+ probably in
mixed aggregates that facilitate joint drifting inside
the cell.

For verification whether the eGFP-tagged Cys21
mutants as well as the WT NPM interact with the
endogenous unlabeled protein, we applied in vitro co-
immunoprecipitation using the pull down of eGFP-
labeled proteins by the GFP-Trap beads [27]. The
immunoprecipitation confirms the interaction
(figure 8). This result together with the results
obtained by the in vivo methods explain why the
nucleolar localization of the NPM Cys21 mutants was
not compromised in our experiments.

In our opinion, the in vitro SDS-PAGE electro-
phoresis used for detection of the oligomers in [16, 25]
provides information on oligomer instability under
rather harsh conditions of the SDS-PAGE. It would
not be surprising if the presence of the detergent
affects preferentially the stability of the oligomers
formed from the mutated NPM. Thus, the electro-
phoresis can yield biased results on the NPM oligo-
mers formation since the observed instability might
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have no obvious consequence under the physiological
conditions inside live cells.

5. Conclusions

We adopted dual-color methods based on modern
fluorescence confocal microscopy, the PIE-ccN&B
and the FLIM-FRET, for monitoring of the NPM
oligomerization in live cells expressing dual-color
NPM. We observed that Cys21 substitutions do not
necessarily inhibit the oligomerization under physio-
logical conditions. The results obtained by the in vivo
approaches were independently supported in vitro by
the GFP-Trap immunoprecipitation assay. Applica-
tion of the FLIM- and the FFS-based methods for
monitoring of the NPM oligomerization is our origi-
nal innovation and should have deeper consequences
in understanding of AML-related cell biochemistry.
The in vivo monitoring of potential targets for the
anticancer therapy [28, 29] is of high importance and
should offer a way to study the effect of targeted
anticancer drugs directly in live cells. The approaches
presented here should be of general utility in studying
oligomerization and interactions of nuclear and
nucleolar proteins.
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ARTICLE INFO ABSTRACT

Keywords: C-terminal mutations of the nucleolar protein nucleophosmin (NPM) are the most frequent genetic aberration
Nucleophosmin detected in acute myeloid leukemia (AML) with normal karyotype. The mutations cause aberrant cytoplasmic
AML localization of NPM and lead to loss of functions associated with NPM nucleolar localization, e.g. in ribosome
Mutation biogenesis or DNA-damage repair. NPM has many interaction partners and some of them were proved to interact
g:iiz(c)ﬁzn also with the mutated form (NPMmut) and due to this interaction thereby to be withdrawn from their site of
Oligomerization action. We analyzed the impact of the mutation on NPM interaction with nucleolin (NCL) which is also pre-

valently localized into the nucleolus and cooperates with wild-type NPM (NPMwt) in many cellular processes.
We revealed that the NCL-NPM complex formation is completely abolished by the mutation and that the pre-
sence/absence of the interaction is not affected by drugs causing genotoxic stress or differentiation. Deregulation
resulting from changes of NCL/NPMwt ratio may contribute to leukemogenesis.

1. Introduction

Nucleolin (NCL, C23) and nucleophosmin (NPM, B23) are abundant
nucleolar phosphoproteins whose roles in ribosomal biogenesis, cell
cycle, DNA-damage repair or apoptosis were widely reported (Leary
and Huang, 2001; Scott and Oeffinger, 2016; Yang et al., 2002). NPM is
localized mainly in the nucleolus due to nucleolar localization signal
(NoLS) at its C-terminus (Falini et al., 2007) as well as to multiple in-
teractions of its N-terminus with arginine-rich motifs in ribosomal
proteins, which are produced in the granular component (GC) of the
nucleolus (Mitrea et al., 2016). NCL probably uses a bipartite nuclear
localization signal (NLS) to enter the nucleus and then accumulates
within the nucleolus by virtue of binding to other nucleolar components
(Schmidt-Zachmann and Nigg, 1993). NPM is often denoted as one of
the agents mediating the NCL nucleolar localization (Korgaonkar et al.,
2005).

Nucleophosmin dynamically shuttles between nucleoli and the nu-
cleoplasm serving as a chaperone for nucleic acids, histones and non-
histone proteins in many cellular processes. NPM occurs mainly in
oligomers located in the nucleoli, whereas a form phosphorylated on
Thr199 is present in the cytoplasm during mitosis and prevents aber-
rant centrosome duplication (Tokuyama et al., 2001). Recently, Mitrea
et al (Mitrea et al., 2014) reported that the phosphorylation of parti-
cular sites in NPM N-terminal domain caused dissociation of folded

* Corresponding author.
E-mail address: brodska@uhkt.cz (B. Brodska).

https://doi.org/10.1016/j.biocel.2018.08.008

pentamers into disordered monomers. Aberrant cytoplasmic localiza-
tion of NPM was detected in acute myeloid leukemia (AML) patients
with specific C-terminal mutation of NPM (NPMmut, in about one-third
of all AML cases, rare in MDS and not detected in other cancer types or
healthy individuals) affecting the NoLS (Falini et al., 2005). The most
frequent mutations (type A, B or D) are characterized by loss of two
crucial tryptophans, W288 and W290, and almost complete loss of
nucleolar localization. Several minor mutations, i.e. type E, lack only
W290 and their nucleolar localization is partially retained (Brodska
et al., 2017). The results of our previous study indicated that the pre-
sence of NPM mutations may be associated with an efficient immune
response against NPM or against its interaction partners (Kuzelova
et al., 2015).

Nucleolin is the most abundant nucleolar protein, it represents
about 10% of the nucleolar protein content (Durut and Sdez-Vasquez,
2015). Above ninety percent of cellular NCL is located in the nucleolus
(Scherl et al., 2002) and it was found to function in nucleolus formation
(Ma et al., 2007). However, it also operates in the nucleoplasm, in the
cytoplasm and on the cell surface (Scott and Oeffinger, 2016). Cell-
surface NCL was detected prevalently in cancer cells and is supposed to
act in tumorigenesis (Gattoni-Celli et al., 2009). Therefore, im-
munoagents targeting the NCL are currently widely tested in research
and clinical trials (Gilles et al., 2016; Koutsioumpa and Papadimitriou.,
2014; Palmieri et al., 2015; Rosenberg et al., 2014).
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The NPM and NCL function as chaperons and they share a large
number of their interaction partners (Scott and Oeffinger, 2016). As
they operate mainly in the nucleolus, they interact with many ribo-
somal proteins (Mitrea et al., 2016). However, proteins involved in
apoptosis (i.e. p14Arf, p53, mdm?2) (Nalabothula et al., 2010; Takagi
et al., 2005), DNA-damage repair (i.e. APE1, HAUSP) (Lim et al., 2015;
Vascotto et al., 2009) or centrosome duplication also frequently interact
with them. Recently, a small ligand of cell-surface NCL, N6L
(Destouches et al., 2012), was proved to inhibit NPM oligomerization
through direct interaction with its N-terminal domain (De Cola et al.,
2018). Both NCL and NPM co-immunoprecipitated with aprataxin re-
gardless of pre-treatment with DNAse or RNAse, suggesting that nucleic
acid is not required for the complex formation (Becherel et al., 2006).

Generally, it is supposed that the oligomerization domain of NPM
serves also as interaction interface for binding other proteins (De Cola
et al., 2018). Colombo et al. (Colombo et al., 2006) reported that
pl4Arf, a tumor suppressor which was shown to interact with NPM
through the N-terminal domain (Enomoto et al., 2006), interacts also
with NPMmut. Moreover, this interaction was found to cause Arf de-
localization to the cytoplasm according to aberrant localization of
NPMmut. However, the C-terminal (187-241aa) region of recombinant
NPM was identified as the binding site for NCL in GST-pull down assays
(Li et al., 1996). In NCL, aa540-628 were detected as the region re-
sponsible for the interaction with NPM. The complex was preserved in
genotoxic stress conditions represented by actinomycin D (actD)
treatment in HeLa cells, but it was reported to disappear in cells syn-
chronized to mitotic phase (Liu and Yung, 1999). However, the NCL-
NPM association in a complex with another nucleolar protein, fi-
brillarin, was later detected by immunoprecipitation in synchronized
mitotic HeLa cells (Ma et al., 2007). The relocalization of NPM inter-
action partners due to its leukemia-associated mutation may affect the
function as well as the accessibility of interacting proteins for ther-
apeutic intervention. The impact of C-terminal NPM alterations on
NPM-NCL interaction is therefore of high importance and to our
knowledge it has not been tested yet.

All-trans retinoic acid (ATRA) was reported to cause NPM nuclear
relocalization and degradation of NPMmut (El Hajj et al., 2015; Martelli
et al.,, 2015). Concurrently, ATRA-induced nuclear redistribution of
cytoplasmic NCL was observed in leukemia cell line HL-60 (Otake et al.,
2005). With regard to its relevance for the clinical practice, it is im-
portant to analyze the fate of the NPM-NCL complex after ATRA
treatment

We confirmed the interaction between NPM and NCL in intact and
actD-treated cells and we showed, that NCL does not interact with AML-
related NPM mutant A. To our knowledge, the nucleolin is the first
protein whose interaction with NPM was proved to be compromised by
the NPM mutation. None of actinomycin D, Leptomycin B or ATRA
treatment affected the NPM-NCL interaction, but we observed increased
NPM oligomer formation induced by ATRA. We also found that NCL
expression is not changed in cells with the NPM mutation.

2. Material and methods
2.1. Cell culture and chemicals

Cancer cell line HEK-293 T (gift from dr. Némeckova, Institute of
Hematology and Blood Transfusion, the line was authenticated by short
tandem repeats analysis in May 2016) was cultivated in DMEM (Sigma-
Aldrich) with 10% FBS (Biochrom, Germany), leukemic cell lines OCI-
AML2 and OCI-AML3 (both DSMZ, Germany) were cultivated in alpha-
MEM (Sigma-Aldrich) with 20% FBS. Peripheral blood mononuclear
cells from leukapheretic products of AML patients were separated using
Histopaque 1077, washed with PBS, resuspended in RPMI1640 (Sigma-
Aldrich). All cells were cultivated in 5% CO, atmosphere at 37 °C. All
patients signed informed consent to the use of their biological material
for research purposes in agreement with the Declaration of Helsinki.
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The Ethics Committee of the Institute of Hematology and Blood
Transfusion approved this research at the application of grant No 16-
30268 A. All samples were tested for the presence of C-terminal NPM
mutation by PCR and the mutation type was determined by sequencing
(Kuzelova et al., 2015). Stock solutions of 10uM actinomycin D (actD),
5puM Leptomycin B (LmB) and 100 uM ATRA (all from Sigma-Aldrich)
were added to cell suspensions to final concentrations 5nM (actD),
10nM (LmB) and 1 uM (ATRA) respectively for times indicated in the
Results section.

2.2. Transfection

As described in detail previously (Brodska et al., 2016, 2017), gene
for NPM and NCL were amplified from cDNA library (Jurkat cells, Or-
igene) by PCR and inserted to vectors peGFP-C2 and pmRFP1-C2 (ori-
ginally Clontech) designed for expression of protein chimeras with a
fluorescent protein connected to the N-terminus of the target protein by
standard methods of molecular cloning. NPM mutants were constructed
by PCR using extended primers containing mutated part of exon 12 of
the NPM1 gene and restriction sites (Brodska et al., 2017). After am-
plification in E. coli, the plasmids with subcloned genes were purified
with PureYield Plasmid Miniprep System (Promega) and transfected
into adherent cell lines using jetPRIME transfection reagent (Polyplus
Transfection).

2.3. Cell lysis and western blotting

2.3.1. Cell lysis

Cells were washed with PBS and lysed depending on the intended
application. For direct use in SDS-PAGE, the cells were lysed in
Laemmli sample buffer (SB, 50 mM Tris pH 6.8, 2% SDS, 100 mM DTT,
10% glycerol), boiled at 95 °C for 5min, centrifuged at 200.000 g/4 °C
for 4h and the supernatant was stored at —20 °C. For other applica-
tions, the cells were lysed in Lysis buffer (LB, 10 mM Tris/Cl pH7.5,
150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, protease and phosphatase
inhibitors) for 30 min/4 °C, centrifuged at 20.000 g/4 °C for 10 min and
supernatant was mixed 1:1 with appropriate buffer.

Native and semi-native PAGE: Lysates were mixed with 2xnative
buffer (NB, 50 mM Tris pH6.8, 10 mM DTT, 10% glycerol) and without
boiling subjected to 7,5% AA Tris-glycin gel without SDS for native
ELFO or to the gel with SDS (2%) for semi-native ELFO.

SDS-PAGE: Lysates were mixed with 2xSB, boiled for 5min and
stored at —20 °C until used for 125% acrylamide (AA) SDS-PAGE.

2.3.2. Western blotting

Five to ten microliters of each sample were subjected to native or
SDS-PAGE and transferred into PVDF membrane (BioRad). Mouse
monoclonal antibodies against B-actin, GFP, dsRed, NCL and NPM
(clone 3F291 for NPMwt + mut detection, clone E3 for NPMwt detec-
tion) were from Santa Cruz Biotechnology. All mouse primary anti-
bodies were used at a dilution 1:100-1:500. Rabbit antibody against
NPMmut (pab50321, Covalab) was used at 1:2000 dilution. Anti-mouse
and anti-rabbit HRP-conjugated secondary antibodies were purchased
from Thermo Scientific and used at concentrations 1:10.000-1:50.000.
ECL Plus Western Blotting Detection System (GE Healthcare) was used
for chemiluminescence visualization and evaluation by G-box iChemi
XT4 digital imaging device (Syngene Europe). Alternatively, Alexa488-
conjugated anti-rabbit and Alexa647-conjugated anti-mouse secondary
antibodies (ThermoFisher) for simultaneous detection of NPMmut and
wt + mut were used.

2.4. Immunoprecipitation
Immunoprecipitation using GFP- or RFP-Trap (Chromotek) was

performed according to manufacturer’s instruction as described pre-
viously (Brodska et al., 2017). Briefly, cells were harvested and washed
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with PBS, lysed in LB for 30 min/4 °C and centrifuged at 20.000 g/4 °C
for 10 min. Lysate was mixed with GFP/RFP-nanobeads and rotated for
1h/4°C. Then the beads were extensively washed with diluting buffer
(10 mM Tris/Cl pH7.5, 150 mM NaCl, 0.5 mM EDTA), resuspended in
SB, boiled at 95 °C for 10 min and centrifuged 20.000 g/4 °C for 10 min.
Supernatant was stored at —20 °C until used for SDS-PAGE.

2.5. Confocal microscopy

2.5.1. Live-cell imaging

Subcellular distribution and colocalization of eGFP- or mRFP1-fused
variants of NPM and NCL was observed by Olympus FluoView FV1000
confocal microscope (Olympus Corporation). For subcellular distribu-
tion statistics, at least 500 cells from three independent experiments
were evaluated. Fluorescence images were processed by FluoView
software FV10-ASW 3.1.

2.5.2. Immunofluorescence

The samples were prepared as described previously (Brodska et al.,
2016). Briefly, cells in suspension were seeded on a coverslip in hu-
midified chamber for 15 min and then fixed with 4% paraformaldehyde
(PFA) overnight at 4°C. After 10 min of permeabilization by 0,5%
Triton X-100, the cells were incubated for 1h with a rabbit anti-
NPMmut primary antibody (Covalab, 1:200) and for another 1 h with
the secondary antibody (Alexa-Fluor488-conjugated anti-rabbit, Life
Technologies, 1:200) and with Hoechst33342 (1 uM, Life Technolo-
gies). For nucleoli staining, primary AlexaFluor647-conjugated anti-
NPM (ab202578, Abcam, 1:200) directed to detect central part of NPM
and visualising prevalently wild-type NPM form was used. The stained
cells were observed under confocal laser scanning microscope FluoView
FV1000 (Olympus Corporation).

2.6. Statistical analyses

As described in our previous work (Brodska et al., 2017), the ma-
jority of experiments were performed using cell lines and repeated until
the observed differences between groups reached statistical sig-
nificance. Primary samples from AML patients available at the Institute
of Hematology and Blood Transfusion were analyzed as well. A p-value
of 0.05 or lower was pre-set to be indicative of a statistically significant
difference between groups compared. In diagrams, arithmetic means of
at least three replicates of all experiments were plotted with SD error
bars. Significance levels (p values of ANOVA or Student’s t-test) were
determined using InStat Software (GraphPad Software).

3. Results
3.1. Stability of NPM oligomers

NPM occurs in vivo mainly in pentamers and we have previously
reported that heterooligomers containing both NPM wild type (NPMwt)
and NPMmut mutually affect the localization of individual NPM var-
iants (Brodska et al., 2017). The oligomers can be detected by native
electrophoresis (Fig. 1a) and they are partially preserved even in SDS-
PAGE conditions when native lysis conditions are used (semi-native
PAGE, see section 2.3.1.). Under these semi-native conditions, bands
from oligomers as well as from monomers were visible in immunoblot
(Fig. 1b). The ratio of monomeric/oligomeric form detected by semi-
native PAGE was significantly enhanced for NPMmut variant suggesting
lowered stability of NPMmut-formed oligomers as compared to the
NPMwt ones (Fig. 1c).

3.2. Interaction with NCL

Heterooligomer formation, e.g. the interaction between NPMwt and
NPMmut, was formerly proved by GFP-immunoprecipitation (GFP-
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Fig. 1. Native (a) and semi-native (b) PAGE of NPM detection in lysates of HEK-
293 T cells transfected with GFP_NPMwt (lane Wt) or GFP_.NPMmutA (lane
MutA). lane C: control (untransfected) cells. (¢) Statistical evaluation of
GFP_NPM monomer vs. oligomer band intensities from semi-native PAGE blots.
The ratio for NPMwt (circles) and NPMmut (triangles) is significantly different
as evaluated by paired t-test.

Trap) from HEK-293 T cells transfected with GFP-fused NPM variants
(Brodska et al., 2017). Interestingly, endogenous NCL, a known NPM-
interacting partner, was detected in precipitates of NPMwt, but not in
these of NPMmut (Fig. 2a). Therefore, we co-transfected HEK-293 T
cells with GFP-labeled NCL and RFP-labeled NPMwt/NPMmutA and
immunoprecipitated GFP-NCL with its interaction partners. Indeed,
while endogenous NPMwt precipitated in all samples, the RFP-NPMwt,
but not the RFP-NPMmutA was detected by RFP or NPM antibodies
(Fig. 2b) indicating the loss of NCL-NPM interaction caused by C-
terminal NPM mutation.

In Fig. 2a, a very weak band in anti-NCL blot was detected in the
sample transfected with NPMmutE. This indicates the possibility of
partially maintained NCL interaction with NPM mutant type E. We thus
analyzed localization of fluorescently labeled NCL and NPM by confocal
microscopy (Fig. 3a). As expected, localization of NPMwt was clearly
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GFP_NPM (64 kDa) variants (a) or co-transfected with GFP_NCL (140 kDa) and
RFP_NPM (64 kDa) variants (b). Fusion proteins were detected by anti-GFP/RFP
as well as by anti-NPM/NCL antibodies.

affected by the presence of mutated NPM variants (mutA or mutE). On
the other hand, no presence of NCL in the cytoplasm was detected
(Fig. 3b). Conversely, NPMmutA was abundantly present in the nucleoli
of cells co-transfected with NPMwt but not with NCL. Localization
characteristics of NPMmutE are shifted to partial nucleolar occurence as
compared to mutA (Brodska et al., 2017), nonetheless the fraction of
cells with NPMmutE in the nucleoli was further increased in NPMwt co-
transfected cells (Fig. 3b). Co-immunoprecipitation experiments fo-
cused on both labeled proteins in the co-transfected cells also confirmed
absence of the NCL-NPMmutA interaction (Fig. 3c). Controversial re-
sults were obtained from samples cotransfected with NCL and
NPMmutE. While no GFP_NPMmutE was detected in RFP precipitates, a
band from RFP_NCL was sometimes detected in the GFP precipitates
from the same sample. In these experiments, the presence of en-
dogenous NPM (37 kDa) in precipitates served as control.

3.3. Cytotoxic drugs treatment

The NCL was proved to interact with NPM through the 187-241aa
region (Li et al., 1996), which is retained in leukemia-related NPM
mutants. The absence of NPMmutA interaction with NCL may be thus
caused either by conformational alterations of the mutated NPM or by
physical separation of the proteins due to NPMmut aberrant localiza-
tion. The latter possibility could rationalize also the observed retention
of NCL-NPMmutE interaction. Several drugs were used to induce partial
colocalization of NCL and NPMmut and their interaction in treated cells
was examined. Both NCL and NPM were shown to relocalize into the
nucleoplasm after actD treatment (20 nM actD for 8h), although the
localization pattern of individual proteins stayed partially different in
Hela cells (Brodska et al., 2016). Similar images were obtained also for
HEK-293 T cells treated with low-dose (5nM) actD overnight (Fig. 4a).
Another way to bring NPMmut close to NCL is to use an inhibitor of the
nuclear exporter Crm1, e.g. Leptomycin B (LmB). LmB was reported to
cause NPMmut redistribution from the cytoplasm to the nucleus (Falini
et al., 2006). Addition of 10nM LmB caused complete NPMmut re-
location during 40 min (Fig. 4a). Immunoprecipitation proved per-
sisting NCL-NPMwt interaction and no NCL-NPMmut interaction in
both actD and LmB-treated cells (Fig. 4b) demonstrating that re-
localization of NPMmut close to NCL did not re-establish the interac-
tion. Hence, the absence of the interaction is likely not caused by dis-
tinct localization of the partners due to NPM mutation.
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3.4. ATRA-induced changes in NPM expression and stability

As all-trans retinoic acid (ATRA) treatment was also reported to
affect NPM localization and NPMmut stability (Martelli et al., 2015),
we tested the effect of ATRA addition on NPM variants localization,
expression and interaction with NCL. Partial redistribution of NPMmut
into the nucleoli was observed after 48 h exposition of transfected HEK-
293 T cells to 1uM ATRA (Fig. 4c). Accordingly to results with actD and
LmB, NCL-NPMwt, but not NCL-NPMmut interaction was detected by
immunoprecipitation. However, contrary to recent studies (El Hajj
et al., 2015; Martelli et al., 2015), we did not observe NPMmut de-
gradation caused by ATRA in the experiments with fluorescently la-
beled NPM forms transfected into HEK-293 T cell line. Therefore, we
tested leukemia cell lines OCI-AML2 (NPMwt) and OCI-AML3
(NPMmutA) as well as samples from AML patients for localization and
expression of NPM. The nucleoli differed in their shape and number
between samples with and without NPM mutation. Less numerous and
less round-shaped nucleoli detected in cells with NPMmutA changed
their characteristics and were closer to those of NPMwt phenotype in
response to ATRA treatment (Fig. S1). In NPMmut-expressing samples,
the localization of NPMmut was partly shifted from the cytoplasm to
the nucleus after 48 h of 1uM ATRA treatment (Fig. 5a). Only moderate
attenuation of both total NPM and NPMmut expression was caused by
ATRA (Fig. 5b). To closely approximate the conditions used by Martelli
et al (Martelli et al., 2015), we transferred OCI-AML3 from standard
alpha-MEM with 20%FBS into 10%FBS. We also tested various lysis
protocols (see Section 2.3.1.), as we experienced that standard lysis
procedure caused partial degradation of NPM with shorter product
detected at about 20 kDa (Fig. S2). None of these changes led to de-
tection of an extensive NPMmut degradation in samples exposed to
ATRA. Moreover, ATRA treatment showed significant attenuation of
20 kDa band, in particular in blots visualised by anti-NPMmut antibody.
To further investigate this phenomenon, we subjected control and
ATRA-treated samples to semi-native PAGE (Figs. 5c¢ and S3). Stabili-
zation of NPM oligomers by ATRA was detected in both OCI-AML2 and
OCI-AMLS3 cell lines regardless the FBS percentage (see enhanced bands
at higher MW and attenuated signal at lower MW in ATRA-treated
samples). In OCI-AML3 this effect was detected also by anti-NPMmut
antibody irrespective of FBS content (Fig. S2). Accordingly with other
studies reporting on ATRA-induced differentiation (Brown and Hughes,
2018) we detected significantly increased fraction of cells in GO/G1
phase in ATRA-treated cells (Fig. 5d).

3.5. NCL expression

As the NCL and NPM were reported to cooperate in ribosome bio-
genesis, cell cycle progression or nucleic acid binding during DNA da-
mage repair (Amin et al., 2008; Leary and Huang, 2001; Ma et al., 2007;
Scott and Oeffinger, 2016; Yang et al., 2002), changes in their relative
concentrations may deregulate these processes. We evaluated expres-
sion of NPM and NCL in cells in dependence on their NPM mutational
status (illustrative western-blots are shown in Fig. 6a). The amount of
NCL did not depend significantly on NPM status (Fig. 6b). On the other
hand, cells expressing NPMmut had lower NPM total protein level
(Fig. 6¢). As the mutated form of NPM does not interact with NCL, the
amount of NPM available for complex formation with NCL is further
reduced in these cells. The impact of enhanced NCL/NPMwt ratio in
nucleoli of NPMmut-positive cells on tumorigenesis warrants further
studies.

4. Discussion

We investigated the effect of leukemia-related NPM mutation on its
oligomeric status and on the interaction with its main nucleolar
partner, NCL. Depletion of NPM in cancer cells was reported to lead to
loss of nucleolar compactness and to deformation of its round shape.
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or RFP_NCL (red) imaged by confocal microscope. Bar represents 10um. (b) Statistical analysis of the presence of GFP signal (NPMmut) in the nucleoli and of RFP
signal (NPMwt or NCL) in the cytoplasm of transfected cells. White bars: control single-transfected cells (NPMmut only for GFP evaluation, NPMwt or NCL only for
RFP analysis), black bars: cells co-transfected with GFP_NPMmut and RFP_NPMwt, grey bars: cells co-transfected with GFP_NPMmut and RFP_NCL. Student’s t-test
revealed significant difference (*p < 0,05; ****p < 0,0001) between NPMwt and NCL as to their ability to affect the intracellular distribution of NPMmut. (c)
Detection of NCL-NPM interaction in GFP- and RFP-immunoprecipitates of transfected proteins. Fusion proteins were detected by anti-GFP/RFP as well as by anti-

NPM/NCL antibodies.

Besides the nucleolar distortion, rearrangement of perinucleolar het-
erochromatin was observed in NPM-depleted cells (Holmberg Olausson
et al., 2014). Therefore, destabilization of nucleolar stucture can be
expected also in cells with reduced amount of NPM in the nucleolus due
to the mutation. By native electrophoresis experiments we demon-
strated that the ratio between oligomeric and monomeric NPM form
was significantly attenuated for NPMmut (Fig. 1). Therefore, although
the NPMmut keeps the ability to form oligomers, stability of complexes
formed by NPMmut is lower than the stability of complexes with
NPMwt and interaction of NPM with other proteins may be thus also
affected by the mutation.

The NCL-NPM interaction was demonstrated in intact and actD-
treated HeLa cells (Liu and Yung, 1999). In their paper, the authors
observed loss of the interaction in mitotic cells, although cell-free ki-
nase assay revealed that the loss of interaction did not result from
specific NPM phosphorylation during mitosis. The results from western
blots showed low NCL expression in cells synchronized to mitotic phase
and our microcopy observation confirmed low fluorescence intensity of
RFP-tagged NCL from mitotic cells (unpublished results). Therefore we
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presume that the absence of NPM band in NCL precipitate from mitotic
cells could be due to insufficient amount of precipitated NCL. Indeed,
several years later, the NCL-NPM interaction was proved also for mi-
totic HeLa cells (Ma et al., 2007). In our present experiments, we
confirmed the interaction of NCL with NPMwt. On the other hand, NPM
type E mutation substantially reduced NCL-NPM complex formation
and we did not detect any interaction between NCL and NPM when type
A mutation was present (Figs. 2 and 3). The aminoacid sequence in-
volved in NPMwt interaction with NCL (aal87-241) is not directly af-
fected by the AML-related mutation. We therefore tested the hypothesis
that aberrant localization of NPMmut prohibits its interaction with
NCL. Using cytotoxic drugs affecting the localization of NPM (actD,
LmB) we demonstrated that NCL-NPMwt interaction was preserved
under genotoxic stress conditions (Fig. 4). Nonetheless, relocalization of
NPMmutA to close proximity with NCL did not re-establish the inter-
action between these proteins. Further study of the reasons for the in-
terference of AML-related NPM mutation with NCL-NPM interaction,
including e.g. possible conformational changes, is needed as it could be
associated with a loss of function of NCL-NPM complexes and
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contribute to leukemogenesis.

Several NPM interaction partners (e.g. pl14Arf, APE1 or many ri-
bosomal proteins) were documented to interact with NPM through its
oligomerization domain and some of them were reported to interact
also with NPMmutA. Delocalization of these proteins from their site of
action due to interaction with aberrantly localized NPMmut likely
compromises their pathways and activity. One of the most important
interaction partners of NPM is the tumor suppressor p53 and its ability
to activate its downstream targets p21, Puma and WIG1 was reported to
be attenuated in NPM depleted cells (Holmberg Olausson et al., 2014).
Lower expression of NPMwt due to the presence of NPMmut may thus
partly inactivate induction of p53 signalization and contribute to
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genomic instability. On the other hand, we demonstrated that NCL did
not interact with NPMmutA and its expression was not changed in cells
containing NPMmut (Fig. 6). The NCL expression has been found un-
changed also in NPM-depleted cells where the NCL immunostaining
was used to confirm the more irregular shape of nucleoli (Holmberg
Olausson et al., 2014) which was found also by us in NPMmut-con-
taining cells. NCL and NPM cooperate in many cellular processes and
overexpression or knockout of one of them affects the activity of the
other one. High level of NCL in reference to NPM nucleolar expression
in cells with NPMmut may thus lead to unbalance of these two proteins
in processes affected by their mutual expression (i.e. ribosome bio-
genesis, genotoxic stress response etc). NCL overexpression was found
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in multiple tumor types (Otake et al., 2007; Qiu et al., 2013; Wolfson
et al., 2018) and overexpression of NCL was proved to correlate with
worse prognosis (Chen et al., 2016; Fonseca et al., 2015). Therefore, the
study of impact of altered nucleolar NCL/NPM ratio in cells with
NPMmut on cell proliferation and apoptosis is appealing.

ATRA is successfuly used to treat acute promyelocytic leukemia
(APL) and several clinical studies of its treating potential in other AML
types are in progress. In particular, epigenetic modifiers were reported
to sensitize leukemia patients to ATRA treatment (van Gils et al., 2017).
It was previously reported that 1uM ATRA causes degradation of
NPMmut and re-entry of delocalized NPMwt from cytoplasm to the
nucleus (Martelli et al., 2015). We detected partial relocalization of
NPMmut from the cytoplasm to the nucleoli/nuclei in all samples, i. e.
in transfected HEK-293 T cells, in leukemic cell lines and in blasts of
AML patients treated in vitro with ATRA (Figs. 4 and 5). We confirmed
also in this case the difference between NPMwt and NPMmut in the
ability to interact with NCL. However, we did not detect any substantial
degradation of NPMmut (Figs. 5 and S2). A moderate decrease of not
only NPMmut but total NPM expression was observed in certain sam-
ples after ATRA treatment. Concurrently, cell cycle analysis showed an
enhanced fraction of cells in GO/G1 phase, which is probably associated
with the known differentiating effect of ATRA. Slightly attenuated NPM
expression may thus be accounted to dampened cell proliferation and
suppressed ribosomal synthesis. Interestingly, together with these
changes, we detected increased NPM oligomer fraction in ATRA-treated
cells. This effect was visible also by specific NPMmut antibody doc-
umenting that stabilization but not degradation of NPMmut is induced
by ATRA treatment (Fig. S3). Lower fraction of mitotic cells (or cells in
G2/M phase) in ATRA-treated samples may contribute to enhanced
oligomer/monomer ratio due to higher proportion of phosphorylated
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NPM monomers in mitotic phase (Mitrea et al., 2014). This hypothesis
may be supported by structural analysis of a similar protein from nu-
cleoplasmin/nucleophosmin family, nucleoplasmin (NP), which infers
that the stability of pentamers created by the active (phosphorylated)
form decreased although the crystal structure of the phosphorylated NP
core domain could be superimposed onto the wild-type NP (Taneva
et al., 2008). We also attempted to inhibit NPM oligomerization using
NSC348884 (Balusu et al., 2011), but we were not able to reproduce
experiments described by Balusu et al. due to massive apoptosis trig-
gered by NSC348884 prior to any change in oligomerization (data not
shown). Interestingly, in our recent work (Holoubek et al., 2018) we
detected an interaction between NPM oligomerization mutant C21F,
where Cysteine21 was replaced with Phenylalanine (Prinos et al.,
2011), and NPMwt in vivo by advanced fluorescence techniques sug-
gesting there is a difference in NPM oligomerization status, or at least at
its detection limits, within the living cells and within their lysates.

5. Conclusion

Nucleolin and nucleophosmin belong to the main players in many
essential cellular processes including ribosome biogenesis, genotoxic
stress response, proliferation and apoptosis. C-terminal mutation of
NPM is the most frequent aberration in acute myeloid leukemia and
although widely studied, its contribution to leukemogenesis remains
unclear. We documented that NPM mutation led to loss of NPM inter-
action with NCL and that the absence of the NCL-NPMmut interaction
was not caused by different localization of NPMmut. We further showed
that NCL expression is not affected by the presence of NPM mutation
suggesting that NCL/NPM ratio in nucleoli is substantially increased in
cells with NPMmut. This difference can lead to aberrant cell
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signalization and may thus contribute to leukemogenesis. On the other
hand, we proved that NCL-NPMwt interaction persisted under geno-
toxic stress as well as in differentiating conditions after ATRA treat-
ment. Moreover, stabilization of NPM oligomers was observed in ATRA-
treated leukemic cells.
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Fig. S1: NPM expression in leukemic cell lines OCI-
AML2 (NPMwt) and OCI-AML3 (NPMmutA).
Localization of NPM in intact or 1uM ATRA-treated
cells was detected by Alexa647-conjugated primary
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Hoechst33342 (blue). Bar represents 10um. Graph:
Distribution of number of nucleoli/cell in leukemic
cell lines with (OCI-AML3, triangles) or without

+ 1M ATRA

average number of nucleoli/cell:

50- OCI-AML2: 3,4 (OCI-AML2, circles) NPMmut. Solid line: intact cells,
£ a0 B S dashed line: OCI-AML3 treated by 1uM ATRA for
% 48h. For this graph, at least 300 cells in each
..; i sample was analyzed.
£ 20
8 101
'Y

0

1 2 3 4 5 6 7

Number of nucleoli/cell

MW OCI-AML3 OCI-AML3 OCI-AML2
0, 0,
(kDa) gg20%FBS g gp 10% FBS | 5 SB LB
ATRAuM:42E 4 5 0 4 &5 0 % 85 .60 % & 0 ¥ & 0 1. .5
I G B S e e T S S e — — g S S S —
29
1484
4%
29--——.___-——-——-——-—--
NPM mut
22*‘ R s — — =
14
B-Actin (42 kDa) s wus s wee s = — —— — — —— — — — — —

Fig. S2: Effect of lysis procedure and cultivation conditions on immunoblot NPM detection. Expression of total
NPM or NPMmut in control or ATRA-treated cells was investigated in lysates from cells cultivated in 10 or 20%
FBS. Lysis directly to sample buffer (SB) or to lytic buffer following by dilution to SB (LB) were compared.
Expression of B-Actin served as a load control. ATRA in concentrations as indicated was added for 48h.
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Fig. S3: NPMmut oligomer/monomer expression at semi-native PAGE of native OCI-AML3 lysates from control
cells and from cells treated by 1 or 5 uM ATRA cultivated in media with various FBS percentage.



8.4 Priloha ¢. 4: NSC348884 cytotoxicity is not mediated by inhibition of nucleophosmin

oligomerization

163



www.nature.com/scientificreports

scientific reports

W) Check for updates

NSC348884 cytotoxicity
Is not mediated by inhibition
of nucleophosmin oligomerization

Markéta Sasinkova®, Petr Hefman?™, Ale$ Holoubek?, Dita Strachotova?, Petra Otevielova?,
Dana Greberiova?, Katefina Kuzelova® & Barbora Brodska'™

Nucleophosmin (NPM) mutations causing its export from the nucleoli to the cytoplasm are frequent in
acute myeloid leukemia (AML). Due to heterooligomerization of wild type NPM with the AML-related
mutant, the wild-type becomes misplaced from the nucleoli and its functions are significantly altered.
Dissociation of NPM heterooligomers may thus restore the proper localization and function of wild-
type NPM. NSC348884 is supposed to act as a potent inhibitor of NPM oligomerization. The effect of
NSC348884 on the NPM oligomerization was thoroughly examined by fluorescence lifetime imaging
with utilization of FRET and by a set of immunoprecipitation and electrophoretic methods. Leukemia-
derived cell lines and primary AML cells as well as cells transfected with fluorescently labeled NPM
forms were investigated. Our results clearly demonstrate that NSC348884 does not inhibit formation
of NPM oligomers neither in vivo nor in vitro. Instead, we document that NSC348884 cytotoxicity is
rather associated with modified cell adhesion signaling. The cytotoxic mechanism of NSC348884 has
therefore to be reconsidered.

Abbreviations
NPMwt  Wild-type nucleophosmin
NPMmut Nucleophosmin with AML-associated mutation type A

C21 Cysteine 21 in nucleophosmin

C21A Substitution of C21 to alanine

C21F Substitution of C21 to phenylalanine

A25 Nucleophosmin with deletion of the first 25 amino acids
A100 Nucleophosmin with deletion of the first 100 amino acids
A117 Nucleophosmin with deletion of the first 117 amino acids
G_ EGFP-labeled protein at the N-terminus

R_ MREFP1-labeled protein at the N-terminus

The human NPM1I gene is located on the chromosome 5q35 and encodes a 32.6 kDa polypeptide. Nucleophos-
min (NPM), encoded by the NPM1 gene, is a ubiquitously expressed phosphoprotein residing predominantly
in the granular component of the nucleolus and shuttling dynamically among nucleoli, the nucleoplasm and the
cytoplasm'~*. It functions as a chaperone® and is engaged in regulation of various cellular processes including
the ribosome biogenesis®, DNA-damage repair’, centrosome duplication®, and DNA replication’. Furthermore,
NPM is involved in apoptosis and can modulate p53 stability and activity™'°.

NPM overexpression, fusion, or mutation have oncogenic potential and are associated with cancer progression
in many types of solid tumors'! and in hematopoietic malignancies'?"”. Acute myeloid leukemia (AML) with
mutated NPM1 accounts for about 1/3 of de novo adult AML, and NPM1 is the most frequently mutated gene
in AML with normal karyotype (50-60% incidence)'?. To date, more than 100 NPM1 mutation types have been
identified in AML, occurring almost exclusively in the last exon (exon 12) of the gene'®. A nucleotide insertion
and/or deletion (indel mutations) lead to the frame shift in the region encoding the C-terminus of NPM. All
these NPMI mutations result in loss of tryptophan residues at positions 288 and/or 290, which form the main
part of the nucleolar localization signal (NoLS) ensuring nucleolar localization of the wild-type NPM (NPMwt).
Moreover, the indel mutations frequently generate an additional nuclear export sequence (NES), which labels the
mutated protein for the nuclear exporter XPO1 and targets NPM into the cytoplasm'®. Both the loss of NoLS and

!Department of Proteomics, Institute of Hematology and Blood Transfusion, U Nemocnice 1, 128 20 Prague 2,
Czech Republic. 2Faculty of Mathematics and Physics, Institute of Physics, Charles University, Ke Karlovu 5, 121
16 Prague 2, Czech Republic. “email: herman@karlov.mff.cuni.cz; brodska@uhkt.cz
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the occurrence of the new NES lead to the accumulation of the NPM mutant (NPMmut) in the cytoplasm!'>2*2,
Cytoplasmic NPM serves as an immunohistochemical marker with prognostic relevance**-?*, and is also associ-
ated with reduced incidence of some HLA class I alleles, possibly due to anti-leukemia immune response**?’.
In the absence of an additional genetic aberration, AML patients with NPM1 mutation have better response to
intensive chemotherapy.

NPM forms pentamers, which may assemble into decamers, through a conserved N-terminal domain?-!.
This domain plays a crucial role in NPM interactions with many of its partners, e.g. with p14Arf or c-myc!*>%.
NPM with C-terminal mutation has been reported to retain the ability to form oligomers***. Therefore het-
erooligomers consisting of both NPMmut and NPMwt are frequent and the localization of individual variants
is mutually affecting each other®**. This results in a decrease of NPMwt concentration in the nucleolus and may
thus cause a loss of function of the fraction of NPMwt delocalized into the cytoplasm?”. Interaction of NPMmut
with tumor suppressors also leads to aberrant transfer of these proteins into the cytoplasm and, presumably, to
the loss or restriction of their biological function®***. However, the role of the NPM mutation and of protein
delocalization in AML initiation and the treatment response has not been elucidated yet.

In general, two approaches are tested to prevent delocalization of NPMwt and of its interaction partners
together with the NPMmut into the cytoplasm. First, an inhibition of NPM nuclear exporter XPO1, and, the
second, an impairment of the NPM oligomerization. Both approaches aim to reestablish the correct NPMwt
localization***!. A known XPO1 inhibitor Leptomycin B can block NPM transport into the cytoplasm, but it
cannot be used for AML treatment owing to a high toxicity?. Alternative second-generation XPO1 inhibitors,
selinexor and eltanexor, are drugs with promising anticancer effect. Selinexor is currently being tested in a phase
I clinical trial*®. Recently, its effect on complex formation between NPMmut and the transcription factor PU.1
with a key role in monocyte lineage differentiation has been demonstrated*.

In the present study, we focus on the second option, i.e. on the manipulation of NPM localization by an inter-
ference with NPM oligomerization. NPM oligomerization is mediated by its N-terminal domain. The equilibrium
between the pentameric and monomeric forms is ruled mainly by posttranslational modifications, namely phos-
phorylation of numerous phosphosites*, and by interactions with proteins affecting NPM folding and assembly,
in particular with p14Arf*. Recent findings suggest a role of the N-terminal region in nucleolar NPM localization
linked to its interaction with proteins containing arginine-rich linear motifs and with ribosomal RNA*. This
complements the original concept that NPM molecules are directed to the nucleolus by the nucleolar localization
signal (NoLS) located in the very C-terminus of NPM?**. In NPM mutants associated with AML, the alterations
of the C-terminus result in loss of the NoLS. Consequently, AML-associated NPM mutations cause changes in
the tertiary structure of the C-terminus® that is responsible for significant aggregation tendency*. Although the
C-terminal mutation was previously documented not to abrogate the NPM oligomerization ability®, we revealed
that oligomers formed by NPMmut tend to dissociate into monomers more likely than oligomers formed by
NPMwt*. Therefore, therapy based on the interference with NPM oligomerization might be beneficial for AML
patients with NPM1 mutation, as only NPMmut-consisting oligomers would be inhibited under optimal condi-
tions and NPMwt could retain its function.

The small molecule NSC348884 was reported to prevent formation of NPM oligomers®’. However, the action
of NSC348884 was found to be rather complex. NSC348884 activates p53, inhibits cell growth, and triggers
apoptosis*"*’. In a number of recent works the effects of NSC348884 treatment are being ascribed in particu-
lar to “NPM inhibition”*'-** and authors by default assume that NSC348884 inhibits NPM oligomerization,
as declared*"*. Nonetheless, in a set of cancer cell lines our experiments targeting NPM oligomerization by
NSC348884 systematically exhibited surprisingly low effectiveness of the drug in this respect. Therefore we
decided to focus on this single aspect of NSC348884 and to rigorously investigate its potential to inhibit NPM
oligomerization both in vivo and in vitro.

To study the effect of NSC348884, it is crucial to validate a set of reliable methods for detection of NPM oli-
gomers in cell lysates and living cells as well as to find trustable controls. The FLIM-FRET, native electrophoresis
and immunoprecipitation, were therefore methods of choice for complex evaluation of the NSC348884 action.
A set of NPM-mutants served as a control for a coherent validation of these methods and for assessment of their
sensitivity to follow NPM oligomerization.

Having established a robust experimental and control system, we analyzed the effect of NSC348884 on NPM
oligomerization in cell lysates and living cells. The effect of NSC348884 on proliferation and apoptosis is pre-
sented as well. In addition, unexpected significant NSC348884-induced decrease of cell adhesivity is described
and a putative mechanism of NSC348884 action is proposed.

Results

Interaction and stability of NPM with C21 point mutation. Evaluation of NSC348884 ability to
affect NPM oligomerization in living cells and cell lysates requires sensitive methods for oligomerization moni-
toring as well as reliable positive and negative controls. To closely simulate the native conditions, we preferen-
tially searched for point mutations that were reported to inhibit NPM oligomerization.

Point mutation in C21 was shown to be important for NPM oligomerization®. Recently, we have shown that
conclusions about oligomerization of these mutants obtained under rather harsh conditions of the SDS-PAGE**
might strongly differ from results obtained in living cells by fluorescence lifetime imaging (FLIM-FRET) and
by immunoprecipitation in lysates®. We demonstrated that some C21 NPM-mutants, originally expected not
to oligomerize****, are actually able to form complexes with the endogenous NPM in living cells. In addition,
immunoprecipitation revealed interaction of the endogenous NPM with eGFP-labeled NPM bearing point
mutation at C21 (G_C21), i.e. where C21 was substituted either to Ala (G_C21A), or to Phe (G_C21F). In the
present work, we used fluorescence microscopy and native electrophoresis to characterize in detail the impact of
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Figure 1. Interaction between NPMmut and C21 point mutants. (a) Left: localization of R_NPMwt/
C21A/C21F in single transfected 293T cells. Right: 293T cells co-transfected with G_NPMmut (green)

and R_NPMwt/C21A/C21F variants (red). Red signal in the cytoplasm and green signal in nucleoli witness

for an interaction between NPMmut and NPMwt/C21A/C21E (b) Statistical evaluation of the subcellular
localization of NPMwt and C21 mutants. Fraction of transfected 293T cells displaying red signal from the
cytoplasm in single transfected cells (left group) and in cells co-transfected with G_NPMmut (right group).
Error bars represent+ SD of at least 3 independent experiments, p <0.0001 (****) for the differences between the
co-transfected and the single-transfected cells.

these C21 mutations. Both G_C21 mutants exhibited nucleolar localization, identical to that of NPMwt (Fig. 1).
Furthermore, the mRFP1-labeled NPM_C21 (R_C21) was found in the cytoplasm of HEK-293T (293T) cells
co-transfected with eGFP-labeled NPMmut (G_NPMmut). The fraction of cells exhibiting mRFP1 signal in the
cytoplasm was comparable for all R_NPM variants (Fig. 1). Both C21 mutants therefore seem to form heterooli-
gomers with NPMmut, alike NPMwt in living cells.

To independently verify these findings, we examined native lysates from cells expressing G_C21A or G_C21F
by semi-native and native electrophoresis®. Briefly, the lysates from cells harvested into non-reducing, non-
denaturing buffer were directly subjected without boiling to acrylamide gel with and without SDS, respectively
(see Material and Methods). These relatively gentle separation methods allowed for detection of both NPM
monomers and oligomers and for estimation of their electrophoretic mobility. The monomer/oligomer band
intensity ratio in semi-native conditions reflects the propensity of oligomers to dissociate into the monomers.
Results are shown in Fig. 2a. Whereas C21A exhibited a high-MW band (presumably oligomers) identical to
that of NPMwt under native conditions, the band from C21F was located at the position corresponding to the
weak lower-MW fraction of NPMwt or NPMmut (presumably monomers). In these experiments, the band from
endogenous NPM oligomers served as a loading and position control. The results from semi-native electropho-
resis in Fig. 2b show markedly increased monomer/oligomer ratio of C21A compared to NPMwt and absence
of C21F oligomers. These results suggest that although NPM oligomerization seems to be unaffected by the
C21 point mutation in living cells, the stability of the oligomers is considerably attenuated. Similar results were
obtained with mRFP1-labeled variants. Interestingly, mRFP1-labeled proteins displayed slightly lower mobil-
ity in the native conditions. Moreover, R_NPM oligomers were found to be somewhat more stable compared
to G_NPM ones (Fig. 2b).

We have not observed any changes in expression and in oligomerization state of the endogenous NPMwt in
cells containing C21 mutants. Therefore, we further investigated the effect of C21F substitution on the stability
of exogenous heterooligomers formed by a mixture of fluorescently labeled C21F and NPMwt. 293T cells were
alternatively transfected with single fluorescent variants of C21F and NPMwt, or co-transfected with the combi-
nation of both. As shown in Fig. 3 and Supplementary Fig. S1, the exogenous NPMwt monomer/oligomer ratio is
strongly affected by the presence of C21F. Band intensities attributed to C21F oligomers and NPMwt monomers
are both considerably higher in traits corresponding to the co-transfected sample than the ones in traits from
single transfected cells. Distribution of NPM molecules between oligomer (high-MW) and monomer (low-MW)
bands likely depends on the NPMwt/C21F participation in the heterooligomers. Interestingly, endogenous NPM
monomer/oligomer ratio seems to be unaffected by the presence of any exogenous NPM. Altogether, despite the
C21F mutation does not completely abrogate NPM oligomerization, it clearly attenuates interaction affinities
underlying the mixed oligomer formation in living cells.

Localization and oligomerization properties of NPM N-terminal deletion mutants. In view of
the fact that the C21-point mutations do not cause any detectable changes of the NPM oligomerization in living
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Figure 2. Effect of C21 mutations on the stability of NPM oligomers. Native (left) and semi-native (right)
PAGE analysis of lysates from untransfected (U) 293T cells or cells transfected with NPMwt (W), C21A (A),
C21F (F) or NPMmut (M). (a) Stability of oligomers formed by various G_C21 constructs is affected by the

reducing PAGE conditions. (b) Position of bands and oligomer stability depend on the fluorescent label used (G
or R: eGFP- or mRFP1-labeled proteins). The figures show representative examples from repeated experiments.
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Figure 3. Formation of heterooligomers containing NPM with C21F substitution and NPMwt. Western blots
of native PAGE of samples from 293T cells transfected with R_NPMwt (wt), G_C21F (C21F), and with their
combination. Similar results were obtained with the inverse tagging, i.e. with G_NPMwt and R_C21F.
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Figure 4. Significance of the N-terminus for NPM localization. Diminished nucleolar accumulation and
increased amount in the nucleoplasm of A25, A100 and A117 compared to WT.

cells, we searched for other modifications of the NPM oligomerization domain in order to validate detection
methods for the oligomerization disruption. Numerous NPM N-terminal deletion mutants were reported to lose
the oligomerization ability and the nucleolar localization depending on the extent and specificity of the deleted
region®. Enomoto et al.*® determined residues and regions accountable for NPM oligomerization, for its nucleo-
lar localization, and for p14Arf binding. Their data disclosed that NPM lacking a part of the N-terminal domain
was localized in the nucleoplasm and exhibited inability to interact with other NPM molecules. For negative
controls in living cells, we therefore created fluorescently labeled N-terminal NPM mutants with deletions of
the first 25, 100 and 117 amino acids (A25, A100, A117) and we analyzed their subcellular localization and
oligomerization characteristics. Our confocal imaging experiments have revealed that all the truncated NPM
forms reside both in the nucleoli and in the nucleoplasm (Fig. 4). As expected, the largest deletion resulted in an
increased accumulation of the mutant in the nucleoplasm.

To monitor NPM complex formation, lysates from 293T cells transfected with fluorescently labeled deletion
mutants were subjected to electrophoresis. As expected, inability of the truncated proteins to form oligomers
was reflected by an absence of the high-MW bands under native and semi-native conditions (Fig. 5a). Further
we searched for presence of NPM heterooligomers containing exogenous NPMwt and selected deletion mutants.
293T cells were co-transfected with plasmids ensuring expression of A117 and NPMwt and the lysates were
analyzed (Fig. 5b and Supplementary Fig. S2). It can be seen that bands from oligomeric NPMwt complexes are
unaffected by the presence of A117 in the native as well as in the semi-native immunoblots. The result suggests
that, in contrast to the C21 mutants, the presence of the deletion mutants does not affect the oligomerization of
NPMwt. Again, expression of the endogenous NPMwt remained unchanged. To analyze the interaction poten-
tial of the N-terminal deletion mutants, 293T cells were transfected with plasmids encoding for GFP-labeled
NPMwt, A25, A100 or A117. Then immunoprecipitation using GFP-Trap was performed and the precipitates
were analyzed for the presence of endogenous NPM as well as for presence of other nucleolar proteins known to
interact with NPM. Surprisingly, although the GFP-tagged deletion mutants displayed no ability to oligomer-
ize, interaction of the endogenous NPM with any deletion mutant (except the plasmid encoding for free eGFP)
was detected. The amount of co-precipitated endo-NPM was only slightly lower compared to the G_NPMwt
precipitates (Fig. 5¢). Simultaneously, level of co-precipitated nucleolin (NCL), which does not interact with
the AML-related NPMmut*, was higher in precipitates of the truncated NPM forms. The level of another co-
precipitated nucleolar protein, fibrillarin (FBL), also positively correlated with the extent of N-terminus deletion.
On the other hand, the tumor suppressor pl4Arf, which is known to interact with the N-terminal NPM domain®®,
clearly co-precipitated only with the G_NPMwt.

To evaluate the utility of the method for detection of the complexes containing both NPMwt and the deletion
mutants, we performed GFP/RFP-immunoprecipitation from cells co-transfected with R_NPMwt and G_A117.
The co-transfection of R_NPMwt and G_C21F served as an interacting control. Whereas NPMwt was clearly
detected in samples obtained by precipitation of the deletion mutant, the vice versa co-precipitation failed
(Fig. 5d). Identical results were obtained for combination NPMwt+A100. No interaction was found between
two color variants of the N-terminal mutant (Supplementary Fig. S3).

The Forster resonance energy transfer (FRET) is a robust spectroscopic method for evaluation of a
donor-acceptor proximity and works as a “ruler” on the nanometer scale. Due to the inverse 6th-power depend-
ence of the transfer efficiency on the donor-acceptor distance’, the energy transfer occurs only between closely
separated donor-acceptor pairs. This occurs e.g. within NPM oligomers comprising eGFP- and mRFP1-tagged
subunits, where eGFP is a donor and mRFP1 acceptor. Complex formation therefore results in more efficient
FRET, which is reflected in decreased fluorescence lifetime of eGFP. FRET-induced changes of the donor fluo-
rescence lifetime can be mapped across the microscopic samples by fluorescence lifetime imaging (FLIM) %,
FRET-FLIM is perfectly suited for live-cell imaging and we previously successfully used it to detect complexes
formed by NPMwt and C21 mutants in living cells®. In the present work, the FRET between eGFP as a donor
and mRFP1 as an acceptor attached to NPMwt and A117 (A100) was examined. Presence of FRET within the
complex was detected by the mRFP1 photobleaching, since an increase in the eGFP lifetime upon the mRFP1
photodestruction is a strong positive indicator of the mixed-complex formation. Results are shown in Fig. 6.
Panels A and B show the initial localization of the green and red signal within the cells, panels C and D the inten-
sity ratio L.q/Ly ., before and after the photobleaching, respectively. Corresponding FLIM images and lifetime
histograms from the analyzed nucleolar area are shown in the panels E, F and G, respectively. As expected, a
significant lifetime increase resulting from the FRET cancellation was detected after photobleaching in cells co-
transfected with G_NPMwt and R_NPMwt. On the contrary, virtually no effect was observed in cells transfected
with the G_A117 + R_A117 mutants. In accord with the literature® and with our precipitation data, this result

Scientific Reports |

(2021) 11:1084 | https://doi.org/10.1038/s41598-020-80224-1 natureresearch



www.nature.com/scientificreports/

(@) IB: NPM

MW(kDa) native seminative
——BX0 | i

0 - ! v |l 190

“unla-

146

66._ -a

AF S

- } exo mono
}exo

| mono

free  wt  A25 A100 A117 e SN ame wus . | endo
GFP fiee Wt AZ5 AT00 A117

GFP

(b) IB: NPM IB: GFP IB: RFP

oligo: ‘ i.'.‘ ‘ ”
"l M |
-— —

; -~
mono: - : - ‘

GFP: wt wt A17 A7 wt wt A117 AT117 wtowt ANT7T A7
RFP:  wt ANM7 wt A117 wt A7 wt ANT wt A7 wt A7

(c) input IB: (kDa) IP: GFP

[ sern s s NCL (110) | — |
NPM

— e = endo (37) — — —
= BN s == | FBLED) | s —— |
B O T —
free wt A25 A100 A117 free  wt  A25 A100 A117
GFP GFP
(d) input IP: GFP IP; RFP

! | | | | |B: RFP (64KDa)

|
—— - I S —
2l | ,| | IB: GFP (49-64kDa)
| — | | | | | 1B: NPM endo (37kDa)

GFP:C21F A117 I(321F A117 C21F A117
RFP: wt wt wt wt wt wt

Figure 5. Significance of the N-terminus for NPM oligomerization. (a) NPM expression in native and semi-
native PAGE of 293T cells transfected with free eGFP and eGFP-tagged truncated NPM variants. (b) Native
PAGE of 293T cells co-transfected with combinations of A117 and NPMwt illustrating absence of interaction
between A117 and NPMwt. (¢) Interaction of truncated NPM forms with endogenous proteins. Lysates from
293T cells expressing GFP-labeled NPMwt, A25, A100 and A117 were subjected to immunoprecipitation and the
levels of co-precipitated interaction partners were investigated. (d) eGFP/mRFP1-immunoprecipitation from
293T cells co-transfected with R_NPMwt and G_C21F or G_A117: asymmetric results of precipitation from the

sample containing the truncated NPM form.
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Figure 6. Effects of deletion in the N-terminal domain of NPM on its oligomerization in living 293T cells
studied by FLIM-FRET. Interaction of eGFP- and mRFP1-labeled NPMwt causes shortening of the eGFP-
fluorescence lifetime (7) in co-transfected cells. After mRFP1-photobleaching, T becomes prolonged, which
confirms the G_NPMwt/R_NPMwt interaction. No lifetime change after mRFP1 photobleaching suggests
absence of interaction between G_A117 and R_A117. (A,B) Initial localization of the green and red signal
within the cells; (C,D) The intensity ratio of I,4/Iyeen before and after the photobleaching, respectively. (E,F)
Fluorescence lifetime distribution of eGFP before and after the mRFP1-photobleaching; (G) lifetime histograms
from the analyzed nucleolar area; (H) One-way ANOVA analysis of the eGFP fluorescence lifetime change after
acceptor photobleaching. Changes are compared to the negative control G_A117. Error bars represent + SD of at
least 3 independent experiments (****p <0.0001; *p <0.05).

indicates inability of the A117 mutants to interact with each other and to form multimers. This protein pair can
therefore serve as a negative control for the multimer formation in the NSC348884 experiments. As seen from
Fig. 6, in samples containing combination of the A117 deletion mutants with NPMwt, the GFP-lifetime slightly,
but still visibly, increases upon the acceptor photobleaching. The change corresponds with the results of our
electrophoretic experiments and suggests some amount of the mixed multimer to be present in the cell. The sta-
tistical analysis from multiple experiments (n=3-5) is presented in Fig. 6H, where cells transfected with G_A117
(the donor only transfection) served as a negative control. The figure clearly proves oligomerization of NPMwt.
Oligomerization of A117 deletion mutants is clearly undetected and the presence of mixed NPMwt+ A117 mul-
timers is at the significance limit. Interestingly, the statistical evaluation also suggests the asymmetric character of
interaction between NPMwt and A variants. These results are in a nice agreement with the immunoprecipitation.
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Figure 7. The effect of 24 h NSC348884-treatment on cell viability and apoptosis. (a) Cell viability monitored
by propidium iodide exclusion: each point represents the mean value of 3-10 independent experiments. (b,c)
Representative blots of caspase-3 fragmentation and p53 expression in cell lines (b) and in primary AML cells
(). B-Actin levels serve as a loading control.
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Figure 8. Effect of NSC348884 treatment on NPM oligomerization in leukemia cells. Native PAGE,
representative blots: effect of 24 h NSC348884 treatment on NPM oligomerization in various leukemic cell lines
as well as in adherent HeLa and 293T cells.

Effect of NSC348884 on cell viability, apoptosis and NPM oligomerization. The small molecule
NSC348884 was reported to interfere with NPM oligomerization in solid tumor cell lines*® as well as in leukemia
cells*. Furthermore, it was proved to inhibit proliferation, to upregulate p53 and to trigger apoptosis*"*. We
thus investigated the influence of NSC348884 treatment in a panel of leukemia cell lines complemented with
HeLa and 293T cells.

Prior to characterization of the NSC348884 effect on NPM oligomerization, we performed the analysis of
cell viability and apoptotic markers. The cell viability in the presence of NSC348884 was monitored by pro-
pidium iodide (PI) exclusion test (Fig. 7a). Caspase-3 fragmentation as well as changes of p53 expression were
investigated by immunoblotting to assess the extent of apoptosis in NSC348884-treated cells (Fig. 7b). For the
majority of the cell lines, the EC50 value was within the interval from 2 to 10 pM. The viability drop correlated
with increased caspase-3 fragmentation indicating the onset of apoptosis (Fig. 7b). Simultaneously, NSC348884-
induced increase in the p53 level was detected in some of the cell lines possessing wild-type p53. Contrarily to
previously reported results*!, the majority of cell lines with NPMwt was more sensitive than the cell line with
NPMmut (OCI-AML3). Comparable sensitivity (from caspase-3 fragmentation) to NSC348884 treatment was
found also for the primary cells of AML patients regardless of their NPM mutational status (Fig. 7c). Unexpect-
edly, native PAGE experiments revealed no influence of NSC348884 on NPM oligomerization (Fig. 8). Endog-
enous NPM oligomers were found to be stable in KG-1, HL-60, MV4-11, and HeLa cell lines, which exhibited
extensive apoptosis after NSC348884 treatment, as well as in OCI-AML2, OCI-AML3 and 293T, which were
substantially more resistant to the treatment.

To further investigate effect of NSC348884 in vivo, we co-transfected 293T and HeLa cells with R_NPMwt
and G_NPMmut. Then the cytoplasmic localization of R_NPMwt was monitored for 2 h after addition of 10 pM
NSC348884 (Fig. 9). In agreement with our previous results****, detectable fraction of R_NPMwt was found
in the cytoplasm of both cell lines at the starting time point. Lower cytoplasmic fraction of R_NPMwt in HeLa
cells (compared to 293T) likely results from a higher endogenous NPM level**®. Importantly, the cytoplasmic
localization of R_NPMwt remained unchanged for at least 2 h after the treatment suggesting independence of
NPM oligomerization on the presence of NSC348884 in vivo (Fig. 9). Simultaneously, there was an obvious effect
of NSC348884 on cell-surface adhesivity. The effect is clearly visible in transmitted light images (DIC). Whereas
the 293T cells progressively rounded and finally lost their contact with the glass surface of the culture dish, the
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Figure 9. Time course of NSC348884-induced effects on the cell morphology. Effect of 10 uM NSC348884 was
monitored in cells co-transfected with R_NPMwt (red) and G_NPMmut (green). The presence of the red signal
in the cytoplasm and the cell morphology (DIC) were analyzed under confocal microscope. Left: 293T cells;
right: HeLa cells. Scale bar represents 10 pum.

HelLa cells detached from the surface individually. In any case, mitotic cells that detached from the surface for
cell division have never re-adhered.

The oligomerization of fluorescently labeled NPM was finally tested by the native PAGE and by immuno-
precipitation in cell lysates and by FRET in living cells. First, we tested whether the low-MW band attributed to
NPM monomers appears in native lysates of 293T cells expressing a combination of G_NPMmut and R_NPMwt
after the NSC348884 treatment. Lysate from cells co-expressing G_NPMmut and weakly oligomerizing R_C21F
was used to mark the position of the low-MW band (Fig. 10a and Supplementary Fig. S4). No difference between
the control and the NSC348884-treated sample was found either under native or semi-native conditions. Similar
results were obtained from cells co-transfected with alternative combinations, i.e. with G_NPMwt + R_NPMwt
or with G_NPMmut+R_NPMmut (Fig. 10b). Identical samples were afterwards subjected to immunoprecipita-
tion (GFP- and RFP-Trap). All the exogenous NPM forms as well as the endogenous NPM were detected in all
GFP- and RFP-precipitates regardless the NSC348884 addition (Fig. 11). In agreement with our previous work®,
control experiment revealed that NCL co-precipitated with NPMwt and it did not co-precipitate with any form of
NPMmut. Again, the NPM-NCL interaction was not affected by the presence of NSC348884 in any experiment.

Oligomerization in living cells was independently tested by the resonance energy transfer. As seen from
Fig. 12, FLIM-FRET experiments reveal unchanged eGFP fluorescence lifetime upon NSC348884 treatment
of cells co-transfected with donor- and acceptor-labeled NPMwt and NPMmut. Prolonged eGFP-fluorescence
lifetime after mRFP1-photobleaching confirmed the complex formation in control cells without NSC348884
(column 1 and 2). The NSC348884-treatment did not affect the lifetime pattern (column 3) and the second round
of the acceptor bleaching confirmed persistence of heterooligomers despite the presence of NSC348884 (column
4). Lower FRET extent in the NPMmut co-transfected cells (the second row) is likely a result of lower cytoplas-
mic NPMmut concentrations and consequent lower complex formation. Nevertheless, presence of FRET is still
detected. NSC348884 activity resulting in cell rounding and loss of their contact with the glass surface is visibly
documented by the morphology screening during the FLIM experiments (columns 5, 6), similarly to Fig. 9. No
lifetime change following mRFP1-photobleaching or NSC348884 treatment was detected in the control sample
(Supplementary Fig. S5), i.e. in cells expressing two color variants of NCL, where FRET should not be detected™.
Altogether, FLIM-FRET experiments confirmed that NSC348884 does not affect NPM oligomerization, although
it influences apoptosis and cell adhesion.

To further investigate the mechanism of NSC348884 action, we analyzed changes in the cell-surface contact
after NSC348884 addition with help of Electric Cell-Substrate Impedance Sensing (ECIS) technique. ECIS allows
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Figure 10. Native and semi-native PAGE from 293T cells transfected with various fluorescent variants of NPM
and treated with 10 uM NSC348884 for 24 h. (a) Cells co-transfected with G_NPMmut and R_NPMwt (lanes

1 and 2) or R_C21F (lane 3). Endogenous NPM, R_NPMwt and G_NPMmut oligomers detected in untreated
(lanes 1 and 3) and NSC348884-treated (lane 2) cells. (b) Native PAGE, G_NPMwt +R_NPMwt (1, 2) and G_
NPMmut+R_NPMmut (3, 4) in control (1, 3) and NSC348884-treated (2, 4) cells.
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Figure 11. Interaction potential of NPM in NSC348884-treated cells. Inmunoprecipitation from 293T cells
co-transfected with G_NPMwt + R_NPMwt (NPMwt) or G_NPMmut+R_NPMmut (NPMmut) in control and
NSC348884-treated sample (10 uM NSC348884 for 24 h). All exogenous forms as well as the endogenous NPM
were detected in all eGFP- and mRFP1-precipitates regardless the NSC348884 addition. Nucleolin (NCL) was
detected in NPMwt-precipitates only, independently of the NSC348884 treatment.

for non-invasive real-time monitoring of cell interaction with the surface of the sample well. Small microelec-
trodes embedded in the bottom of the ECIS plate serve to measure the impedance in a range of frequencies of
the sensing electric current, and the signal is then automatically decomposed into resistance and capacitance.
In our experiments, the capacitance component at a high frequency (64 kHz) mirrored that of the resistance at
2 kHz and reflected mainly the area of the cell-surface contact. Before the drug addition, the progressive increase
of the signal reflects cell attachment and proliferation. With this device, we were able to follow the time course
of the adhesivity decrease after NSC348884 addition (Fig. 13). We have reported previously, that inhibition of
SRC family kinases by dasatinib resulted in a rapid drop of ECIS signal, which corresponded to cell shrinkage,
and we thus used dasatinib as a reference compound®’. In both adherent cell lines, 293T and HeLa, NSC348884
induced large, dose-dependent changes in the resistance signal, which were similar to those produced by IPA-3%,
an inhibitor of p21-activated kinases (PAK). PAK are key regulators of adhesion signaling, which have been pro-
posed as therapeutic targets in different kinds of cancer including leukemias®>*!. We thus analyzed possible effect
of NSC348884 on expression and activity of PAK1, as well as of Cofilin, which governs actin remodeling during
changes of cell shape. Indeed, Ser144 phosphorylation of PAK1 reporting on its kinase activity was reduced after
2 h of NSC348884 treatment whereas total PAK1 expression remained unchanged (Fig. 14). Simultaneously,
inactivating phosphorylation at Ser3 of Cofilin was detected.

Discussion

The N-terminal region of NPM is essential for its oligomerization as well as for its chaperone function as numer-
ous proteins interact with NPM through this domain. Since AML-related NPM mutation does not substantially
affect its ability to form oligomers, NPM-interacting proteins become frequently mislocalized together with aber-
rantly localized NPMmut. Targeting the NPM oligomerization offers a possibility to manipulate localization of
the interacting partners. Simultaneously, profiting from slightly different oligomerization properties of NPMmut
and NPMwt, a fine control of NPM oligomerization by appropriate concentrations of oligomerization-inhibiting
drugs might have a therapeutic effect in the AML with NPM1 mutation. Although several alterations of NPM
N-terminal domain were reported to disrupt NPM oligomerization in vitro, results thoroughly describing NPMwt
and NPMmut oligomerization in vivo are missing. We have previously documented that C21 point mutations
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eGFP-fluorescence lifetime (7) after 2 h of 10 uM NSC348884 action on cells co-transfected with red and green
variants of NPMwt (upper row) or NPMmut (lower row). White numbers: fluorescence lifetime measured in
individual cells. Dashed circles: region of mRFP1-photobleaching. Simultaneous cell morphology screening
by DIC documents cell rounding induced by NSC348884. (b) Statistical evaluation of 7 values before (control)
and after (bleached) the mRFP1 photobleaching in intact (black bar) and NSC348884-treated (grey bar) cells.
Student s t-test of “control” versus “bleached” values: ****p <0.0001, ***p <0.001,%p < 0.05.
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Figure 13. Decrease of the cell-surface contact area after NSC348884 addition. Resistance at 2 kHz was tracked
during 293T (left) or HeLa (right) adhesion to the well bottom and after NSC348884 or dasatinib (das) addition.
Times of the drug addition are marked by arrows. The curves represent mean values of triplicate/duplicate wells
for NSC348884/das, respectively.
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Figure 14. Expression and phosphorylation of adhesion-related protein kinase PAK1 and of the actin regulator
Cofilin in 293T cells after 2 h NSC348884 treatment. (a) Representative blots, (b) summary from 2 experiments.
Error bars: +SD.

do not disrupt NPM oligomerization in living cells®*. Here we demonstrate that the cytoplasmic mislocaliza-
tion of R_C21 and R_NPMwt in cells co-expressing G_NPMmut is very similar (Fig. 1). This strongly indicates
an existence of interaction between natural NPM forms and the C21 mutants. Our results from native and
semi-native electrophoreses allowed us to evaluate the aggregation potential of C21 mutants depending on the
substituting aminoacid (Fig. 2) in vitro, in agreement with the results of Prinos et al.** obtained mainly in experi-
ments with recombinant proteins. Whereas C21F substitution resulted in disruption of NPM oligomers under
native conditions (Fig. 3 and Supplementary Fig. S1), the effect of the C21A substitution was only detectable
under reducing conditions. NPM oligomers were reported to consist of five NPM molecules®, and formation of
heterooligomers containing NPMwt and NPM mutants were found to be highly frequent®>*¢. We therefore sug-
gest that the in vivo stability of NPM heterooligomers is permitted by a sufficient number of NPMwt molecules
in the heterooligomeric complex. Thus, in living cells, the C21 point mutations do not have potential to fully
disrupt these complexes, although their ability to retain in oligomers is compromised under in vitro conditions.

In agreement with results of Enomoto et al.*®, partial or complete deletion of NPM oligomerization domain
(aal-117) led to delocalization of the truncated protein from the nucleoli to the nucleoplasm (Fig. 4). However,
even the NPM with completely deleted N-domain (A117) exhibited higher concentration in the nucleoli com-
pared to the nucleoplasm. This is likely due to the fact, that nucleolar localization signal as well as nucleic acid
binding domains remain unaffected by the deletion. We have found that oligomerization of the deletion mutants
was completely abrogated and no interaction between two truncated NPM forms was detected (Fig. 5 and Sup-
plementary Figs. S2, S3). Nevertheless, immunoprecipitation revealed presence of both exo- and endogenous
NPMwt in the G_A117 precipitates indicating that the truncated NPM yet participates in complexes that are
possibly too large to enter the native gel. The existence of mixed A117/NPMwt complexes is also supported by
the FRET results monitoring the A117-NPMwt interaction in living cells (Fig. 6). Enhanced level of nucleolar
proteins NCL and FBL co-precipitated with the deletion mutants suggests better accessibility of the NPM region
responsible for binding of these proteins. Both NCL and FBL were previously found to reside in the nucleoli of
cells with NPM mutation*®** and they may therefore mediate the nucleolar localization of the deletion mutants.
Complexes containing NCL and/or FBL together with NPMwt and A117mutants thus represent a potential pool
of proteins that can co-precipitate with the deletion mutants.

NSC348884 is declared to inhibit NPM oligomerization®. Its structure was obtained by in silico screening
using a small molecular library. As the crystal structure of the human NPM was not available, Xenopus NO38-
core chaperone structure (residues 1-107) was used for the screening. The sequence identity of this structure
with equivalent part of human NPM oligomerization domain is 77%. NSC348884 was identified as the best
candidate for inhibition of the dimerization interface of this polypeptide. Authors of the original paper™ used
native electrophoresis to demonstrate NSC348884-induced oligomer disruption in LNCaP and HCT116 cell
lines. They detected diminished bands near 121 kDa, which they attributed to NPM oligomers. Surprisingly, the
intensity of monomer bands remained unchanged. Other complex phenomena like induction of apoptosis and
p53 upregulation were also found in NSC348884-treated cells*"*’. From the available data it seems that function
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of NSC348884 as an inhibitor of the full-length human NPM oligomerization was not unequivocally proven.
We therefore analyzed effect of NSC348884 on various leukemia cell lines and on cells expressing fluorescently
labeled NPM constructs. First, we tested cell viability and apoptotic signatures in order to determine the range
of proper NSC348884 concentrations for the live-cell experiments. Concentrations required for a substantial
viability decrease and caspase-3 fragmentation fell into the interval of 2-10 uM for the majority of the cell lines
(Fig. 7). Neither the OCI-AMLS3 cell line nor the primary cells of AML patients with NPM mutation displayed
enhanced sensitivity to NSC348884 treatment. Consistently with previous results**°, NSC348884 induced p53
upregulation in some cell lines. We also noticed NSC34884-induced downregulation of p14Arf in 293T and
HeLa cells (data not shown). In contrast to results of Balusu et al*!, none of the tested cell lines nor primary cells
from AML patients displayed any change in the NPM oligomerization upon treatment with efficient NSC348884
concentrations when investigated by the native and semi-native electrophoreses (Fig. 8). Similarly, oligomers
containing fluorescently labeled NPMwt and NPMmut were not affected by the NSC348884 treatment (Fig. 10
and Supplementary Fig. S4). These results were further verified by immunoprecipitation where both exogenous
and endogenous NPM co-precipitated with both GFP- and RFP-labeled NPMwt and NPMmut, despite the pres-
ence of NSC348884 (Fig. 11). Also the fluorescence microscopy revealed sustained fraction of NPMwt in the
cytoplasm of NSC348884 treated cells co-expressing NPMwt and NPMmut, which witnesses for their interac-
ton. Accordingly, the FLIM-FRET proved persisting interaction between fluorescently labeled NPM molecules
upon the NSC348884 treatment (Fig. 12). Cells expressing two fluorescent variants of likely noninteracting NCL
were used as a control (Supplementary Fig. S5). As expected, NCL molecules labeled with the eGFP donor and
the mRFP1 acceptor on their N-termini did not exhibit any FRET, which was proved by a zero lifetime change
upon the acceptor photobleaching. The result was independent of the NSC348884 treatment. Compared to
NCL, the presence of FRET in the cells with fluorescently labeled NPM is clearly detectable both before and
after the NSC348884 treatment. We conclude that contrary to the published data®, NSC348884 does not act
as an oligomerization inhibitor and does not affect formation of NPM oligomers under physiological condi-
tions. This finding is extremely important in view of the fact that this drug has been recently reported to cause
numerous cellular effects, which were ascribed, in accordance with its declared function, to disruption of NPM
oligomerization® -,

During the live-cell experiments, we noticed apparent changes in cell adhesivity. The cell-surface contact area
during the NSC348884 treatment was therefore monitored by Electrical Cell-Substrate Impedance Sensing (ECIS)
(Fig. 13). The rapid onset of changes in the ECIS signal indicated that the cell shrinkage and detachment was
not a secondary effect accompanying apoptosis. As the course of the ECIS signal was similar to that induced by
the inhibitor of p21-activated kinases, IPA-3%, we investigated also activity and expression of PAK1 and Cofilin,
a known actin regulator®® (Fig. 14). The observed changes of both PAK1 and cofilin phosphorylation indicate
that NSC348884 interferes with adhesion signaling. Further research is required to elucidate mechanistic role
of NSC348884 in this process and its potential for anticancer therapy.

Conclusion

We have shown that a proposed inhibitor of NPM oligomerization, NSC348884, does not affect NPM oligomer
formation in any of the examined leukemia cells. Moreover, the cell sensitivity to NSC348884 treatment is not
potentiated by AML-associated NPM mutation. On the other hand, we have uncovered so far unknown effect
of NSC48884 on the cell-surface adhesion, which could play a key role in the complex cellular response to the
NSC48884 treatment.

In addition, our findings prove that point mutations in Cysteine 21 slightly potentiate oligomer dissociation
but the overall NPM interaction potential with other NPM molecules remains conserved in living cells. Dele-
tion mutants lacking part of the NPM N-terminal domain completely lose their oligomerization ability, but
they partially retain the interaction with NPMwt, possibly through enhanced interaction with other nucleolar
proteins in complexes with NPMwt.

Material and methods
All methods were carried according to Declaration of Helsinki.

Cell culture and chemiicals.  Leukemia cell lines MV4-11, OCI-AML2, OCI-AML3, KG-1, and KASUMI-1
were purchased from DSMZ (Germany), HL-60 were from ECACC (GB), adherent cell lines HEK-293T and
HeLa were kindly provided by dr. S. Némeckova (Department of Immunology, Institute of Hematology and
Blood Transfusion) and dr. J. Malinsky (Institute of Experimental Medicine, Czech Academy of Science), respec-
tively. The cells were cultivated in growth media with fetal bovine serum (FBS), glutamine and antibiotics (all
from Sigma-Aldrich) according to manufacturers recommendation: MV4-11, KG-1, HL-60, and HeLa in RPMI-
1640/10% FBS, OCI-AML2 and OCI-AMLS3 in alpha-MEM/20% FBS, KASUMI-1 in RPMI-1640/20% FBS and
HEK-293T in DMEM/10% FBS. Peripheral blood mononuclear cells (PBMC) originated from leukapheresis of
hyperleukocytic AML patients. PBMC were separated using Histopaque 1077 (Sigma-Aldrich), washed with
PBS and resuspended in RPMI-1640 with 10% FBS. The presence of C-terminal NPM mutation was detected
by PCR and the mutation type was determined by sequencing? and confirmed by Western blotting and immu-
nofluorescence using specific anti-NPMmut antibody®. All patients signed informed consent to the use of their
biological material for research purposes in agreement with the Declaration of Helsinki. The study has been
approved by the Ethics Committee of the Institute of Hematology and Blood Transfusion of the Czech Republic.
All cells were cultivated in 5% CO, atmosphere at 37 °C. Stock solution of 10 mM NSC34884 was added to cell
suspensions to final concentrations and times as indicated in the Results section.
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Plasmid construction and transfection.  As we described in detail previously*®*, the gene for NPM was
amplified from cDNA library (Jurkat cells, Origene) by PCR and inserted to vectors peGFP-C2 and pmRFP1-C2
(originally Clontech), designed for expression of protein chimeras with a fluorescent protein connected to the
N-terminus of the target protein, by standard methods of molecular cloning. NPM mutants were constructed
by PCR using extended primers targeting NPM1 sequence neighboring regions cut from the N-terminus or
containing the mutated part of the exon 12 of the NPM1 gene complemented with appropriate restriction sites®.
After amplification in E. coli, the plasmids with subcloned genes were purified with PureYield Plasmid Mini-
prep System (Promega) and transfected into adherent cell lines using jetPRIME transfection reagent (Polyplus
Transfection).

Cell lysis and western blotting.  Cell lysis As described previously”, cells were washed with PBS and lysed
depending on the intended application. For direct use in SDS-PAGE, the cells were lysed in Laemmli sample
buffer (SB, 50 mM Tris pH 6.8, 2% SDS, 100 mM DTT, 10% glycerol), boiled at 95 °C for 5 min, centrifuged at
200.000 g/4 °C for 4 h and the supernatant was stored at — 20 °C. For other applications, the cells were lysed in
Lysis buffer (LB, 10 mM Tris/Cl pH7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, protease and phosphatase
inhibitors) for 30 min/4 °C, centrifuged at 20.000 g/4 °C for 10 min and supernatant was mixed 1:1 with the
appropriate buffer.

Native and semi-native PAGE Lysates were mixed with 2xnative buffer (NB, 50 mM Tris pH6.8, 10 mM DTT,
10% glycerol) and subjected without boiling to 7.5% AA Tris-glycin gel without SDS for native electrophoresis,
or to the gel with SDS (2%) for semi-native electrophoresis.

Western blotting Five to ten microliters of each sample were subjected to native or SDS-PAGE and transferred
into PVDF or nitrocelulose membrane (BioRad). Mouse monoclonal antibodies against f-actin, GFP, dsRed,
NCL, FBL, NPM (clone 3F291 for NPMwt + mut detection, clone E3 for NPMwt detection), and p14Arf were
from Santa Cruz Biotechnology. All mouse primary antibodies were used at a dilution 1:100-1:500. Rabbit
polyclonal antibody against NPMmut (pab50321, Covalab) was used at 1:2000 dilution. Rabbit monoclonal
anti-PAK1 (1:2000, Abcam) and anti-PAK1-pSer144 (1:20,000, Abcam) and rabbit polyclonal antibodies and
anti-Cofilin and anti-Cofilin-pSer3 (Cell Signalling Technology) were used for adhesion-related protein detec-
tion. Anti-mouse and anti-rabbit HRP-conjugated secondary antibodies were purchased from Thermo Scientific
and used at concentrations 1:10.000-1:50.000. ECL Plus Western Blotting Detection System (GE Healthcare) was
used for chemiluminescence visualization and evaluation by G-box iChemi XT4 digital imaging device (Syngene
Europe). Alternatively, Alexa488-conjugated anti-rabbit and Alexa647-conjugated anti-mouse secondary anti-
bodies (ThermoFisher) for simultaneous detection of NPMmut and NPMwt + mut were used.

Immunoprecipitation. Immunoprecipitation using GFP- or RFP-Trap (Chromotek) was performed
according to manufacturer’s instruction as described previously®. Briefly, cells were harvested and washed
with PBS, lysed in LB for 30 min/4 °C and centrifuged at 20.000 g/4 °C for 10 min. The lysate was mixed with
GFP/RFP-nanobeads and rotated for 1 h/4 °C. The beads were extensively washed with diluting buffer (10 mM
Tris/Cl pH7.5, 150 mM NaCl, 0.5 mM EDTA), resuspended in SB, boiled at 95 °C for 10 min and centrifuged
20.000 g/4 °C for 10 min. Supernatant was stored at —20 °C until used for SDS-PAGE.

Live-cell imaging. The cells were seeded in the 2.5 mm culture dish with glass bottom (Cellvis) for 24 h
and then transfected with plasmids containing fluorescent variants of the desired genes. After another 24 h, the
transfected cells were observed under confocal laser scanning microscope FluoView FV1000 (Olympus Cor-
poration) using 543 nm excitation for RFP fluorescence and 488 nm excitation for GFP and for differential
interference contrast (DIC) observation. UPlanSAPO 60 x NA1.35 oil-immersion objective was used for imag-
ing. For long-term monitoring, the culture dish was sealed by parafilm to prevent CO, leakage and it was placed
into microscopy chamber tempered to 37 °C. NSC348884 was added just before the start of the measurement.
Fluorescence images were processed by the FluoView software FV10-ASW 3.1.

Lifetime imaging and acceptor bleaching. The apparatus used for lifetime imaging is described in
detail elsewhere®. Briefly, we used inverted IX83 microscope equipped with a FV1200 confocal scanner (Olym-
pus, Germany), cell cultivation chamber (Okolab) and FLIM add-ons from PicoQuant. Fluorescence was excited
by a pulsed diode laser (LDH-DC-485, 485 nm, PicoQuant) running at 20 MHz repetition rate. Light was cou-
pled to the microscope by a single-mode optical fiber and reflected to the sample by 488 nm long-pass dichroic
mirror (Olympus). Typically, UPLSAPO 60XW NA 1.2 water-immersion objective (Olympus) was used for
imaging. Fluorescence was directed via multimode optical fiber to a cooled GaAsP hybrid PMT (PicoQuant)
through the 520/35 bandpass filter (Semrock). Signal was processed by the TimeHarp 260-PICO TCSPC card
and the SymPhoTime64 software (both PicoQuant). To avoid pile-up artifacts, the data collection rate at bright-
est pixels was kept below 5% of the excitation frequency. FLIM images were collected in a few minutes with the
excitation power around 0.1 pW. Acceptor photobleaching was done by a 561 nm semiconductor CW laser with
a multi-mW power at the focal point. All experiments were done at 37 °C.

Lifetime data processing. Lifetime images were generated in the SymPhoTime64 by the “fast-FLIM”
method when pixel lifetimes were calculated by a method of moments®. Specifically, pixel lifetimes 7,,, were
determined as the difference between the barycenter of the fluorescence decay and the time-offset 4, of the
steepest growth of the decay at each pixel:
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Tavg = EL’G;Z I - toﬂ"set (1)

where I; is a decay intensity at time #,. Exported FLIM images were further processed and visualized by the Fiji
software®”. An accurate analysis of the cumulative decays from larger area of interest was done by the least-squares
reconvolution also in the SymPhoTime64. Fluorescence was assumed to decay multiexponentially according
to the formula:

I(t) = Em-exp(—uno), Ea; =1 @)

where 7; and a; are the fluorescence lifetimes and the corresponding amplitudes, respectively. Typically, 2 decay
components were sufficient for acceptable fit. The intensity-weighted mean fluorescence lifetime was calculated

as:
Tmean = Eﬁ'ﬁ = E a’f'f;'zx‘! E ®iTi (3)
i i i
where f; are fractional intensities of the ith lifetime component:

fi =T/ Z:&ifis zi:fi =1, (4)

Electrical cell-substrate impedance sensing (ECIS). Impedance measurements were performed using
the ECIS Z8 device (Applied Biophysics). The wells of 8W10E+ plates were filled with 200 pl culture medium
and the baseline was monitored for several hours before cell addition. HeLa or 293T cells were seeded at 120.000
cells/well and monitored overnight, the inhibitors were added after 20-24 h. One well from each plate was left
empty (medium only), and the signal from this well was used as the baseline for the other wells of the same
plate. The instrument automatically decomposes the impedance signal into resistance and capacitance. As the
course of capacitance at 64 kHz mirrored that of resistance at 2 kHz, the observed evolution of the resistance
signal reflects changes in the cell-surface contact area. The ECIS records were exported to Microsoft Excel and
processed using the GraphPad Prism software: the background was set to zero at a time point shortly before cell
seeding, and the baseline (empty well) was subtracted. The curves shown in the graphs represent the averages
from replicate wells, which were run in parallel.

Statistical analyses. As described in our previous work®, the majority of experiments were performed
using cell lines and repeated until the observed differences between groups reached statistical significance. A p
value of 0.05 or lower was pre-set to be indicative of a statistically significant difference between groups com-
pared. In diagrams, arithmetic means of replicates of all experiments were plotted with SD error bars. Signifi-
cance levels (p values of ANOVA or Student’s t-test) were determined using InStat Software (GraphPad Soft-
ware).
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Supplementary information 1: Supporting figures
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Fig. S1: Effect of C21F substitution on the stability of heterooligomers with NPMwt. Western blots
of semi-native PAGE of samples from 293T cells transfected with R_NPMwt (wt), G_C21F (C21F) or
with their combination. Similar results were obtained with the inverse labeling combination, i.e. with
G_NPMwt and R_C21F.
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Fig. S2: Significance of the N-terminus for NPM oligomerization. Semi-native PAGE of 293T cells co-
transfected with various combinations of A117 and NPMwt illustrates absence of interaction

between A117 and NPMwt.
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Fig. S3: Significance of the N-terminus for NPM oligomerization. Lysates from 293T cells co-
expressing GFP-labeled A100/NPMwt/NPMmut and RFP-labeled A100 were subjected to GFP- and
RFP-immunoprecipitation. The levels of co-precipitated interaction partners were investigated.
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Fig. S4: Native (upper row) and semi-native (lower row) PAGE from 293T cells transfected with
various fluorescent variants of NPM and treated with 10uM NSC348884 for 24h. Cells co-
transfected with G_NPMmut and R_NPMwt (lanes 1 and 2) or R_C21F (lane 3). G_NPMmut and
R_NPMwt/C21F are detected in the untreated (lanes 1 and 3) or NSC348884-treated cells (lane 2) by
anti-GFP and anti-RFP antibodies.
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Fig. S5: NCL expression in live cells after NSC348884 treatment. (a) FLIM-FRET analysis of eGFP-
fluorescence lifetime (t) during 2h of 10uM NSC348884 action on cells co-transfected with donor-
and acceptor-labeled variants of NCL. White numbers: 1 (ns) measured in individual cells. Dashed
circles: region of the acceptor (mRFP1) photobleaching. Simultaneous cell morphology screening by
DIC documented cell rounding induced by NSC348884. (b) Statistical evaluation of t before (control)
and after (bleached) mRFP1-photobleaching in intact (black bars) and NSC348884-treated (grey bars)
cells. Student’s t-test of the “control” vs. “bleached” values: not significant.
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