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Souhrn

Predlozena dizertani prace obsahuje tfi vyzkumné zameéry, které se zaméruji na
onkogen c-Myc. Pfi detailni charakterizaci biologickych Uc€ink triterpend, odvozenych z
prirodnich latek, jsme identifikovali spojitost mezi jejich protinadorovym ucinkem a
snizenou hladinou c-Myc. Vzhledem k zaméfeni naseho pracovist€ na vyvoj
protinddorové 1é¢by, véetné triterpenl, a moznosti vyuziti robotické platformy pro
vysokokapacitni screening, jsme vytvorili bunécnou linii s reporterem sledujicim hladinu
transkripcniho faktoru c-Myc. Pfirealizaci druhého zaméru, jsme v rdmci designu této linie
zachovali lokus c-Myc s minimalni modifikaci, kterou bylo zaclenéni reporterové znacky
do C-koncové oblasti proteinu pomoci CRISPR/Cas9. Tim jsme zachovali fyziologickou
expresi c-Myc a ziskali unikatni moznost sledovat dynamiku exprese obou hlavnich
izoforem c-Myc. Oba reportérové systémy byly podrobné popsany a ovéfeny. Pro
vysokokapacitni screening jsme optimalizovali podminky a zvolili referen¢niho
antagonistu, latku 10074-G5. Nyni provadime primarni screening komeréné dostupnych
chemickych knihoven s cilem identifikovat latky, které snizuji proproliferaéni funkce c-Myc
na ukor téch podporujicich quiscenci nebo bunécnou smrt. Béhem validace c-Myc
reportérovych linii jsme identifikovali dalSi regulatory exprese téchto izoforem, transkripCni
faktor B-katenin a ribozomaini proteiny, vedle jiz popsanych kinaz mTOR a PKR.

Treti Cast prace se zamérfuje na ribozomalni biogenezi, ktera je vyznamné
ovlivnéna c-Myc. Dokumentujeme patofyziologické projevy ribozomalniho stresu pfi
haploinsuficienci RPS7 a RPL11. Vytvofili jsme dva typy buné&nych modelu: prvni pomoci
siRNA knockdownu ke sniZeni exprese ribozomalnich geni RPS7 a RPL11. Druhy
odstranénim jedné alely RPL11 a vnesenim bodové mutace pro RPS7 pomoci
CRISPR/Cas9. Oba typy modell vykazuji patofyziologické projevy spojené s Diamond-
Blackfanovou anémii a ribozomalnim stresem. PfiCemz pro studium konkrétnich mutaci
je nezastupitelny bunéény model vytvoreny CRISPR/Cas9.

Timto bychom radi zdlraznili vyznam CRISPR/Cas9 technologie pfi vyvoji
bunéénych modell pro lepsi porozuméni patofyziologie vzacnych onemocnéni a
nasledné pro nalezeni novych terapeutickych pristupl také pro onkologické malignity.
V praci jsme rovnéz shrnuli dosud znamé informace o lokusu c-Myc a jeho izoformach s

potencialem v cilené terapii nadorovych onemocnéni.



Summary

This dissertation thesis contains three research projects focusing on the c-Myc
oncogene. In a detailed characterization of the biological effects of triterpenes, derived
from natural compounds, we identified a link between their anticancer effect and reduced
c-Myc levels. Given our department's focus on the development of anticancer
therapeutics, including triterpenes, and the possibility of using a robotic platform for high-
throughput screening, we established a cell line with a reporter monitoring c-Myc
transcription factor levels. In pursuit of the second goal, we retained the c-Myc locus within
the design of this cell line with minimal modification, which was the incorporation of a
reporter tag into the C-terminal region of the protein using CRISPR/Cas9. This preserved
the physiological expression of c-Myc and provided a unique opportunity to monitor the
expression dynamics of both major c-Myc isoforms. Both reporter systems have been
described and validated in detail. For the high-throughput screening, we optimized the
conditions and selected a reference antagonist, substance 10074-G5. We are now
performing a primary screen of commercially available chemical libraries to identify agents
that reduce c-Myc pro-proliferative functions at the expense of those that promote
quiescence or cell death. During the validation of c-Myc reporter cell lines, we identified
additional regulators of the expression of these isoforms, the transcription factor 3-catenin
and ribosomal proteins, in addition to the previously described mTOR and PKR kinases.

The third part of the thesis focuses on ribosomal biogenesis, which is significantly
influenced by c-Myc. We document the pathophysiological manifestations of ribosomal
stress in RPS7 and RPL11 haploinsufficiency. We established two types of cellular
models: the first one by using siRNA knockdown to reduce RPS7 and RPL11 gene
expression. The second one by disabling the expression of one allele of RPL11 and
introducing a point mutation for RPS7 using CRISPR/Cas9. Both models show
pathophysiological manifestations associated with Diamond-Blackfan anaemia and
ribosomal stress. The cellular model generated by CRISPR/Cas9 is indispensable for
studying specific mutations.

With this, we would like to emphasize the importance of CRISPR/Cas9 technology
in the development of cellular models for a better understanding of the pathophysiology

of rare diseases and consequently for finding new therapeutic approaches also for cancer



malignancies. In this thesis, we also summarized the previously known information about

the c-Myc locus and its isoforms with potential in targeted cancer therapy.
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1 Uvod

Transkripéni faktor c-Myc hraje ustfedni roli v molekularni biologii a vyzkumu
nadord, jelikoz fidi rGzné bunééné procesy prostrednictvim slozité kontroly genové
exprese (1). Strukturné je c-Myc jaderny protein, ktery tvofi heterodimery s proteinem Max
(MYC Associated Factor X). Tento komplex se vaze na specifické sekvence DNA, znamé
jako E-boxy, v genovych promotorech (2). Z hlediska funkce c-Myc bud aktivuje, nebo
potlacuje transkripci genl, které jsou rozhodujici pro rist, proliferaci a apoptdézu bunék.
Jako takovy ma vyznamny vliv na osud bunék. Pfi regulaci bunécného ristu c-Myc
zvysuje transkripci genll kodujicich proteinové produkty zapojené do bunééného cyklu
(napf. transkripéni faktory E2F, cykliny a cyklin-dependentni kinazy) a potlacuje
transkripci genl spojenych s inhibici mitogennich procesu (napf. inhibitory cyklin-
dependentnich kindz p21, p27) (3-7). Je tedy zfejmé, ze deregulovand aktivita c-Myc
mUze vést k nefizené bunééné proliferaci (8). Tento proproliferaéni Ucinek je kliCovy pro

zapojeni c-Myc do tumorigeneze.

Deregulace c-Myc je béznym znakem nadorovych onemocnéni (9). Mnoho
nadorovych bunék vykazuje zvySené hladiny c-Myc, coz pfispiva k nekontrolovanému
rastu a sklonu k tvorbé nadort. Zmény v genu c-Myc, jako jsou mutace nebo amplifikace,
jsou €asto pozorovany u riznych druh(i onkologickych onemocnéni, véetné nadorl prsu,
plic a tlustého stfeva (10—12). Aberantni exprese genu c-Myc mUze byt vyvolana mnoha
faktory, véetné mitogennich signall, rGstovych faktorl a reakci na bunéény stres; to
poukazuje na to, jak slozita souhra regulacnich mechanizml se podili na kontrole genu
c-Myc (2).

Kromé stimulace bunééného rustu se c-Myc podili také na apoptdze neboli procesu
programované bunééné smrti (13,14). Tato dvoji role pfidava dalSi uroven slozitosti tomu,
jak c-Myc pfispiva k tumorigenezi. Za urcitych podminek mize c-Myc podporovat preziti
bunék tim, ze reguluje anti-apoptotické geny, které mohou blokovat proapoptotické
signaly v nadorovych burikach (15). Nicméné c-Myc muze také indukovat apoptdzu,
pokud je to nutné k ochrané pred nekontrolovanou proliferaci poskozenych bunék. Tyto
paradoxni role podtrhuji, jak zasadni vyznam ma c-Myc pro udrzeni pfirozené rovnovahy

v kazdé bunce.



Kromé ucasti v nadorovych onemocnénich hraje c-Myc kli¢ovou roli také v regulaci
kmenovych bunék (16). Presnéji feCeno, c-Myc se podili na udrzovani pluripotence
embryonalnich kmenovych bunék, coz zajistuje, ze se tyto buniky mohou diferencovat v
rizné bunécné typy; to zahrnuje i erytroidni prekurzory, které vykazuji sniZzeny
diferenciacni potencial u nékterych dédiénych onemocnéni, jako je Diamond-Blackfanova
anémie (17,18). Kromé toho ma c-Myc zasadni vyznam pfi pfeprogramovani somatickych
bunék na indukované pluripotentni kmenové bunky (iPSC), coz je role, ktera je velmi
dulezita pro regenerativni medicinu a tkariové inzenyrstvi (19).

Zjisténi, ze c-Myc hraje kliCovou roli v nadorovém bujeni, vedlo védce k tomu, ze
se zameéfili na vyvoj terapii zamérenych na tento transkripéni faktor (20). Prevladajicim
smérem vyzkumu je zkoumani, jak selektivné inhibovat aktivitu c-Myc v nadorovych
burikach a narusit tak nekontrolovanou proliferaci, coz je obrovskym pfislibem pro zpUsob
|éEby nadoru.

c-Myc reguluje celou fadu bunécénych procesl, od bunécného rustu az po
programovanou bunéénou smrt (21). Vliv na nekontrolovany rist bunék i na apoptoézu
podtrhuje, pro¢ je c-Myc velmi dulezity pro onkologicky vyzkum. Pokracujici snaha o
odhaleni slozitych cest a podminek, které ovliviuji funkci c-Myc, miize odhalit zaklad pro

cilené terapie riznych typu nadoru.

Regulace a fungovani c-Myc vyznamné ovlivhuje fenotyp bunky. Navzdory
intenzivnimu studiu vSak mechanizmy, kterymi se proteiny kédované lokusem c-Myc
podileji na riznych bunéénych procesech, zlstavaji nedostateéné objasnény (22-24).
Velmi rozmanité funkce tohoto transkripéniho faktoru mohou byt zplsobeny komplexnim
a nedostate¢né prozkoumanym polycistronnim lokusem. Bliz§i pochopeni struktury a
funkce jednotlivych izoforem c-Myc mUiZze byt klicem k vyvoji bezpeéné cilené 1&€Cby proti

rGznym typUm nadorl zavislych na c-Myc.

Proteiny c-Myc maji mnoho spoleénych rysl s jinymi transkripénimi regulatory. Tyto
proteiny jsou lokalizovany v jadre, mohou byt fosforylovany a maji relativné kratky polocas
rozpadu, coz jsou vlastnosti, které naznacuji, Ze jsou regulovany na rdznych uUrovnich

(25,26). C- a N-koncovym oblastem proteint kéddovanych c-Myc byly pfifazeny specifické



molekularni funkce. Napfiklad C-koncova doména proteind c-Myc sdili strukturni
podobnosti s ¢leny nadrodiny transkripénich faktorl basic helix-loop-helix leucine zipper
(bHLH-LZ) viz Obrazek 2 (22). Dimerizace c-Myc s Max, Clenem rodiny bHLH-LZ,
prostrednictvim oblasti HLH-LZ obou proteint usnadruje sekvencéné specifickou vazbu
na motiv CACGTG nazyvany E-box Myc (EMS) v DNA (27-29). Proteiny c-Myc mohou
stimulovat transkripci vazbou na sekvence EMS, zatimco nadbytek Max tuto transkripéni
aktivitu v bunkach antagonizuje (30-32). Aktivace transkripce proteiny c-Myc vyzaduje
také neporusené N- a C-koncové domény. N-koncova oblast proteini c-Myc funguje jako
transaktivacni doména a delece vysoce konzervovanych oblasti v ramci N-koncové
domény, tzv. boxt Myc, snizuji jeji transaktivacni funkci (Obrazek 2) (32,33). Transaktivace
mUZe byt navic modulovana proteiny, které interaguji s N-koncovou doménou proteinl c-
Myc, vCetné proteinu vazajiciho TATA (TBP) a proteinu pRb podobného proteinu p107
(34,35).

c-Myc funguje predevsim v jadre jako transkripéni faktor pro tfi RNA polymerazy.
Heterodimer c-Myc/Max je prostfednictvim aktivace nebo represe cilovych genl pol I
rozhodujici pro postup do bunééného cyklu z quiscence (2,36—40). c-Myc vyznamné
ovliviiuje celkovou rychlost syntézy protein(i tim, Ze stimuluje aktivitu pol | (syntéza rRNA)
a pol lll, které se podileji na produkci mnoha slozek translacniho aparatu (napfr. iniciacni
faktory translace, ribozomalini proteiny) (41-45). Bylo proto zjiSténo, Ze buriky s c-Myc™~
vykazuji snizenou rychlost syntézy RNA a proteinl spolu s prodlouzenym bunéénym
délenim (46).

Schopnost vyvolat zastavu rUstu a apoptdézu je vnitfini vlastnosti protein(
kdédovanych lokusem c-Myc (13,47,48). Pfirozené se vyskytujici zkraceni, mutace nebo
prestavby v sekvenci c-Myc v$ak jen zfidka, pokud vlbec, negativné ovliviuji mitogenni
nebo proapoptotické aktivity proteinl c-Myc. To do jisté miry plati i pro virovy analog c-
Myc, v-Myc, coz je virovy onkogen vyskytujici se v nékterych retrovirech. Genetické
sekvence v-Myc a c-Myc maji urCité podobnosti, zatimco genové produkty vykazuji
vyznamné rozdily ve funkcich. Napfiklad v-Myc je Casto ucinnéjsi v podpore nadorového
bujeni nez c-Myc, a to kvUli rozdilim v regulaci a expresi (38—40). Mnoho lidskych nador(i

vSak vykazuje genetické nebo epigenetické zmény v c-Myc, které narusuji drahu, jez je



zakladem bunécéné smrti, a inhibuji tak proapoptotickou aktivitu c-Myc (49-52). Je vSak
tfeba poznamenat, Ze mechanizmus, kterym se aktivuje bunééna smrt, Casto zUstava
nedotCen, a to i u pokrocCilych malignit, ale je brzdén, takze je nakonec uprednosthovana

proliferace (53-56).

V nésleduijici kapitole se blize podivame na strukturu lokusu centralniho regulatoru

transkripce c-Myc (Priloha | (57)).



2 lzoformy c-Myc

U Elovéka je velmi neobvyklé, aby z jednoho lokusu nebo z jedné mRNA vznikal
vice nez jeden protein. Jednim z takovych pfipadud je znamy lokus p16/NK4a/p14ARF ktery
kdduje dva odlisné proteiny s prekryvajicimi se kédujicimi sekvencemi v rlznych ¢tecich
ramcich, ale s pfibuznymi funkcemi (58,59). Je vSak zfejmé, ze lidsky lokus c-Myc a
zejména polycistronni transkript c-Myc PO maiji schopnost vytvaret nékolik rliznych
protein{l viz Pfiloha | (57).

2.1 Struktura lokusu c-Myc

Struktura lidského lokusu c-Myc nachazejicim se na chromozomu 8924 je slozita
Obrazek 1. Existuji Ctyfi alternativni promotory PO, P1, P2 a P3, pficemz posledni z nich
se nachazi mezi 1. a 2. exonem genu (8,60-62). Lokus obsahuje kddujici sekvence pro
dvé delsi izoformy proteinu c-Myc p67 a p64, jednu zkracenou izoformu c-Myc S, spolu s
proteinovymi produkty dvou ORF oznacovanych mrtl a MycHex1. Sekvence mrtl a
MycHex1 se nepfekryvaji se sekvencemi proteinl c-Myc, s vyjimkou malého prekryvu 19
bp mezi samotnou C-termindlni sekvenci MycHex1 a N-termindlni sekvenci p67 Myc,
které nejsou ve stejném Ctecim ramci. P1 a P2 jsou dva nejCastéji pouzivané promotory,
které spole¢né prispivaji ke tvorbé pfiblizné 90 % transkriptd c-Myc v bunkach (63).
Translace c-Myc mlze byt zahajena na jednom ze dvou rdznych iniciaénich kodontl (CUG
nebo AUG), coz vede k syntéze dvou izoforem proteinu (p64 a p67) (64). p64 Myc
(nazyvany také c-Myc?2) je prevladajici produkt genu pravdépodobné zodpovédny za
onkogenni vlastnosti lokusu c-Myc (65). p67 Myc (oznaCovany také c-Myc1) obsahuje
navic 14 aminokyselin na svém N-konci, oproti p64 a ma ziejmeé silné tumor supresorove
vlastnosti. Stechiometricka rovnovadha mezi p64 a p67 je dulezita pro urCeni chovani
bunék (66).
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Obrazek 1 Schéma znazorfiujici strukturu lokusu c-Myc. Transkript vychazejici z promotoru PO
kéduje mRNA mrtl a MycHex1, které se nachazeji pred koédujicimi sekvencemi pro mRNA p67 a
p64. Pozice ¢tyr mist startu transkripce (PO, P1, P2, P3) jsou oznaceny ohnutymi Sipkami. Exony
Jjsou oznaceny tmavé modrymi obdélniky a introny svétle modrymi obdélniky. Mira transkripce
iniciovanéa ze ¢&tyr promotori je vyznacena carkovanymi tmavé fialovymi Sipkami. Pod kédujici
sekvenci DNA jsou v8echny transkripty lokusu c-Myc vyznaceny svétle fialovymi obdélniky.
Viytvoreno pomoci programu BioRender.com a prevzato z Prilohy I (57).

2.2 lzoformy c-Myc p64 a p67

Obé hlavni izoformy c-Myc, p64 a p67, byly nalezeny u vSech dosud zkoumanych
druhl obratlovcl (64). V bunkach savcl a ptakl vznikaji tyto dva proteiny alternativni
iniciaci na in-frame kodonech pro p64 je to kodon AUG a pro p67 CUG (64). Evolucni
zachovani tohoto vzorce exprese c-Myc lokusu v rozpéti 400 milionu let naznacuje, ze
vice izoforem muze hrat dlileZitou roli ve funkci c-Myc. Protein p67 vznika z proximalniho
translacniho startovaciho mista CUG a obsahuje tedy amino-terminaini prodlouzeni o 14
aminokyselin ve srovnani s proteinem p64 (64) Obrazek 2. Existuje nékolik dikazl, které
naznacuji funkéni vyznam proteinu p67 pro rust bunék a nadorové bujeni. Naruseni
syntézy p67 bylo zjisténo u mnoha Burkitovych lymfomu (25,64). Kromé toho jsou tyto
dvé formy proteinu c-Myc béhem rlistu bunék r(izné zastoupeny. Pfi zvy$ené konfluenci

bunék dochazi k prevaze proteinu p67. Coz naznacuje, ze protein p67 hraje roli inhibitoru
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ristu, zatimco u proteinl p64 a v-Myc se jiz dlouho ukazuje, ze naopak stimuluji

proliferaci.
p64/p67 N — [mBo| |mBi| TAD vl [meinal [mews] — Juen|  TeR] HHz |-
c-Myc S N —wsil| [meia| [meie] — [uen] L |_ C
MycHex1 N—{ '_ C
mrtl N— | [ ¢

hydrophobic - charged -
transmembrane interaction

Obrazek 2 Schematické znazornéni proteinovych struktur kédovanych lokusem c-Myc. Znacky N-
a C- predstavuji N- a C-koncové oblasti proteind. Struktury proteinii piné délky jsou oznaceny
svétle modrymi obdélniky. Konzervované oblasti boxt Myc jsou oznaceny MB0O az MBIV a
znazornény svétle zelenymi obdélniky. Transkripéni aktivacni doména (TAD) se nachazi mezi MBI
a MBIl p64 a p67. Dimerizacni domény p64, p67 a c-Myc S jsou znazornény tmaveé modre a jsou
rozdéleny na zakladni oblast (BR) a doménu helix-loop-helix leucinového zipu (HLH-LZ). V
pripadé mrtl je hydrofobni oblast znazornéna svétle Zluté a nabita oblast je znazornéna svétle
C¢ervenym obdélnikem. Struktura MycHex1 nebyla dosud podrobné charakterizovana. Vytvoreno
pomoci programu BioRender.com a prevzato z Prilohy I (57).

Bylo zjisténo, ze mnoho prestaveb genu c-Myc, které doprovazeji nadorove bujeni,
zahrnuje zmeény v 1. exonu. Ty casto zahrnuji uplné odstranéni 1. exonu pfi
chromozomalnich translokacich, retrovirovych translokacich, ale ¢asto také mensi delece,
bodové mutace a provirové inzerce v 1. intronu (67). Vétsina interpretaci se soustredila
na myslenku, ze tyto zmény ovliviuji pouze regulaci exprese c-Myc, protoze oblast
kddujici protein zacinajici kodonem AUG v 2. exonu je zachovana. Prvni exon c-Myc
obsahuje oblasti a regulaéni prvky, které jsou pravdépodobné dlileZité pro Fizeni exprese.
Patfi mezi né mista pro pridani methylguanosinové Cepi¢ky k c-Myc mRNA na 5' konci
exonu 1 v jeho blizkosti a oblast, ktera fidi prodluzovani vznikajicich RNA transkript(l, a
také mozny enhancerovy prvek v blizkosti 3' konce exonu 1 (61,68—72). Odstranéni
prvniho exonu, ke kterému dochazi v rfadé prestaveb lokusu c-Myc, meéni strukturu

promotoru c-Myc, a proto pravdépodobné vede k deregulaci.

Zmeény lokusu c-Myc mohou také vést k naruseni syntézy obou alternativné
iniciovanych proteind. V burikach Burkittova lymfomu vedou chromozomalni translokace
lokusu c-Myc nebo bodové mutace bézné ke ztraté exprese proteinu p67, coz prispiva k

onkogenni aktivaci c-Myc (25,64). V burikach s neporusenym lokusem c-Myc dochazi
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béhem jejich rlstu k regulaci alternativni translacni iniciace c-Myc. Protein p64 je
prevazujici formou exprimovanou v aktivné rostoucich burnkach, zatimco syntéza p67 se
dramaticky zvysuje na uroven stejnou nebo vyssi nez u p64, jakmile se bunky pfiblizi k
zastaveé ristu v disledku kontaktni inhibice (73). Zda se, Ze mezi proteiny p64 a p67
existuji také funkCni rozdily. Protein p67 je silnym a specifickym transaktivatorem
enhancerového elementu EFII prostfednictvim vazebného mista C/EBP (sekvence
TTATGCAAT). Rodina C/EBP se sklada z Sesti pfibuznych transkripénich faktorli s BR
ZIP doménou, které soucasné radime mezi tumor supresory, protoonkogeny a regulatory
diferenciace (74). Tato transaktivace je nezavisla na konkrétnim typu nebo druhu buriky.
Na rozdil od silné transaktivace proteinem p67, protein p64 bud' transaktivovat zesilovaci
element EFIl nedokaze, nebo potlacuje transkripci fizenou EFIl. Kromé toho existuje
evidence, ze proteiny v-Myc vyznamné potlaCuji transkripci prostfednictvim
enhancerového elementu EFIl (66). Oba proteiny p64 a p67 jsou kompetentni k
transaktivaci prostrednictvim kanonické sekvence EMS. Vzhledem k tomu, ze oba maji
shodnou C-koncovou doménu, jsou protichldné ucinky téchto dvou proteinl na
transkripci fizenou EFIl s nejvétsi pravdépodobnosti dusledkem rozdilnych N-
terminalnich domén (27). Moznym vysvétlenim je, ze aminoterminalni prodlouzeni
zpUsobuje celkovou konformaéni zménu v N-koncové oblasti proteinu p67 obsahujici
transaktivaéni doménu. Tato odliSnost v konformaci mize umozrovat rozdilny kontakt

s transkripcnimi komplexy v zavislosti na DNA vazebném misté (66).

Protein c-Myc vykazuje kromé aktivace transkripce také nékolik odliSnych
molekularnich funkci, v€etné potlaeni transkripce a pfimé modulace syntézy DNA
(22,75). Pro schopnost c-Myc potlacovat transkripci promotoru cyklinu D1 je podstatna
pravé oblast N-terminalni domény (75). Zjisténi, ze proteiny p64 a p67 odlisné
transaktivuji vazebné misto pro C/EBP, av8ak oba aktivuji transkripci sekvence EMS,
ukazuje jak na odli$né, tak na prekryvajici se funkce téchto dvou proteinl. Regulace
transkripce sekvence C/EBP zprostfedkovana p67 Myc naznacuje, ze celkova transkripce
genu obsahuijicich tuto sekvenci mize byt regulovana relativnim pomérem p64, p67
protein a ¢lenl rodiny C/EBP v burikach. Na podporu této myslenky Freytag a Geddes
(1992) ukazali, Ze existuje protichlidna regulace adipogeneze proteiny C/EBP a p64 (76).

Hladiny obou proteinli c-Myc se v bunkach znacéné lisi v zavislosti na konkrétni fazi rlstu
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(73). Rostouci bunky maji obvykle nizké hladiny proteinu p67 ve srovnani s p64. Jakmile
se vSak bunky v kultufe pfiblizi ke konfluenci, dochazi k trvalému péti- az
desetinasobnému zvySeni syntézy proteinu p67 na uroven vyssi nebo stejnou jako u
hladiny proteinu p64. Tato vyznamna a specificka stimulace translace proteinu p67 je
zfejmé Fizena dostupnosti methioninu v rlistovém médiu (73). Modulace hladin proteinu
p67 proto muze byt jednou z &asnych reakci bunék na pfizplusobeni rlstu v reakci na

nedostatek zivin.

Je zajimavé, Ze nadmérna exprese C/EBP ma rovnéz inhibiéni Ucinek na rust (77).
Nicméneé vzhledem k tomu, ze oba proteiny p64 a p67 transaktivuji expresi
prostrednictvim sekvenci EMS, mohou jim byt spoleéné nékteré biologické funkce. Je
pravdépodobné, ze pokud dojde k naruseni syntézy proteinu p67 v dusledku genetické
mutace nebo prestavby, jako je tomu u Burkittova lymfomu, zasazené bunky ztraceji
rstovou inhibi¢ni odpovéd na chybéjici ziviny, coz pfispiva k onkogenezi.

2.3 c-MycS

Lidské, mysi a ptaci buriky exprimuji kromé proteinl p64 a p67 také mensi proteiny
c-Myc. Tyto zkracené proteiny, ozna¢ované jako c-Myc S, vznikaji pfi leaky scanning na
konzervovanych kodonech AUG za iniciaénimi misty pro p64 a p67 v exonu 2 (78). c-Myc
S postradaji vétSinu N-koncové transaktivacni domény, ale zachovavaji si C-koncovou
dimerizani a DNA vazebnou doménu Obrazek 2. Stejné jako proteiny p64 a p67 jsou i
proteiny c-Myc S lokalizovany v jadre, jsou relativné nestabilni a fosforylované. Vyznamné
hladiny c-Myc S, které se Casto blizi hladinam p64 a p67, jsou pfechodné pozorovany
béhem faze rychlého rustu nékolika rlznych typld bunék (78). Proteiny c-Myc S nejsou
schopny aktivovat transkripci a inhibuji p64 a p67, coz naznacuje jejich dominantné
negativni inhibiéni funkci (79). ACkoli by se neoCekavalo, ze tyto inhibitory transkripce
budou fungovat jako p64 a p67, vyskyt nadorl, které exprimuji konstitutivné vysoké
hladiny c-Myc S, a jejich pfechodna syntéza béhem rychlého rlstu bunék naznacuji, Zze
tyto proteiny nezasahuji do rist stimulujicich funkci p64 a p67. c-Myc S si tedy zachovava
schopnost podporovat bunéénou proliferaci navzdory ztraté vétsiny transkripéni aktivacni

domény (78).



2.4 MycHex1 a mrtl

Dlkaz o existenci vnitfniho ribozomalniho vstupniho mista (IRES) uréeného
vyhradné k usnadnéni translace proteinu MycHex1 vyvolalo zajem o fyziologickou ulohu
mRNA c-Myc PO a proteinu MycHex1 (63). Jak mrtl, tak MycHex1 se vyskytuji pouze u
primatl na rozdil od c-Myc, ktery je zachovan u vS$ech obratlovcl. mrtl i MycHex1 jsou
relativné bazickeé proteiny s pl 8,65, respektive 11,87. mrtl je tvofen 114 aminokyselinami
(12,5 kDa) a je bohaty na arginin. N-koncova oblast je velmi hydrofobni a pfedpoklada se,
ze slouzi jako jedind transmembranova doména (40) Obrazek 2. Hydrofobni oblast je
prerusena radou nabitych aminokyselin (RSER). Vnitini iniciaéni kodon potencialné
umoznuje syntézu o néco mensi izoformy mrtl, oznacované mrtx (98 aminokyselin; 10,8
kDa), ktera postrada vétsi ¢ast transmembranové domény. Ve stfedni oblasti proteinu se
nachazeji dvé myristoylaéni mista, kterd by mohla dale usnadriovat membranovou
asociaci mrtl. C-koncova sekvence obsahuje nékolik stfidavé kladné a zaporné nabitych
zbytkll a vykazuje znaénou homologii s fadou proteini vazajicich RNA (40).
Pravdépodobné slouzi jako interakéni doména s jinymi proteiny (80). Jsou zde Ctyfi mista
pro potencialni fosforylaci serinovych zbytkl (konsensualni substraty pro PKC,
kaseinovou kinazu I, PKA a PKG), z nichz dvé se nachazi uprostfed nabitych zbytk( C-

koncové domény (40).

Vyznamnd je rovnéz regulace exprese c-Myc na translacni urovni (73,81,82).
Prirozena syntéza mrtl in cis z mRNA c-Myc umistuje mrtl do bezprostfedni blizkosti
regulacnich sekvenci fidicich uc€innost translace c-Myc. Hlavni determinantou translacni
regulace c-Myc je IRES, ktery se nachazi v 5" UTR mezi kédujicimi sekvencemi mrtl a c-
Myc (83,84). Jednou ze zajimavych moznosti je, Ze mrtl mize regulovat translaci c-Myc
prostrednictvim modulace aktivity IRES. Z genetického hlediska jsou mrtl a c-Myc velmi
uzce propojeny, takze amplifikace genu nebo chromozomaini translokace zahrnujici c-
Myc ¢asto mohou zahrnovat i kddujici sekvenci mrtl (40). Vzhledem ke vztahu mezi mrtl

a c-Myc, Ize predpokladat, ze mrtl miiZze pfispivat k Uloze lokusu c-Myc v onkogenezi.

mrtl se prevazné nachazi v jaderném obalu, endoplazmatickém retikulu a
tubularnich a cisterndlnich strukturdch nukleoplazmatického retikula (40). Vzhledem k

tomu, Ze jaderny obal i drsné ER jsou posety ribozomy, existuje moznost, ze se mrtl mize
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nachazet v tésné blizkosti transla¢niho aparatu, a tedy by se mrtl mohl podilet na regulaci
translace. mrtl je ve velké mife kolokalizovan s iniciacnimi faktory translace elF4G, elF2a

a také s integralnim 40S ribozomalnim proteinem RACK1 (40).

Naproti tomu MycHex1 se nachazi v jadernych loziscich a kolokalizoval s mrtl v
jediném misté v jadfe, oznaCovaném jako centralni cisternalni rezervoar
nukleoplazmatického retikula (85). MycHex1 se vyskytuje v nékolika diskrétnich jadernych
loziscich, ktera kolokalizuji s fibrillarinem a misty znaCenymi protilatkou anti-BrdU (85).
Fibrillarin je ribonukleoprotein a marker nukleoll (snRNP), ktery se podili na zpracovani
ribozomaini RNA (86). BrdU se inkorporuje do DNA, coz naznacCuje, ze tato jaderna
loziska MycHex1 mohou predstavovat mista replikace DNA. Vzhledem k tomu, ze
MycHex1 je vysoce bazicky protein, mize byt spojen bud s DNA anebo RNA, coz

usnadruje bud replikaci, nebo procesovani RNA (85).

Endogenni mrtl a MycHex1 byly koimunoprecipitovany s RACK1, c-Myc,
fibrillarinem, coilinem a mezi sebou navzajem (85). Maji tedy vice interakénich partner( v
jadre a cytoplazmé. Teoreticky se mohou podilet na udrzovani dllezitych proteinovych
komplextli pohromadé. Jak napovida jejich struktura s nékolika stfidavé nabitymi
aminokyselinovymi zbytky. Oba proteiny jsou pomérné bohaté na arginin a serin a

vykazuji homologii s mnoha proteiny vazajicimi RNA (85).

Bunécné jadro je vysoce organizované a obsahuje mnoho odliSnych jadernych
télisek, véetné nukleoll, Cajalovych télisek, jadernych skvrn, paraspekul, télisek PML a
télisek Polycomb (87). Tato jaderna téliska se od okoli neoddéluji membranou, a proto si
mohou volné vyménovat svlj obsah s okolni nukleoplasmou (87). MycHex1 muze tedy
prispivat k sestavovani a stabilité specifickych jadernych télisek. Skute¢nost, ze MycHex1
je schopen homo-oligomerizace, spolu s jeho koimunoprecipitaci s vice predpokladanymi
vazebnymi partnery, by mohla byt v souladu s takovou funkci (88). Nukleoplazmatické
retikulum je siti intranukledrnich membranovych tubulll Usticich do centralniho
cisternalniho rezervoaru (89-93). Je tvofeno hlubokymi invaginacemi jaderného obalu a
jeho obsah je shodny s cytoplazmou. NR poskytuje rozsahlé zvétseni plochy pro kontakt
jadra a cytoplazmy. Lokalizace mrtl v celém jaderném obalu a NR naznacuje, ze by se

mrtl mohl podilet na komunikaci nebo transportu mezi cytoplazmou a jadrem (40).

11



Tubular structure of the mrtl, MycHex1

nucleoplasmic reticulum

MycHex1,

Nuclear foci fibrillarin

Nuclear envelope MycHex1, RNA
processing, DNA

replication

Rough A
endoplasmic —
reticulum o £
o PKR -
S J L inhibitors N\ mrtl -
< MRNAs
o <+«— and
) p64/p67 proteins
Nucleoli transport
Perinuclear ., [RES
space
Max
Central cisternal """" S EER
reservoir of the Max
H Za\ | DANANY
nug:leoplasmlc — EBOX c-Myc mRNAS
reticulum 1\\1\1\1 ON G ear PONORND

Nuclear pores MycS

Max
O\ E sox PONONZ

 C—

mrtl, elF4G,
e ¥ elF2a, RACK1

CYTOPLASM N e

Obrazek 3 Schematické znazornéni interakce a lokalizace izoforem c-Myc. p64/Max, p67/Max,
Myc S/Max a Max/Max transkripcni aktivity na E-box a C/EBP responsivnich elementech jsou

znazornény ve spodni ¢asti obrazku, zatimco lokalizace a funkce mrtl a MycHex1 jsou znazornény

7 w7

v horni &asti obrazku. Vytvoreno pomoci programu BioRender.com a prevzato z Prilohy | (57).

Je dobfe znamo, ze nové syntetizované proteiny, které nakonec budou fungovat
na bunécné membrane, se do membrany ER vkladaji prostfednictvim interakce mezi
signalnim peptidem a Castici rozpoznavajici signal. Lze predpokladat, ze proteiny, jako je
c-Myc, které jsou urCeny pro funkci v jadre, mohou podiéhat analogickému ko-
translacnimu prenosu, pfi némz je syntetizovany protein veden pres jadernou membranu
do nukleoplazmy. Je znamo, ze mRNA c-Myc je obohacena v perinuklearni oblasti, a
vyrazné umisténi mrtl na jaderné membrané a nukleoplazmatickém retikulu spolu s jeho
slabou celkovou homologii s transportnimi proteiny ABC (ATP-binding cassette)
naznacuji takovou funkci (40,94). Kromé specifické regulace translace c-Myc in cis je
mozné, ze mrtl mUze fungovat také in trans a regulovat translaéni u¢innost jinych mRNA.

K voditk(im, Ze fyziologicky uc¢el mrtl v burice miize pfesahovat modulaci c-Myc, patfi jeho
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Siroka distribuce v celé siti ER/NR membran, jeho stabilni akumulace v burikach a jeho
tésna integrace do struktur bunky. Ve skuteénosti mize mrtl hrat dllezitou strukturalni roli
pfi zprostredkovani dynamickych interakci mezi intracelularni membranovou siti, mMRNA
a translaénim mechanizmem (40). Mrtl, ktery plsobi na rozhrani cytoplazmy a jadra, muze
byt velmi dUlezity pro orchestraci cytoplazmatickych procest s reakcemi probihajicimi
v samotném jadre (95).

2.5 Modulace hladiny c-Myc u nddorovych onemocnéni

c-Myc se podili na vzniku rdznych druht nadord a dalSich onemocnéni, mimo jiné
lymfom0, nadord prsu, plic, tlustého stfeva a prostaty. Uloha a vyznam c-Myc se mohou
u rliznych typu onkologickych onemocnéni lisit (9). Vysoké hladiny exprese c-Myc u
nékterych druht nador( koreluji se $patnou prognézou. Casto je spojena s agresivnéjsim
chovanim nadoru, zvySenou pravdépodobnosti metastazovani a rezistenci na [éCbu.
Zmény hladin exprese c-Myc v pribéhu Ié¢by mohou slouzit jako ukazatel odpovédi na
|é¢bu. Sledovani hladin c-Myc mlze pomoci posoudit U¢innost [é¢by a fidit rozhodovani
o lécbe (9).

Transkripéni faktor c-Myc se stal vyznamnym cilem terapeutickych zasah,
zejména v souvislosti s onkologickymi onemocnénimi a dalsimi chorobami (96,97).
Vzhledem k jeho kli¢ové roli pfi podpore tumorigeneze a jeho ¢asté deregulaci u riznych
malignit zkoumali védci dvé zakladni strategie inhibice c-Myc: pfimou inhibici jeho aktivity

a nepfimé pristupy, které moduluji jeho expresi nebo stabilitu (98).

Pfima inhibice zahrnuje vyvoj terapeutik, kterd maji narusit jeho transkripéni
aktivitu, modulovat jeho interakce s kofaktory nebo zpUsobit stabilizaci G kvadruplexu v
jeho promotoru. Tento pfistup je sice naroény kvlli nedostatku dobre definovanych
vazebnych mist na c-Myc, ale slibuje pfesné zacileni na onkoprotein. DalSi strategie v
této kategorii zahrnuji antisense oligonukleotidy (ASO), které cili na mRNA c-Myc a
zpUsobuji jeji degradaci, a miniproteiny navrzené tak, aby blokovaly jeho vazebnou
doménu pro DNA (97).

Na druhé strané se nepfima inhibice zaméfuje na manipulaci s drahami

nadrazenymi nebo podrazenymi c-Myc. Strategie v této kategorii zahrnuji také modulaci
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degradace c-Myc a stability proteinu vétsinou prostfednictvim posttranslacnich modifikaci
(20,99).

Seznam latek patficich mezi pfimé a nepfimé inhibitory c-Myc je shrnut v Tabulka
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Tabulka 1 Seznam latek a kandidatnich IéCiv pfimo a nepfimo inhibujicich c-Myc.

Inhibitory rodiny BET

JQ1, Birabresib (OTX015, MK-8628), Molibresib (GSK525762),
RO6870810 (RG6146, TEN-0), FT-1101 (CC-95775), ZEN-3694,
BMS-986158, AZD5153, BI894999, CPI-0610, GSK2820151,
INCB057643, INCB054329 a GS-5829, TEN-010 , ABBV-075,
PROTACs ARV-771, a ARV- 825

Inhibitory BCR

Ibrutinib, ARQ531

Inhibitor elF4A

Silvestrol

Inhibitory PI3K

Idelalisib, TGR-1202, Fimepinostat (CUDC-907), BR101801

Dinacyclib, TG02, KB-0742,THZ1 a THZ2, aminopyrimidiny,
derivaty triazan(, karbamoyl sulfoximid, 4-(4-fluoro-2-

S Inhibitory CDK methoxyphenyl)-N-1,3,5-triazin-2-amin
% Inhibitory PIM1 AZD1208, SGI-1776, TP-3654 (SGI-9481), MEN1703, PIM447
%‘ KPT-6566, Retinoid ATRA, BJP-06-005-3, Sulfopin, PIM447,
= Inhibitory PIN1 SEL24 (MEN1703)
lg Modulatory PP2A DT-061, FTY720, OP449, Perphenazin, LB-100
w0 Inhibitory SKP2 SZL-P1-41, FKA, Dioscin, SKPin C1
;§ Inhibitory USP7 P22077, XL177A, GNE-6640, GNE6776, FT671
g Inhibitory JAK2/STAT3 MTAP-26, MTAP-27, WP1066, WP1130, a WP1129
Inhibitor NF-kB Guggulsteron
Inhibitor Src kinazy Saracatinib
Aktivatory FBXW7 Oridonin, HAO472
Inhibitory Aurora-A
kinazy Alisertib (MLN8054, MLN8237), CD532
Inhibitor Aurora-B
kinazy AZD1152
Inhibitor PLK-1 BI6727
Inhibitory HUWE1 BI8622 a BI8626
Inhibitory HDAC Entinostat, Tucidinostat, CUDC-907
Stabilizatory G CX-3543, APTO-253, 1ZCZ-3, cationic porphyrins (TMPyP4),
quadruplexu quarfloxin, DM039, ruthenium complexes (Se2Py3, Se2SAP)
g ASO (Antisense
S oligonucleotides) AVI- 4126, MYC-ASO, INX-3280, INX-6295
S | Miniproteiny a OmoMYCs (OMO-103, OMO-1 , FPPa-OmoMYC), Bac- ELP-H1,
§ proteinové domény PNDD1, ME47, Mad, alfa-helix peptid H1
) ME47, EN4, 3jc48-3, pyrazolo[1,5-a]-pyrimidiny (MYCro1,
< MYCro2 a Mycro3), KJ-Pyr-9 (Kréhnkeovy pyridiny), MYCMI-6,
oy MYCMI-7, MYCi975, MYCi361, KSI-3716, MYRA-A, MI1-PD, Kl-
E MS2-008, quinolonové derivaty (KSI-1449, KSI-2302, a KSI-
a 3716), substituované pyrazoly (NUCC-0176242 a NUCC-

Disruptory interakce
Myc/Max

0176248), I1A6B17, 10058-F4, 10074-G5, JY-3-094, JKY-2-169,
SaJM589

Stabilizatory
homodimerd Max/Max

KI-MS2-008, NSC13728
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Pokud jde o pfimé ovlivnéni pomeéru izoforem p64 a p67 malymi molekulami,
provedli Vaklavas a kolegové rozsahly vysokokapacitni screening 135 000 sloucenin
(100). Mezi nimi byl identifikovan inhibitor translace zprostredkované IRES. Struktura a
aktivita tohoto hitu byla vyrazné zlepsena, coz vedlo k vyvoji cpd P. Tento cpd P
zpUsobuje Uplnou ztratu klonogenniho prezivani, masivni bunéénou smrt, terminalni

diferenciaci a smrt nadorovych kmenovych bunék (101).

K objeveni dalsiho modulatoru IRES inhibujiciho translaci c-Myc, pojmenovaného
J007, bylo tfeba otestovat knihovnu 145 000 slou&enin. Usili se rozhodné vyplatilo,
protoZe JOO7 inhibuje proliferaci buné&nych linii mnohocéetného myelomu a rast nadort in
vivo (102). Navic pfi sou€asné aplikaci JOO7 a PP242 (inhibitoru mTOR) vyvolava
bunéénou smrt u glioblastomu rezistentniho na inhibici mTOR (103). Ug&inek J007 na

expresi izoforem p64 a p67 je treba jesté objasnit.

3 Prehled zplsob, kterymi c-Myc ovliviiuje proliferaci

Hladiny mRNA a proteinu c-Myc se méni v zavislosti na tom, zda-li se bunky
Ucastni bunééného cyklu anebo jsou quiscentni. V pfitomnosti ristovych faktorl nebo
jinych stimulll dochazi k velmi rychlému zvySeni hladin c-Myc prostfednictvim
transkripénich a post-transkripénich mechanizm (104). Po aktivaci mitogeny je
transkripce c-Mycu stimulovana hned nékolika signalnimi drahami. Nejc¢astéji se jedna o
Ras/Raf/Mek/Erk, kinazy Akt, Janus, Src, Abl, Ber-Abl (105-112). Oproti tomu, pfi snizeni
hladiny c-Myc, je vysledny efekt antiproliferativni a mize byt napfiklad zplsoben cytokiny
- interferonem-y nebo TGFB (113,114). U mnoha bunéénych typl je snizeni hladiny c-
Myc asociovano s nastupem diferenciace a akumulaci bunék v Go/G1 fazi pfipadné Gz/M
fazi. Rozdil mezi akumulaci v téchto dvou fazich je u riznych bunéénych typl ¢asto davan
do souvislosti s tumor supresory Rb, p53, p16 (115). Vliv c-Myc mUze byt dale omezen
snizenim jeho transkripCni aktivity prostfednictvim vazby s jemu pfibuznymi Mxd proteiny
(Mxd1, Mxi1, Mxd3, Mxd4 a Mnt) (116). Z uvedeného je ziejmé, ze v proliferaci ma c-Myc
nezastupitelnou roli, avsak bylo zji$téno, Ze bunééné déleni mlize byt dokoncéeno i pfi
absenci c-Myc (7). Transkripéni faktor c-Myc fidi transkripci tisicl genl a mezi nimi je
vyznamné zastoupena skupina genl ovliviujicich bunéény cyklus (cyklin D2, cyklin E1,

Cdk4, Cdc25A, E2F1). PUsobeni c-Myc je vyhranéno na jiz aktivni geny s nizkou expresi,
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u kterych svou aktivitou zptsobuje rychly a vyznamny narlst exprese. O c-Myc je dale
znamo, Ze reguluje metabolismus a syntézu nukleotidl a proteinu, tedy véeho nutného

pro uspésnou proliferaci (117-119).

3.1 Transkripéni faktory rodiny E2F a OncomiR-1

Transkripéni faktory rodiny E2F jsou esencialni pro vstup bunék do S faze. Jejich
exprese je indukovana ektopickou expresi c-Myc v quiscentnich burikach. c-Myc se vaze
na E-boxy v promotorech E2F1, E2F2 a E2F3, pfiemz je zcela nezbytny pro uplnou
indukci E2F2 a E2F3 (120). Zaroven v oblasti promotoru genu c-Myc je vazebné misto
pro E2F. Jednim z vyznamnych faktorl s potencialnim vyznamem pro nadorové bujeni je
zpétnovazebna smycka kterou spolecné tvofi geny c-Myc, E2F a klastr miR-17-92,
nazyvany téz OncomiR-1 (121). Deregulovana exprese ¢lent OncomiR-1 ma dllezitou
roli pfi vzniku mnoha solidnich nadorll. Regulaéni mechanizmus c-Myc/E2F/miR-17-92
vytvari rovnovahu mezi proliferaci bunék a bunéénou smrti. Exprese klastru miR-17-92 je
regulovana na transkripcni a posttranskripcni urovni. Transkrip&ni regulace je spojena s c-
Myc, N-Myc, E2F a cyklinem D1 (6). Paralogy Myc se vazou na E-box nachazejici se
1480 bp pfed miR-17-92a. Na druhou stranu dva ¢lenové klastru OncomiR-1, miR-17 a
miR-20 negativné reguluji translaci E2F1, E2F2 a E2F3, ¢imz vytvareji autoregulacni
smycku. Popsanym mechanizmem c-Myc soucasné aktivuje E2F transkripci a omezuje
jeho translaci. Podobné jako c-Myc a N-Myc se rodina transkripénich faktorl E2F, muze

pfimo vazat na promotor miR-17-92a a regulovat jeho expresi (122).

Stézejni regulatory bunécného cyklu jsou ovliviiovany c-Myc prostfednictvim
snizeni jejich exprese indukci ur€itych miRNA. Jedna se napfiklad o Cleny rodin let-7,
miR-15a/16-1, miR-26a a miR-34a (123). miRNA rodiny let-7 pUsobi sniZeni exprese
Cdc25a, Cdk6, cyklinu A, cyklinu D1, D2 a D3 (124). Exprese Cdk4, Cdk6, cyklinu E2 a
E2F je utlumovana miR-34a. miR-15a/16-1 cilené reguluje Cdk6, E2F3, cyklin D1 a D3.
Cykliny D2 a E2 mohou byt reprimovany miR-26a (125). Dale bylo zjisténo, ze c-Myc
indukuje INcRNA H19, ktera stimuluje proliferaci snizenim exprese Rb (126). Transkrip¢ni
faktor c-Myc rovnéz negativné reguluje expresi miR-29b-1 interakci s jeho promotorovou
oblasti. Osa c-Myc/miR-29b-1/CDK je nové popsanym regulaénim mechanizmem, ktery

podporuje proliferaci bunék a pini dllezitou roli v prGbéhu bunééného cyklu (127). Lze
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shrnout, Ze indukce i represe urcitych miRNA zplUsobend c-Myc zasahuje do vSech Urovni
regulace bunééného cyklu a usnadnuje prlichod bunéénym cyklem. Soucasné urcité
mMiRNA reguluji transkripéné a posttranskripéné hladinu c-Myc. Napfiklad microRNA-125a
snizuje hladinu c-Myc na urovni mRNA (128). Zatimco miR33b, miR96 a miR503 reguluji
translaci c-Myc a cyklinu D1 (129). Také miR-184 pUsobi jako nadorovy supresor
prostrednictvim cileni na CDC25A a c-Myc (130).

3.2 Regulace exprese a aktivity komplex( Cdk s cykliny

c-Myc indukuije pribéh G1-S fazi prostrednictvim zvyseni aktivity Cdk1, Cdk2, Cdk4
a Cdk6. Dulezité je, ze c-Myc je schopen zvySit hladiny aktivnich cyklin/Cdk komplex
nejen prostrednictvim aktivace exprese cyklinovych a Cdk gen(, ale také indukci Cdk
aktivacnich kinaz (CAK) nebo fosfatdz (Cdc25), pfipadné represi inhibitorl Cdk kinaz
(Weel) (7).

Ze vsech genud kodujicich Cdk je nejzfetelngj§im cilem transkripéniho faktoru c-
Myc Cdk4. Upregulace Cdk4 byla pozorovana pfi expresi c-Myc v rlizné mife v mnoha
odliSnych bunéénych typech pochazejicich jak z mySich, tak z lidskych bunécnych linii.
Exprese Cdk4 je fizena pfimo vazbou c-Myc na promotor CDK4 (131). Déle bylo zjisténo,
ze se c-Myc vaze na gen Cdk6 a ovliviuje tim expresi Cdk6 mRNA (132). Regulace
exprese Cdk2 prostrednictvim c-Myc je komplexni a v literatufe se vyskytuji protichidné
informace. U Cdk1 je znamo, ze c-Myc spole¢né s Ras nebo cyklinem C indukuje Cdk1 a
bylo identifikovano jeho vazebné misto v promotoru Cdk1 (122,133). Navic c-Myc reguluje
epigeneticky hladiny cyklinu B1 a CDK1 prostfednictvim modulace aktivity TIP60/MOF,
ktery zprostifedkovava acetylaci histonu H4 (134). Bylo zjisténo, ze inhibice Cdk1 je
synteticky letélni s c-Myc (135).

Podobné rozporupliné informace jako v pfipadé Cdk2 nachazime také u cyklinu D1.
Z nékterych studii vyplyva, ze c-Myc aktivuje expresi cyklinu D1, pficemz zjinych je
zfejmé, ze je tomu naopak a nebo, ze nema zadny vliv (136,137). V pfipadé cyklinu D2
se c-Myc vaze na E-box element pfitomny v promotoru cyklinu D2 a zprostiedkovava
acetylaci histonl prostfednictvim TRRAP, ¢imz dochazi k indukci mRNA a proteinu (138).
Timto mechanizmem c-Myc tedy ¢astecné podporuje progresi bunécného cyklu v G1 fazi.

Podobny vztah panuje také u cyklinu D3, ktery rovnéz patfi mezi cilové geny c-Myc. c-
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Myc také upreguluje geny cyklini E1 a E2 u lidskych i mysich bunécnych linii (122)
(4,139). U cyklinu E1 to vustuje k aktivaci komplexu cyklinu E/Cdk2 a indukci syntézy
DNA. Kromé toho miize c-Myc indukovat expresi cyklinu E1 nepfimo prostfednictvim
indukce transkripce E2F. MiZeme tedy shrnout, Ze c-Myc pozitivné reguluje Cdk4/6,
Cdk2, cykliny typu D a E ¢&mz usnadriuje prlichod Gi fazi bunééného cyklu. Pri
downregulaci c-Myc dochazi k zastavé v G1 fazi, ktera mize byt zvracena ektopickou
expresi komplext cyklinu E/CDK2 a cyklinu D1/Cdk4. Zvysena exprese mRNA a proteinu
cyklinu A byla pozorovana pfi upregulaci c-Myc, a kromé toho se zda, ze cyklin A je
nezbytny pro progresi bunééného cyklu zavislou na c-Myc (122) (140). V promotoru
cyklinu B1 bylo také nalezeno vazebné misto pro c-Myc (122,133). Translaci cyklinu B1
c-Myc podporuje prostiednictvim aktivace drahy c-Myc/WDR4/EIF2A/CCNB1(141).

K aktivaci komplext cyklin/Cdk dochazi nejen jejich zvySenou expresi, ale také
posttransla¢ni modifikaci Cdk kindz. To zprostfedkovava napriklad CAK, ktera fosforyluje
T smyCku Cdk (142). CAK je tedy zodpovédna za aktivacni fosforylaci u Cdk1 na Thr161,
Cdk4 na Thr172, Cdk6 na Thr177, které jsou strukturalné ekvivalentni Thr160 v Cdk2
(143). CAK se sklada ze tfi podjednotek cyklinu H, MAT1 a katalytickou ¢ast tvori Cdk?7.
c-Myc podporuje aktivitu CAK zvySenou translaci mMRNA vSech jejich podjednotek. c-Myc
je také schopen vazby na promotor CDK7. CAK je také jednou z podjednotek obecného
transkripcniho faktoru TFIIH, ktery je soucasti preiniciacniho komplexu RNA polymerazy
Il (144). c-Myc rekrutuje Cdk7 k pocatkum transkripce, zvysuje aktivitu CAK a tim zaroven
podporuje iniciaci transkripce, jelikoz dochazi k fosforylaci na Ser5 C-koncové domény
(CTD) RNA polymerazy Il. Cdk7 nasledné podporuje transkripci onkogenu c-Myc, TERT,
RAD51 a Bcl-2 (143).

Aktivita Cdk je regulovana také prostfednictvim inhibi¢nich fosforylaci dvou
konzervovanych zbytk( v blizkosti N-konce, které se nachazeji v ATP-vazebném misté
enzymu. Konkrétné se jedna o Thr14 a Tyr15 u lidskych Cdk1 a Cdk2. Fosforylaci Tyr15
provadi Wee1 (145). Bylo popséno, ze c-Myc i N-Myc indukuji miR-221, ktery cili pravé
Wee1 (146). Experimentalné bylo zjiSténo, ze mezi hlavni geny synteticky letalni s c-Myc
patfi pravé Wee1 a Cdk12 (147). miR-221 také ovliviiuje dalSi signaini drahy tim, ze
moduluje dalsi mRNA, vcetné téch pro tumor supresory Rb, p27 a p57. Pro aktivaci Cdk
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je zapotrebi, aby byly oba zbytky defosforylovany, coz je zvlasté dulezité pfi mitéze
zprostredkované Cdk1. Tento krok ma na starost rodina fosfatdz Cdc25 (148). Cdc25B a
Cdc25C hraji hlavni roli v progresi mezi fazemi Gz2/M, zatimco Cdc25A pomaha pri
prechodu z G1 do S faze (149). Cdc25A, Cdc25B nalezi mezi cilové geny c-Myc a zaroven

Cdc25A je dilezitym prvkem pro c-Myc fizenou apoptézu (150).

3.3 Regulace exprese a funkce inhibitord cyklin-dependentni kindz p21 a p27
Prostfednictvim mnoha mechanizml c-Myc snizuje expresi inhibitoru cyklin-
dependentni kindz p21CPIWAF1 (dale jen p21) (4,5). Jednim znich je interakce s
transkripnim faktorem Miz-1. Zatimco samotny Miz-1 stimuluje transkripci, pfima
interakce s c-Myc transformuje tento transkripcni faktor na transkripéni represor. Interakce
c-Myc/Miz-1 blokuje indukci p21 zprostfedkovanou p53 a v dusledku toho, c-Myc pfispiva
k indukci apoptézy expresi cilovych genu p53: PUMA a NOXA (133). Kromé toho
uvedenym mechanizmem c-Myc také zabranuje diferenciaci hematopoetickych bunék
zprostredkovanou p21. Dale bylo popsano, ze c-Myc a Miz-1 tvori ternarni komplex s DNA
metyltransferazou DMNT3a, a Ze metylace DNA je nutna pro c-Myc zpusobenou represi
genu CDKN1A. To naznacduje, Ze c-Myc mlze utlumit expresi CDKN1A nejen na drovni
transkripce interferenci s Miz-1, ale také epigeneticky aktivnim naborem korepresorovych
protein(l. Existuji dal§i mechanizmy, které umoznuji c-Myc potlacovat p21: (a) c-Myc
spousti signalni kaskadu vedouci k expresi transkripéniho faktoru AP4, ktery se vaze na
motivy v promotoru p21 a zprostfedkovava utlumeni transkripce p21 (151). (b) c-Myc
antagonizuje indukci p21 zprostiedkovanou onkogennim Ras. Upregulace p21 vyvolana
Ras zavisi na SP1 a c-Myc interferuje s transaktivaci promotoru p21 pomoci SP1 (152).
(c) c-Myc interaguje s histonovou demetylazou KDM5B a s transkripénim faktorem
TFAP2C (AP2-gamma) a vytvari s nimi ternarni komplex, ktery potlacuje transkripci p21
(153). Z toho vyplyva, ze c-Myc snizuje expresi p21 jednak metylaci DNA a také
ovlivnénim demetylace histonu H3. (d) c-Myc indukuje skupinu miRNA miR-17-92, do niz
jsou zarfazeny miR-17 a miR-20a cilici na mRNA p21 a PTEN (154). (e) c-Myc pfimo
aktivuje transkripci ZBTB5 (zinc finger and BTB domain-containing 5), ten se vaze na p53
a také s komplexem mSin3A/HDAC1, &imz potlaCuje transkripci p21 a podporuje
proliferaci bunék (155). (f) A koneéné pfi interakci c-Myc s PRMT5 (protein arginin
metyltransferazou 5) dochazi k transkripénimu potlaceni exprese skupiny genu, véetné
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PTEN, CDKN2C (p18NK4C) CDKN1A (p21CIP1/WAFT " CDKN1C (p57XP2) a p63, coz
stimuluje rast bunék (156). OvSem byl popsan i vazebny partner, jenz zabranuje inhibici
promotorové aktivity gent p21 (CDKN1A) a p15 (CDKN2B) pfimou interakci s c-Myc.
Jednd se o TSC-22 (Transforming growth factor-beta stimulated clone-22) (157).

vvvvvv

inhibitor Cdk p27XIP1 (dale jen p27) (3). c-Myc urychluje bunécénou proliferaci,
prinejmensim Caste¢né diky své schopnosti antagonizovat funkci p27. V souladu s tim
vykazuji c-Myc deficientni buriky zvySené mnozstvi proteinu p27. Schopnost c-Myc
prekonat zastavu bunééného cyklu zprostfedkovanou p27 byla prokazéna nejen in vitro,
ale také in vivo (3). Tento antagonisticky uc€inek c-Myc na p27 je mediovan nékolika
mechanizmy: (a) c-Myc potlaCuje expresi p27 na transkripcni urovni (3). (b) c-Myc
indukuje miR-221, miR-222, miR-551b a miR-25, které umicuji p27 mRNA (158). (c)
Komplex cyklinu E-Cdk2 je povazovan za primarni cil p27. c-Myc indukuje cyklin E, ¢imz
se zvySuje hladina komplext cyklin E/Cdk2, které funkéné antagonizuji p27 tim, Ze
podporuji pfechod mezi fazemi G1/S (159). (d) Indukce cyklini D1 a D2, jakoz i jejich
katalytickych partnerd Cdk4 a Cdk6 plsobenim c-Myc, umozriuje sestaveni komplex(
cyklinu D/Cdk4/Cdk86, které sekvestruji p27 a zmirfuji inhibici komplext cyklinu E/Cdk2
(160). (e) c-Myc indukuje expresi nékolika slozek ubikvitin ligadzového komplexu SCFSKP2,
ktery predstavuje hlavni komplex ubikvitinujici p27. c-Myc indukuje Cullin 1, Cks1 a F-box
protein Skp2, tedy podjednotku rozpoznavajici p27 fosforylovany na Thr187 (135). Tato
fosforylace je pfitom nutna pro degradaci p27 proteazomem. (f) Aktivace Cdk1 a Cdk2.
Myc indukuje fosforylaci p27 na Thr-187 prostfednictvim aktivace nejen Cdk2, ale také
Cdk1 (135). Pricemz Cdk2 je ucinnéjsi pfi fosforylaci p27 na Thr187 nez Cdk1 (135). V
nepritomnosti Cdk2 byla fosforylace p27 na Thr187 provadeéna hlavné komplexy cyklinu
A2/Cdk1 a cyklinu B1/Cdk1 (135). Vzhledem k tomu, Ze SCFSXP2 je hlavni ubikvitin ligazou
pro degradaci p27, lze vyvozovat, Ze c-Myc je dullezitym regulatorem hladiny p27
v bunéénych jadrech. c-Myc je vSeobecné chapan jako silny antagonista p27. Coz
odpovida i zjisténi, ze exprese p27 je u lidskych nadorovych onemocnéni Casto snizena
a nizké hladiny p27 souviseji se Spatnou progndézou. Vyznamna souvislost byla odhalena
mezi konstitutivni expresi c-Myc, ztratou p27 a inaktivaci tumor supresorového genu axin
1 (161). Chemicka inhibice Cdk1 a Cdk2 byla dfive identifikovana jako synteticky letalni s
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nadmérnou expresi c-Myc nebo N-Myc. Protoze proapoptoticky ucinek c-Myc za
suboptimalnich podminek je dobfe znam, Ize si predstavit, ze inhibice Cdk1 a Cdk2 by
vedla ke zvySenému p27, a tim k odhaleni apoptotickych vlastnosti c-Myc (135). Déle u
karcinom( vykazujicich nadmérnou expresi c-Myc dochazi pfi inhibici PRMT5 k up-
regulaci p27 a v dusledku také k antiproliferatnimu ucinku PRMTS5 inhibitorl (162).
Rovnéz byly popsany miRNA, které dokazi indukovat expresi p27. Napfiklad miR-124, tak

¢ini pfimo vazbou na promotory p27 a c-Myc (163).

3.4 0Ovlivnéni replikace DNA a stability genomu

c-Myc indukuje geny pfimo souvisejici s replikaci DNA. Komplex rozpoznavajici
poCatek replikace (ORC) je vysoce konzervovany komplex, sestavajici ze Sesti
podjednotek, nezbytny pro zahajeni replikace DNA u eukaryotnich organismd. Rada gend
ORC, jako napi. ORC1, ORC2, ORC4 a ORCS5 byla identifikovana jako cile transkripniho
faktoru c-Myc (164). Dalsim cilem c-Myc je gen kédujici protein Cdc6 (Cell Division Cycle
6), ktery je nezbytny pro iniciaci replikace (164). c-Myc také indukuje geny kddujici MCM
(minichromosome maintenance) napf. MCM3, MCM4, MCM5 a MCM6 (122). MCM2-7,
tvori rodinu Sesti pfibuznych protein(i potfebnych pro zahajeni replikace DNA a elongaci.
Spolec¢né tvofi heterohexamerni komplexy MCM a plsobi jako helikaza lokalizovana v
replikacni vidlici. Jsou klicovou slozkou prereplikacniho komplexu. Také gen kédujici
Cdt1, ktery je hlavnim proteinem pre-replikaéniho komplexu, je zafazen mezi cilové geny
c-Myc (165,166). c-Myc stimuluje replikaci DNA nezavisle na transkripci a interaguje
s pre-replikacnim komplexem. c-Myc se pfimo relokalizuje do mist po&atkl replikace
DNA. Deplece c-Myc zpomaluje replikaci v dusledku nedostate¢né iniciace replikace.
Naopak zvysena hladina c-Myc iniciuje pfed¢asny vznik pocatkl replikace a zvysuje jejich
hustotu, coz nasledné vede k asymetrické progresi replikacnich vidlic (167). Tyto
informace nam naznaCuji pro€ je nasledkem deregulace c-Myc replikaéni stres a
poskozeni DNA, coz bylo pozorovano jiz na nékolika modelech (145). PoSkozeni DNA
soucasné s drahami regulujicimi replikaci DNA jsou cilovou slabinou u nadoru fizenych
c-Myc (145). Je zndmo, ze replikace DNA je prfisné kontrolovana, aby k ni béhem
bunécného cyklu dochazelo pouze jednou. Funkce proteinu Geminin spociva v tom, ze
zabranuje tomu, aby béhem fazi S, G2 a Casnych fazi M dochazelo k replikaci DNA (168).
Geminin brani helikazam MCM vytvaret pre-replikaéni komplexy. Geminin je od anafaze
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az do faze Gi cilené degradovan komplexem podporujicim anafazi (APC/C), v pozdni S-
fazi snizuje expresi tohoto proteinu miR-571. Pozoruhodné je, ze c-Myc potlauje expresi
miR-571 pfimou vazbou na promotor miR-571. Na zacatku S-faze Cdk2 fosforyluje c-Myc
na serinu 62, ¢imz podporuje jeho navazani na promotorovou oblast miR-571. c-Myc timto
mechanizmem ovliviuje stabilitu a integritu genomu (168). c-Myc také aktivuje helikazy
Cdc45-MCM-GINS (CMG) na mistech replikacnich pocatkl. A dokonce reguluje i expresi
CMG helikaz prostiednictvim svého transkripéniho cile proteinu MINA53 (c-Myc-
indukovany jaderny antigen) (169). c-Myc indukuje dekondenzaci chromatinu v téchto
mistech a usnadnuje pristup k chromatinu v replikacnim pocatku. Pfi dekondenzaci
chromatinu pomahaji c-Myc jeho interakéni partnefi GCN5, Tip60 a TRRAP. c-Myc ma
tedy podstatnou ulohu pfi iniciaci replikace DNA. c-Myc spole¢né s ETV5 (ETS varianta
transkripcniho faktoru 5) a Max také aktivuje transkripci lidské telomerazy (hTERT), coz
mUze pfispivat k udrZzeni schopnosti neustalé proliferace u nadorovych bunék (170-173).
Prostfednictvim fyzické vazby na c-Myc TSC-22 rovnéz zvysuje aktivaci promotoru TERT
(157). V neposledni radeé je tieba opét zminit, ze nejen Cdk1 a mitotické cykliny, ale i dalsi

geny kddujici proteiny potfebné pro mitézu jsou regulovany c-Myc.

Komplex podporujici anafazi/cyklosom (APC/C) je E3 ubikvitin ligaza sestavajici
z mnoha podjednotek. APC/C je nezbytna pro spravné dokonceni mitozy, jelikoz fidi
destrukci klicovych mitotickych regulatort, jako jsou napf. cyklin B1, Geminin a securin
(inhibitor separazy, ktery je nezbytny v pribéhu anafaze). c-Myc indukuje prostfednictvim
vazby na promotor geny kodujici tfi podjednotky APC/C: Anapch, Cdc16 a Cdc23 (174).
c-Myc ovliviiuje mnozstvi securinu nejen prostrednictvim upregulace podjednotek APC/C,
ale také potlacenim genu pro securin (PTTG1), coz naznacuje jeho vyznamnou roli v
mitotické kontrole. Soucasné bylo popsano, ze existuje zpétnovazebna regulace, béhem
které je exprese c-Myc fizena jednou z izoforem securinu (175-178). Na druhé strané
bylo také zaznamenano, ze c-Myc potlacuje gen Anapc2 (dalSi slozka komplexu APC/C)
a Cdc20 (koaktivator APC/C). c-Myc stimuluje prechod pres kontrolni bod sestaveni
vieténka podporou degradace securinu a mitotickych cyklin(. Ridi totiz transkripci
ubikvitin-konjugujicihno enzymu 2C (UBE2C) a Derlinu-1, které jsou nedilnou soucasti
ubikvitinového proteazomového systému (179-181). Kromé toho c-Myc také pfimo
aktivuje expresi BubR1, MAD2 a MAD2L1, represori APC/C, coZz souvisi s
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chromozomalni nestabilitou (182,183). c-Myc reprimuje nadorovy supresor miR-28, coz
je druhy zpusob vedouci kindukci hladin proteinG MAD2, MAD2L1 a BAG1 (Bcl2-
asociovany atanogen) (184). Tedy role c-Myc v rdmci mitotické progrese je stimulacni,
véetné jeho podpory replikace DNA, ktera je zrychlena do té miry, Ze mlzZe nastat

poskozeni DNA a replikacni stres.

4 c-Myc jako onkogen fidici bunécnou smrt

Proapoptotické ucinky c-Myc jsou znaéné omezeny u nadorovych bunék
v porovnani s jim korespondujicimi netransformovanymi burikami. Pojdme si spole¢né
projit tfi dlilezité koncepty spojujici c-Myc s apoptdzou. (a) Pfi rozhodovani o bunééné
odpovédi na c-Myc je dulezita hlavné hladina expese a jeji kinetika (185). (b) Bunééna
odpovéd na zvySenou hladinu c-Myc je z velké ¢asti podminéna prostredim, ve kterém se
bunka pravé nachazi. Napfiklad buriky se zvySenou hladinou c-Myc nachazejici se
v prostfedi s pfimeérenymi koncentracemi rlistovych faktor(i reaguji rychlejsi proliferaci,
zatimco tytéz bunky, v podminkach s omezenym mnozstvim rlstovych faktort podstupuiji
apoptozu (14). Schopnost signalnich drah ristovych faktorl pfepinat pfi bunééné reakci
na c-Myc mezi proliferaci a apoptézou v sobé skryva slibny terapeuticky potencial pfi
cileni na malignity se zvySenou expresi c-Myc. Toto je ¢astec¢né zplisobeno tim, Ze u
normalnich bunék existuje zpétnovazebna smycka, ktera pfi deprivaci ristovych faktor(
snizuje expresi c-Myc, kdezto u nadorovych bunék tato zpétna vazba neexistuje. Tento
mechanizmus byl zminén ve studii McMahon (2014) (14). Aktivace exprese podminéné
alely c-Myc ve fibroblastech zbavenych rlstovych faktorl je dostate¢na k vyvolani
apoptdzy bez ohledu na fazi bunééného cyklu, ve které se fibroblasty prave nachazeji. (c)
Poslednim klicovym konceptem je, ze normalni buriky maji zachovany mechanizmy, které
jim umoznuji vnimat zvySenou hladinu c-Myc a reagovat na ni apoptézou. Naopak
transformované bunky ¢asto ziskavaji schopnost odolavat apoptotickym Ucinkim zvysené

hladiny c-Myc a reaguji pouze na jeho proproliferacni signaly (186).

Domény c-Myc proteinu nezbytné pro zahajeni apoptézy se pomérné dobre
prekryvaji s doménami potfebnymi pro dalSi znamé aktivity c-Myc (napr. transformace,
vazba na DNA, dimerizace s MAX a transkripéni aktivace). Jsme tedy svedky paradoxu,

ze nejsilngjSi proproliferacni Cinitel kddovany v nasem genomu patfi rovnéz mezi
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nejsilngjSi spoustéCe bunééné smrti (14,187). Schopnost c-Myc (a nékterych dalSich
onkoprotein(l, jako jsou E2F a E1A) vyvolat bunéénou smrt je nékdy oznacovana jako
latentni tumor supresorova aktivita (188). ZvySend exprese c-Myc spolecné s jeho
zvySenou aktivitou, je témer univerzalnim znakem lidskych nadorovych onemocnéni. Po
provedeni mnoha studii bylo dosazeno fady dllezitych pokrokl v nasem chéapani toho,
jak se burika rozhoduje, zda bude reagovat na aktivaci c-Myc proliferaci, nebo zapojenim
apoptotickych drah. Tyto mechanizmy jsou vzdjemné propojené a vétSinou zahrnuji
nektery aspekt proapoptotické drahy p53, pfipadné drahy Bcl-2 podporujici naopak
prezivani a nebo obou drah (14). Nasleduji pfiklady kliCovych pozorovani, ktera spojuji c-
Myc také s dalSimi apoptotickymi regulatory.

4.1 Soud&asnd aktivace c-Myc a Bcl-2 pohdni tumorigenezi a brzdl bunéénou smrt

Pomoci genetickych studii onkologickych pacient a experimentalnich modell bylo
prokazano spojeni mezi onkoproteiny c-Myc a Bcl-2. V lidskych nadorech je c-Myc Casto
nadmérné exprimovan v dusledku amplifikace nebo translokace. Vétsinou jsou tyto zmény
doprovazeny prestavbami v lokusu Bcl-2. To bylo doloZeno napf. u B-bunéénych lymfomu
s translokaci IGH: Bcl-2 nebo u fuzi IGH:c-Myc & amplifikaci c-Myc (189). Podobné
translokace lokusu Bcl-2 u folikularnich lymfomd nasledovana prestavbou c-Myc zvySuje
agresivitu onemocnéni (190). U fady dalSich typl nadorl bylo zaznamenano souc¢asné
zvySeni hladin c-Myc a Bcl-2. Z téchto shromazdénych poznatkl se nejcastéji vyvozuje
zavér, ze lidské nadory jsou schopny tolerovat apoptotické Uc¢inky zplsobené zvysenou
aktivitou c-Myc pouze tehdy, pokud soucasné omezily apoptotickou drahu nadmeérnou
expresi Bcl-2, tedy proteinu znacné stimulujiciho drahy umoznujici preziti bunék. To
naskytd moznost vyuziti latek, které antagonizuji Bcl-2, k odhaleni skuteénych
apoptotickych uc¢inki nadmeérné exprese c-Myc. Tato hypotéza byla zakladem studie, pfi
niz byly testovany na DHL/THL DLBCL (difuzni velkobunécny B-lymfom s dvojitym
zasahem (DHL)) bunécénych liniich inhibitory bromodoménovych extra-terminainich
proteinil (BETi), které vyrazné snizuji transkripci c-Myc, inhibitory Bcl-2 a jejich
kombinace. Pravé kombinace cilici na c-Myc a Bcl-2 souasné dosahla nejlepSiho
terapeutického Ucinku, coz poukazuje na zavislost DLBCL na onkogennim pUsobeni c-
Myc (191). V pfipadé DHL DLBCL jsou c-Myc a Bcl-2 nadmérné exprimovany jednak kvuli

jejich soucasné translokaci a také vlivem dvou izoforem Ca2+/kalmodulin-dependentnich
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protein kinaz 1l & (CAMKIIB), a y (CAMKIly). CAMKII stabilizuji protein c-Myc
prostrednictvim posttranslacni modifikace a zvySuji expresi Bcl-2. Inhibice CAMKIIS a
CAMKIly by mohla byt u DHL DLBCL terapeuticky pfinosna (192). Jelikoz promotory Bcl-
2 a c-Myc obsahuji G-kvadruplexy, byly na tyto struktury cilené navrzeny a posléze také
testovany inhibitory. Jejich vlivem dochazi k zastavé bunééného cyklu ve fazi S,
poskozeni DNA a nasledné apoptéze (193,194). U DLBCL byla v souvislosti s c-Myc
rovnéz zaznamenana zvysena oxidativni fosforylace a cileni na komplexy
mitochondridlniho elektronového transportniho fetézce sou€asné s inhibici Bcl-2 nebo
Mcl-1 poskytuje dalSi nadéjny pristup pfi Ie€bé tohoto agresivniho typu lymfomu (195). Je
potfeba také zminit, ze rozsahlé, ale stale korelativni udaje, které naznacuji, ze nadmérna
exprese Bcl-2 je promotorem transformace zprostfedkované c-Myc u lidskych nadord,
byly jesté vice spojeny diky znamenitym zvifecim experimentalnim modelim. Napfiklad
u klasického modelu transgenni mysi Epy-myc se letalni lymfomy objevuji ve véku 6
mésicll (196,197). Zatimco transgenni mysi Bcl-2/c-Myc podléhaji lymfoblastické leukemii
obvykle béhem nékolika dnl po narozeni (198). Naopak po vyfazeni alely Bcl-2 u
transgennich mysi s c-Myc dochazi k indukci masivni apoptdzy, coz dale podporuje teorii,
ze nadmeérna exprese Bcl-2 je nutna k zablokovani apoptotického programu také u
experimentalnich zvifecich modell s vysokou expresi c-Myc (199).

4.2 Regulace apoptézy v rukou c-Myc a rodiny BCL

Translokace genu c-Myc do jednoho z lokust imunoglobulinovych genl je prvotni
transformacni udalosti u Burkittova lymfomu. Avsak alela c-Myc v téchto lymfomovych
burikdch muze ziskat sekundarni missense mutaci v oblasti fosfoakceptorové domény.
Tato doména se podili na fadé podstatnych aspektl funkce c-Myc, véetné regulace jeho
stability (200). Kromé této role je znamo, ze pfinejmensim jedna z nejCastéjSich mutaci,
T58A, ma dramaticky vliv na schopnost c-Myc indukovat apopt6ézu. Protein c-Myc s T58A
ma nejen zvyseny transformacni potencial, ale zaroven snizenou schopnost indukovat
apoptozu (201). Studie na zvifecich modelech prinesly dalSi poznatek a to, ze nadory
indukované alelou T58A c-Myc jsou letalnéjsi, nez-li nadory indukované WT c-Myc. Bylo
dokazano, ze snizeny apoptoticky potencial alely T58A souvisi s poruchou schopnosti c-
Myc indukovat expresi Bim, proapoptotického ¢lena rodiny BCL (202). Prozatim zUstava

nejasné, jak mutace T58A reguluje expresi Bim. Teoreticky je mozné, ze se za tim skryva
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omezena degradace T58A c-Myc, jelikoz prave fosforylace T58 je ur€ujici pro degradaci
c-Myc ubikvitin-proteazomovym systémem. Deregulace exprese specifickych miRNA
mohou narusit hladiny a rovnovahu mezi c-Myc a Bim. Napf. miR-34a zvySuje hladiny
proteinll c-Myc a Bim a v disledku exprese této miRNA byla zaznamenana zvysena
citlivost nadorl k cisplatiné (203). c-Myc také Fidi expresi miR-19a a miR-19b, které
potlacuji produkci Bim (204). Vazebni partnefi c-Myc rovnéz ovlivhuji regulaci Bim. Bylo
pozorovano, Ze inhibitor proteazomu bortezomib, nejen Ze zamezuje degradaci protein,
ale zaroven vyznamné zvySuje hladinu proteinu c-Myc. c-Myc pak interaguje s
transkriptnim faktorem EGR1 a vznikly heterodimer se vaze na promotory
proapoptotickych genli NOXA a Bim. Heterodimer stimuluje jejich transkripci, coz vede
k bunécné smrti (205). Schopnost proliferace normalnich a neoplastickych B lymfoidnich
bunék fizenych c-Myc zavisi také na transkripénim represoru Mnt. Mnt pUsobi na c-Myc
tim, ze potlacuje c-Myc fizenou apoptézu primarné snizenim hladiny proapoptotického
Bim. U Ep-Myc mysSiho modelu Burkittova lymfomu, ktery simuluje translokaci c-Myc/IGH,
homozygotni delece Mnt vyrazné indukovala apoptdézu (206,207). Existuji rozliéné
mechanizmy, kterymi c-Myc indukuje apoptézu. Nékteré studie provadéné na mysich
uvadéji stabilizaci p53 zprostredkovanou p1947F coz je mysi ekvivalent lidského p14ARF,
po niz nasleduje indukce proapoptotickych BH3 only proteind NOXA a PUMA, zatimco
jiné tvrdi, Ze dochazi k pfimé regulaci BH3 only proteinu, zejména Bim. Tyto rozporuplné
teorie byly testovany na in vitro a in vivo modelech a byla zjiSténa nutnost ucasti proteinu
Bim béhem apoptézy vyvolané c-Myc (208). Lymfomageneze v pfitomnosti
deregulovaného c-Myc vyzaduje potlaceni proapoptotickych ucinkl tohoto transkripéniho
faktoru, Casto prostfednictvim downregulace Bim. To bylo pozorovano v souvislosti
s EBV. Transkrip¢ni faktory kdédované virem Epsteina-Barrové (EBV) EBNA2, EBNA3A a
EBNAS3C aktivuji c-Myc a umicuji Bim (209). Proliferace indukovana EBV vyvolava také
senescenci bunék zprostiedkovanou p16'NK4A g p14ARF EBNA3A a EBNA3C spolecné
potlacuji p16'NK4A g p14ARF coz umoznuje nepretrzitou bunécénou proliferaci (210). Ve
studii Delbridge et al., (2015) porovnali disledky soucasné ztraty anti-apoptotického Bclx
a pro-apoptotického Bim na c-Myc indukovanou lymfomagenezi (211). Zatimco pouze
ztrata obou alel Bclx vyrazné predchazela tumorigenezi, ztrata jediné alely Bim tuto
blokadu prekonala. Naopak ztrata i jediné alely Bim staCila k vyraznému urychleni
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lymfomageneze a pouze ztrata obou, ale nikoli jediné alely Bclx, mohla toto urychleni
zmirnit (211). Coz poskytlo dikaz, ze mirné monoalelické zmény v expresi alespor
nékterych BH3 only proteinl mohou zasadné ovlivnit tumorigenezi. Aberace, vynucené
epigenetickymi nebo genetickymi zménami, mohou urychlovat tumorigenezi uc¢inngji nez
zvysena exprese proproliferativnich ¢lenl rodiny Bcl-2. Tyto poznatky prohlubuji nase
znalosti o mechanizmech lymfomageneze a pfipadné také o terapii nadorovych

onemocneni (211).

Dale byla zkoumana souvislost mezi regulaci drahy Bcl-2 a apoptotickymi ucinky
c-Myc, pficemz byl identifikovdn BAG-1, pfimy transkripéni cil c-Myc. BAG-1 je
chaperonem Bcl-2 a ma tedy pozitivni efekt na preziti bunék (212). Tento efekt méa ovéem
pouze nejkratSi ze tfi izoforem nazvana BAG1S (213). Ztrata i jediné kopie genu BAG-1
snizuje u zvifecich nadorovych modell jejich tvorbu, pravdépodobné diky zvysené
apoptoze vznikajicich nadorovych bunék (214). Indukce BAG-1 pomoci c-Myc je kritickou
udalosti pfi tlumeni apoptotickych U¢inkd, které jinak plsobi nadmérna exprese c-Myc
(215). Modulace rovnovahy mezi prozivotnim a proapoptotickym ucinkem v draze BCL je
dulezitym prostiedkem, kterym c-Myc fidi své biologické Ucinky. V ramci této drahy
existuje vice uzlll, které by mohly slouzit jako terapeutické cile pro latky, jejichz zplsob
ucinku zahrnuje aktivaci apoptotického potencialu c-Myc. Kromé primého ovlivnéni
transkripce BAG-1 reguluje c-Myc expresi tohoto chaperonu skrze tumor supresorovou
miR-28. c-Myc blokuje syntézu miR-28, ¢imz navysSuje expresi nejen BAG-1 ale také
MAD2 a MAD2L1 (184).

4.3 Aktivita c-Myc urcuje jeho apoptoticky potencidl

Vyznamny pokrok v nasem chapani rozdilu mezi proliferaci a apoptézou fizenou
c-Myc pfinesly studie in vivo, které provedli Murphy et al. (2008) (216). Pouzili totiz
systém, ve kterém Ize hladinu c-Myc libovolné ménit. Po mirném zvysSeni hladiny c-Myc
byla podle oCekavani podporena proliferace. Naproti tomu silnd nadmérna exprese c-Myc
vedla k dramatickému zvySeni apoptdzy. Vzhledem k roli c-Myc jako transkripéniho
faktoru navrhli Murphy et al. dvé zajimavé alternativy, které by mohly vysvétlit, jak mirné
a extrémni hladiny ektopického c-Myc vedou k odliSnym biologickym vysledkim. Za prvé,

velmi vysoké hladiny c-Myc mohou zapojit novou sadu cilovych genl c-Myc, které nejsou
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s proapoptotickymi funkcemi. Alternativné mize c-Myc zapojit stejny soubor cilovych
genl bez ohledu na Uroven exprese a méni se pouze rozsah transkripce cilovych gend.
V tomto pfipadé by mirné zvyseni c-Myc, ackoli vede ke zvySené transformaci, mohlo
také zapojit apoptoticky mechanizmus na nizké urovni. DalSi studie ukazuji, ze c-Myc
funguje spiSe jako obecny zesilovac jiz existujicich transkripénich program( nez jako
Cinitel, ktery pfimo diktuje odliSné a cilené transkrip¢ni vysledky (217,218). Stoji vSak za
zminku, ze konstitutivni aktivace alespon urcité urovné apoptozy pfi mirnych i extrémnich
hladinach c-Myc je v souladu s historickymi zjisténimi, jak v in vitro modelech, tak i ve
vzorcich lidskych nadorl. Populace bunék Casto vykazuji soucasné vysoky mitoticky

index a vyznamny podil apoptotickych bunék (219).

Znacna ¢ast apoptotického potencidlu c-Myc zavisi na nasledné aktivaci p53 (220).
Nadorovy supresor p53 je mutovan u ~50 % lidskych nadorl. p53 je aktivovan radou
podnétl a reguluje nékolik bunéénych procesl, véetné apoptotické bunééné smrti,
zastavy bunééného cyklu, senescence a opravy DNA. p53 indukuje apoptézu
prostiednictvim transkripéni indukce proteind PUMA a NOXA a zastavu bunééného cyklu
prostrednictvim p21. Indukce téchto procesl byla navrzena jako rozhodujici pro potlaéeni
nadord zprostfedkované p53. Tyto cilové geny p53 a procesy, které reguluji, vSak mohou
mit na vznik nadorl rdzny vliv v zavislosti na onkogennich plvodcich. Napfiklad ztrata
PUMA zvysuje u mysi vyvoj lymfom0 zavislych na c-Myc, ale je zajimavé, Ze toto urychleni
bylo méné razantni ve srovnani s urychlenim zplsobenym ztratou, byt jediné alely p53.
U mysi Ey-Myc, které postradaji p21 i PUMA (Ep-Myc;Puma);p21t-), se lymfom vyviji
srovnatelné rychle jako u zvifat Ey-Myc;Pumat”. V obou pfipadech s vyrazné delsi
latenci nez u mysi Ep-Myc;p53t+-). Ztrata p21 nema zadny vliv na pocet, prezivani ani
prabéh bunéénym cyklem u pre-leukemickych B-lymfoidnich bunék Ep-Myc, a to ani pfi
soucasné ztraté PUMA. Tyto vysledky ukazuji, Ze i v kontextu deregulované exprese c-
Myc musi pravé p53 potlaovat rozvoj nadorl aktivaci procesl vedoucich k apoptdze
(221). Pri aktivaci onkogenl je p53 stimulovan k zahajeni apoptdzy cestou, ktera zahrnuje
zvysenou funkci nadorového supresoru p14ARF/CDKN2A, ktery nasledné blokuje inhibitor
p53 MDM2 (222). Vzhledem k tomu, ze ztrata p53 je u lidskych malignit velmi ¢astym

jevem, jsou dUsledky pro apoptdzu Fizenou c-Myc Siroké. Ac¢koli bylo provedeno jiz mnoho
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studii, mezi nejelegantnéjsi priklad, ktery dobife charakterizuje roli p53 v nadorech
vyvolanych c-Myc, patfi vySe zminény model transgenni mysi Ey-myc. Na tomto modelu
bylo uc¢inéno nékolik dllezitych pozorovani, ktera spojuji tumorigenezi se snizenou
apoptotickou aktivaci p53. Sestimésiéni doba latence nadorl u transgenniho mysiho
modelu Ey-myc naznacuje, ze po nadmeérné expresi c-Myc musi dojit k sekundarnim
genetickym zménam v lokusech tumor supresorovych genud (196,197). Je zajimavé, Ze
tato zvifata vykazuji v mladi vysokou Urover apoptdzy u B-lymfocytl coz naznacuje, ze
proapoptotickd odpovéd na zvyseny c-Myc je zodpovédna za udrzeni nadorl pod
kontrolou. U velkého procenta nadorll, které nakonec u téchto zvifat vzniknou, tato
sekundarni genetickd zména zfejmé inaktivuje drahu p53 (50). K této inaktivaci dochazi
zhruba ve stejném poméru mutacemi bud v samotném p53, nebo v lokusu p14ARF. K
inaktivaci této drahy u nékterych zvirat prispiva také nadmeérna exprese MDM2. Kromé
toho cilena delece jedné nebo obou alel bud p53, nebo p14ARF rovnéz vyrazné urychluje
tvorbu nadorl. Podobna zjisténi byla jiz dfive zaznamenana také u bunécnych kultur. Tyto
a mnohé dalsi priklady jasné ukazuji, ze pfinejmensim v nékterych situacich se silny
apoptoticky potencidl c-Myc prosazuje prostrednictvim osy p14ARF/p53. Kromé toho
schopnost obejit aktivaci této drahy prostrednictvim c-Myc pohani Casté zmény, které
vznikaji v p53, p14ARF MDM2 a dalSich regulacnich proteinech béhem progrese nadoru.

Ackoli je represe p53 v nadorovych burikach Casto spojena se ztratou ARF,
odhalujeme zde alternativni mechanizmus, kdy c-Myc inaktivuje p53 prostrfednictvim
pUsobeni c-Myc-inducibilni dlouhé nekddujici RNA inaktivujici p53 (MILIP). MILIP funguje
tak, ze podporuje polyubikvitinaci a obrat p53 snizenim SUMOylace p53 prostfednictvim
potlaceni TRIML2. ZvySena transkripce MILIP je pozorovana u rGznych typl nadorl a
ukazuje se, ze podporuje nadorovou aktivitu bunék a bunécné déleni (223). Nedavno bylo
zjisténo, ze c-Myc pfimo aktivuje transkripci ZBTB5 (zinc finger and BTB domain-
containing 5), coz je protoonkogen, ktery stimuluje bunécnou proliferaci. V pritomnosti
p53 ZBTB5 interaguje s p53 a acetylace na K597 ZBTBS je blokovana. ZBTB5 bez
acetylace na K597 interaguje s mSin3A/HDAC1, &imz potlacuje transkripci p21/CDKN1A
a podporuje proliferaci bunék. V nepritomnosti p53 je ZBTB5 acetylovan na K597 interakci
s p300 a aktivuje transkripci NOXA, ktera indukuje apoptdzu. Rozhodovani o osudu buriky
za ucasti c-Myc zavisi tedy také na ZBTBS5, p53, p300 (155). Nové byly také objeveny
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mechanizmy regulace transkripce c-Myc, které moduluji zaroven i drahu p53. Jednim
z nich je napfiklad histonova H3K9 demetylaza KDM4C, ktera se vaze na promotor c-Myc
a indukuje jeho expresi. KDM4C potlaCuje proapoptotické funkce p53 demetylaci p53
K372me1, ktera je kliCova pro stabilitu chromatinové vazaného p53. Inhibice KDM4C
naopak podporuje expresi cilovych genu p53 a indukuje apoptézu. KDM4C muze slouzit
jako onkogen prostrednictvim dvoji funkce inaktivace p53 a aktivace c-Myc. Omezeni
aktivity KDM4C je slibnou terapeutickou strategii (224). Jako druhy pfiklad nam muze
poslouzit izoforma metalothioneinu MT1G, jejiz nadmérna exprese potlacuje proliferaci,
migraci, invazi a podporuje apoptézu. ZvySena exprese MT1G snizuje expresi c-Myc, ale
soucasné zvySuje expresi p53. Vysoka hladina c-Myc potlacuje regulaéni ucinky MT1G
na p53. MT1G reguluje signal c-Myc/p53, €¢imz potlacuje proliferaci, migraci a invazi, ale
podporuje apoptézu nadorovych bunéek, coz by mohlo byt vychodiskem pro novou cilenou
terapii (225).

c-Myc indukuje expresi nadorového supresoru ARF (p144RF u ¢lovéka a p19ARF u
mysSi), ktery se vaze na MDM2 a inhibuje ho, coz vede k aktivaci p53, zatimco p53
potlaéuje c-Myc kombinaci mechanizm( zahrnujicich transkripéni inaktivaci a represi
zprostiedkovanou miRNA. Nicméné regulacni interakce mezi c-Myc a p53 nejsou v
nadorovych burikach zachovany, jak je patrné z ¢asto nevyvazené exprese c-Myc oproti
WT p53. p14A8F pini rizné funkce v zavislosti na pritomnosti ¢i nepritomnosti p53. Pokud
je p53 reprimovana tvori ARF heterodimer s proteinem p68 DEAD-box (DDX5). DDX5 je
interakénim partnerem c-Myc a ovlivhuje jeho schopnost regulace transkripce. Regulace
exprese c-Myc a DDX5 jsou spolu spjaty, coz naznaCuje existenci protumorigenni
zpétnovazebné smycky. Pfi pritomnosti ARF dochazi jeho vlivem k blokaci vazby mezi
DDX5 a c-Myc, &imz ARF pfimo vytlacuje DDX5 z promotoru cilovych genl c-Myc. Tato
fakta nam umoznuji pochopit jak ARF pini svou antionkogenni funkci pfi nepritomnosti
p53 (226).

Studie in vitro a in vivo ukazaly, Ze drahy p19ARF-MDM2-p53 a ribozomalni protein
RP-MDM2-p53 jsou zasadni pfi prevenci c-Myc indukovaného vzniku nadord. Naruseni
kazdé z téchto drah, zvlast deleci p19ARF nebo mutaci MDM2(C305F), kterd narusuje

vazbu RP-MDM2, urychluje u mySi s transgennim Ep-myc transgenem vznik pre-B-
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bunééného lymfomu zdanlivé podobnym tempem s medianem preziti kolem 10, resp. 11
tydn( ve srovnani s 20 tydny u transgennich mysi s Ey-myc transgenem. ProtoZze p19ARF
mize inhibovat biogenezi ribozom( prostiednictvim interakce s nukleofosminem, RNA
helikazou DDX5 a faktorem ukonceni transkripce RNA polymerazy | (TTF-1), spekulovalo
se, ze drahy p19ARF-MDM2-p53 a RP-MDM2-p53 mohou byt jedinou drahou p19ARF-RP-
MDM2-p53, v niz p19ARF aktivuje p53 inhibici biosyntézy RP; proto by delece p1947F nebo
mutace MDM2(C305F) vedly k podobnym dusledkim. Experimenty na mysSich bylo
zjisténo, ze v nepfitomnosti transgenu Eu-myc nevyvolala mutace MDM2(C305F) u mysSi
spontanni nadory, ani neurychlila spontanni nadory u mysi s deleci p19ARF. V pfitomnosti
transgenu Ep-myc vSak mutace MDM2(C305F) vyznamné urychlila lymfomagenezi
vyvolanou deleci p19ARF a podpofila rychlé metastazovani. Z uvedeného vyplyva, Ze
pokud jsou nezavisle na sobé preruseny drahy p19ARF-MDM2-p53 a RP-MDM2-p53, je
onkogennim c-Myc indukovand stabilizace a aktivace p53 pouze CasteCné oslabena.
Pokud jsou vSak obé drahy naruseny soucCasné, stabilizace a aktivace p53 vyvolana c-
Myc je v podstaté eliminovana. Drahy p19ARF-MDM2-p53 a RP-MDM2-p53 jsou tedy
neredundantni drahy, které maji podobnou schopnost aktivovat p53 pfi nadmérné expresi
c-Myc (227).

U mnohocetného myelomu (MM) je casto v souvislosti s rezistenci klécbé
zaznamenana zvysena exprese onkogenu MDM2. Nedavno bylo experimentalne zjisténo,
Ze specificka inhibice MDM2 vedla k pozoruhodnému potlaéeni rlstu relabovanych MM
bunék, apoptéze, omezeni vzniku kolonii a migrace signalnimi drahami zavislymi i
nezavislymi na p53. MDM2 totiz reciproc¢né fidi aktivitu dalSiho onkogenu c-Myc u MM.
MDM2 se vaze na ARE v 3'UTR oblasti c-Myc mRNA a zvySuje jeji stabilitu a translaci. O
MDM2 je znamo, Ze je jednim z pfimych transkripénich cild c-Myc. Inhibice MDM2
zpUsobila destabilizaci mMRNA c-Myc a snizila expresi proteinu c-Myc. Naskyta se tedy
dalsi varianta terapeutické zacileni na MM prostrednictvim drahy MDM2/c-Myc (228).
Oproti tomu bylo zjiSténo, ze c-Myc destabilizuje a sméfuje p53 k degradaci pomoci zcela
noveé popsané drahy. Aktivni c-Myc se vaze na promotor WDR43 (tryptophan-aspartate
repeat domain 43) a stimuluje produkci tohoto proteinu, ktery nasledné vytésnuje
z komplexti RPL11/MDM2 protein RPL11. Vznikaji tak heterodimery WDR43/RPL11 a
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MDM2/p53, coz vede k eliminaci p53 a stimulaci proliferace. V souvislosti s touto drahou
byla popsana také zvysena rezistence k oxaliplatiné (12).

c-Myc fidi apoptdzu zpusobem zavislym, ale také nezavislym na p53. Tato
apoptdza nezavisla na p53 je obzvlasté zajimava, protoze poskytuje zaklad pro teorii, ze
reaktivace latentniho apoptotického potencialu c-Myc by mohla byt vhodnou Ié€ebnou
strategii i u velké €asti lidskych malignit, u nichz jiz doslo ke ztraté funkce p53. Mezi velmi
dobre prostudované mechanizmy indukce apoptézy nezavislé na p53 prostrednictvim c-
Myc patfi systém mysSi myeloidni leukémie. V kultufe tyto bunky vykazuji rychlou
proliferaci, avSak mohou byt po ovlivnéni IL-6 indukovany k terminalni diferenciaci. Tato
diferenciace je doprovazena snizenim exprese endogenniho c-Myc. Ektopicka exprese c-
Myc pak dokonce blokuje indukci diferenciace pomoci IL-6 (229). Nakonec tyto buriky
podléhaji apoptéze zplsobem, ktery nevyzaduje p53. Indukce apoptdzy nezavisla na p53
pomoci c-Myc neni omezena na buriky myeloidni linie, protoze podobné vysledky byly
zaznamenany u epitelialnich bunék ledvin, B lymfocytl a fibroblastl izolovanych z mysiho
embrya (47,230-232). Schopnost normainich bunék vycitit onkogenni hladiny c-Myc a
eliminovat se z organismu, aby nezpUsobily potencialné smrtelny nador, se odrazi v
autonomnim jevu. Pfi tomto jevu, oznacovaném jako mezibunécna konkurence, bunky
exprimujici zvy$enou hladinu c-Myc prerUstaji buriky exprimujici nizkou hladinu c-Myc
dvéma paralelnimi mechanizmy. Za prvé, zvy$ené hladiny c-Myc vedou podle oéekavani
k rychlejsi proliferaci. Za druhé, coz je prekvapivé, buriky s vysokou hladinou c-Myc
poskytuji vnéjsi signal, ktery zpuUsobuje apoptotickou smrt jejich sousedlu s nizkou
hladinou c-Myc. c-Myc regulovana mezibunécna konkurence byla popsana u hmyzu a

savcl a jeji biochemické spoustéce jsou stale studovany.

5 Vliv transkripéniho faktoru c-Myc na biogenezi ribozom(

5.1 Biogeneze ribozomu

Biogeneze ribozomu je vysoce dynamicky proces, pfi kterém dochazi ke kombinaci
transkripce ribozomalni RNA (rRNA), zpracovani/modifikace rRNA, pfipojeni
ribozomalnich proteinl (RP) k pre—rRNA, spravnému skladani pre—rRNA a transportu
zragjicich ribozomalnich podjednotek do cytoplazmy (233,234). Kromé RP, které
predstavuiji strukturni slozku ribozomu, je pro biogenezi ribozomU zapotrebi vice nez 200
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dalSich neribozomalnich proteini a 75 snoRNA (malé RNA vyskytujici se v jadérku).
Konecnym produktem je funkeni ribozom, ktery se u eukaryot sklada z podjednotek 40S
a 60S, které obsahuji 4 druhy ribozomalnich RNA (18S, 28S, 5.8S a 5S) a 79
ribozomalnich proteint (RP). Kompletni podjednotka 40S se sklada z 18S rRNA a 33 RP,
zatimco podjednotka 60S se sklada z 28S, 5.8S a 5S rRNA a 43 RP (235,236). Biogeneze
ribozom( zacina v okoli nukleolarnich organizaénich oblasti, které obsahuji nékolik set
kopii gend ribozomalni DNA (rDNA). U ¢lovéka jsou tyto geny usporadany jako palindromy
na chromozomech 13, 14, 15, 21 a 22 a koduji transkripty pre-rRNA 47S, které budou
pozdéji zpracovany na rRNA 28S, 18S a 5.8S. Kromé toho se na casti lidského
chromozomu 1 nachazi nékolik set kopii genu 5S rDNA. Proces zacina asociaci
vazebného faktoru (upstream binding factor, UBF) a selektivniho faktoru (selective factor)
SL -1 s promotorem 47S rDNA. Tim se k promotoru rekrutuje iniciacni faktor TIF-IA
specificky pro RNA polymerazu | (237,238). Tvorbé komplexu RNA pol | napomaha
asociace heterodimeru MYC:MAX s E-boxy a vazba dal$ich regulacnich faktorl, které
rekrutuji komplex histonacetyltransferazy (HAT). Ta mUze byt inhibovana asociaci p53
nebo komplexu pRB/p130 s kliCovymi proteiny iniciaéniho komplexu RNA pol |. Sou¢asné
se TF-1lIA, TF-IIB, TF-IIIC a RNA pol Ill vazi na promotor 5S rDNA. rRNA 18S, 5.8S a
28S jsou prepisovany RNA pol | jako jediné prekurzorové RNA z tandemovych repetic
genu pfimo v jadércich, zatimco 5S rRNA, ktera je pfepisovana RNA pol Ill z vice gend,
migruje do jadérek z nukleoplazmy (239,240). RNA pol Il je také zodpovédna za prepis
genl tRNA, které jsou pozdéji potfebné pro iniciaci a elongaci translace. Naproti tomu
ribozomaini proteiny, které jsou pfitomny napric¢ celym genomem (nachazi se na 20 z 23
chromozomu, pocitame-li i pohlavni chromozomy), jsou prepisovany RNA pol I
v komplexu s MYC:MAX a HAT na jejich promotorech. mRNA kodujici RP jsou
zpracovany a transportovany do cytoplazmy k translaci. Pfi sestfihu téchto transkriptQ
vznikaji také scaRNA a snoRNA, které jsou pozdéji potfebné pro tvorbu rozmanitych
heterogennich ribonukleoproteinovych (hnRNP) komplext, C/D snoRNP a H/ACA
snoRNP, které pini své funkce pfi sestfihu mMRNA, modifikaci a maturaci rRNA.
Alternativnim sestfihovanim transkriptll RP z pseudogent RP vznikaji také "pseudo RNA
RP", které reguluji expresi a kumulaci RP (241,242). Nové translatované RP jsou pak

aktivné importovany z cytoplazmy do jadra a nukleoplazmy, kde jsou zaclenény do
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sestavujiciho se ribozomu. Tento proces vyZzaduje pfitomnost rlznych chaperonovych
proteinl, které pini nékolik funkci: (1) chrani RP pfed degradaci, (2) usnadnuji jejich
aktivni jaderny import a (3) usnadriuji spravné zaclenéni RP do vznikajicich podjednotek
ribozomu. Pocatecni 47S pre-rRNA transkript udrzuje na nové syntetizovaném 5 konci
sekundarni strukturu, ktera slouzi jako zaklad pro vazbu a asociaci pocate¢ni sady RP
tvoricich 90S RNP (117). Protoze 5° ¢ast pre-rRNA obsahuje to, co se stane 18S rRNA
podjednotkou 40S, RP asociujici s 5 koncem jsou RP malé podjednotky neboli RPS. Dva
z prvnich RP, které se pridruzuji k pre-rBRNA na 5" konci, jsou RPS7 a RPS24, které jsou
nezbytné k zahajeni zpracovani a $tépeni pre-rRNA na 5°-externim transkribovaném
spaceru (ETS) (42). Pocateéni vazba RPS a zpracovanina 5°-ETS, stejné jako modifikace
rRNA energeticky upfednostnuji strukturu rRNA, ktera tvori podklad pro pfipojeni dalSich
RP. Ve stejné dobé, kdy probiha zpracovani 5°-konce 18S rRNA, usnadnuje asociace
RPS17 a RPS19 zpracovani a S$tépeni na 3’-konci 18S rRNA v rédmci vnitini
transkribované sekvence (ITS1), ¢imz se uvolnuje sestavujici se podjednotka 40S z
podjednotky 60S. Nizké hladiny RPS7 nebo RPS24 blokuji nebo zpomaluji zpracovani
rRNA, coz vede k neuspésnému dozravani 5°-konce 18S rRNA. Podobné deplece RPS17
nebo RPS19 vede k neuspésnému zpracovani 3°-konce 18S rRNA (243,244). Prakticky
stejny proces probiha pfi tvorbé maturujicich 5.8S a 28S s ITS2 (mezi sekvencemi 5.8S
a 28S). V tomto okamziku jsou asociujici RPL, protoze se stanou soucasti podjednotky
60S. Proces, vyznaclujici se koly zpracovani a skladani rRNA a koly asociace RP,
pokracuje, dokud nejsou posledni RP pro kazdou podjednotku nakonec zaélenény (245).
Vzhledem ke schopnosti RNA zaujimat v rovnovazném stavu rlzné energetické struktury
mohou soucéasné probihat rlizné zplsoby sestavovani RNP. Vicero pramenu naznacuje,
ze hlavnim ucelem RP je stabilizovat skladani a strukturu rRNA, a tim napomahat jejimu
zpracovani; (i) RP jsou proteiny vazajici RNA, které jsou zavislé na strukture a konformaci
RNA, (ii) mezi RP existuje jen velmi malo protein-proteinovych interakci, (iii) zatimco
mnoho RP ma koncovou €ast, kterd se vklada do jadra ribozomu, jadro je z proteinového
hlediska vétsinou duté, s vyjimkou rRNA; a koncové Casti RP zfejmé neinteraguji se
substratem mRNA, ktery pozdéji obsadi jadro (246,247). Kromé RP zaclenénych do
ribozomu a proteini modifikujicich rRNA se s dozravajicim ribozomem v jadre spojuje
fada proteind, které zajistuji, aby se ribozom nesestavil pfedéasné, vcéetné proteinu
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spojeného se Shwachmanovym-Diamondovym syndromem, SBDS, a eukaryotického
iniciacniho faktoru 6 (elF6). Po exportu do cytoplazmy se tyto chaperony disociuji od
ribozomalnich podjednotek, coz umoznuje sestaveni ribozomalni podjednotky, spojeni s
mRNA a navazani inicia¢nich faktord translace (IF) za vzniku PIC (248). Zavérecné kroky
zahrnujici komplexy elF2, elF4 a elF5 vedou ke vzniku zralych ribozom( a zahdjeni
syntézy proteinli. Zmény v kterémkoli kroku tohoto procesu mohou mit mirné az zavazné
nasledky v zavislosti na defektu a jeho penetranci. Casto jsou nejvice postizeny tkané,
které maji nejvetsi miru proliferace, metabolizmu a regenerace, jako je klize a prekurzory
krvetvorby, zejména erytroidni linie (238,249). Mnoho RP ma také dalsi regulacni funkce.
Zpracovani podjednotky 60S vyzaduje zaklenéni 5S rRNA, kterd se zpocatku spojuje s
RPL5 a RPL11 za vzniku 5S RNP. Za podminek haploinsuficience RP nebo poruch
biogeneze ribozom( v disledku zménéné signalizace nebo stresu je proces zrani pre-
rRNA zastaven, coz ma za nasledek rostouci skupinu volnych RP. Hromadéni volnych
RP, konkrétné 5S RNP, vede k inhibici syntézy proteinl a zastavé bunécného cyklu
prostrednictvim aktivace p53 (250-252). Jiné mechanizmy, nez zvySena exprese p53
mohou vysvétlovat pozorovany proapoptoticky a Spatny proliferacni stav po ztraté nebo
snizené expresi RP. Bylo prokazano, ze ztrata RPL5 nebo RPL11 vede ke snizené
expresi cyklin(i, a tim i ke snizené proliferaci. Kromé toho je zndmo, Ze bunky s

nedostatkem RPS19 a RPL11 jsou nachylné k oxidaénimu stresu (253).

5.2 c¢c-Myc je globdini reguldtor biogeneze ribozom(

c-Myc je jednim z mala transkripénich faktorl, o nichZ je znamo, Ze reguluji
vSechny tfi RNA polymerazy (Pol |, Pol Il a Pol I11), a ma tedy schopnost indukovat expresi
vSech potfebnych rRNA, ribozomalnich proteinl a kofaktorll nezbytnych pro biogenezi
ribozomu (42,43). V pfipadé rDNA vede c-Myc také k naboru kofaktori RNA pol | UBF a
SL-1 na promotor, ¢imz stimuluje transkripci pre-rRNA 47S (41). Naproti tomu c-Myc
ovliviiuje transkripci 5S rRNA a tRNA rlznym zplUsobem. Spise, nez aby tvofil
heterodimer s MAX, c-Myc se spojuje pfimo s TF-IlIB v nukleoplasmé a stimuluje
transkripci téchto RNA zprostfedkovanou RNA pol 1l (235). Kromé pfimé asociace s
promotory rDNA je také znamo, ze c-Myc ovliviiuje expresi transkripcniho kofaktoru RNA
pol | UBP. Je také znamo, Ze c-Myc indukuje expresi ribozomalnich proteinl zplsobem

zavislym na RNA pol II. Zajimavé je, Ze nékolik z téchto cilll RPL5 a RPL11 bylo shledano
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jako mimoradné dulezitych pfi vzniku ribozomalniho stresu. Bylo prokazano, ze RPL11
nejenze indukuje transaktivaci p53, ale také vaze c-Myc v ramci domény MYC box Il a
inhibuje jeho asociaci s TRRAP, ¢imz snizuje acetylaci histond a transkripci zavislou na
c-Myc. Draha c-Myc — RPL11 tedy funguje v rezimu negativni zpétné vazby (254). Kromé
toho c-Myc také indukuje Fadu protein(, které se podileji bud na zpracovani a transportu
rRNA, nebo na iniciaci translace. c-Myc fidi expresi nukleolinu (NCL) a nukleofosminu
(NPM), dvou protein(, které se podileji na mnoha procesech v jadre, véetné zpracovani
47S rRNA na 18S, 5.8S a 28S rRNA, a také expresi nukleolarniho proteinu 56 (NOP56),
zakladni slozky C/D box snoRNP komplexu, bloku proliferace 1 (BOP1), soucasti PeBow
komplexu nutného pro zrani 28S a 5.S rRNA, a dyskerinu (DKC), podjednotky H/ACA
snoRNP komplexu odpovédné za pseudouridylaci nékterych rRNA (233). Kromé toho ma
NPM dalsi role v cytoplazmaticko-jaderném importu nové syntetizovanych ribozomalnich
proteinl a jaderné-cytoplazmatickém exportu sestavujicich se ribozomalnich podjednotek
(117,237).

5.3 Ribozomopatie

Nékteré patologické stavy maji etiologicky zaklad ve zménéné biogenezi ribozomu
a jsou dusledkem ziskanych i dédiénych mutaci. Je zajimavé, Ze zatimco dédi¢né
zarodecné zmeny jsou pritomny v kazdé bunce organismu, souvisejici patologie se tykaiji
vyhradné tkani a bunék, které maji vysoké naroky na syntézu proteinli nebo
proliferaci/regeneraci bunék. Témér vSechny tyto patologie maji hematologicky zaklad a
u pacientu s ribozomopatiemi se témér vzdy vyskytuji abnormality krvetvorby v disledku
selhani kostni dfené (255). Erytroidni progenitory jsou obzvlasté citlivé vzhledem k
vysokym narokim na syntézu globinu a rychlému bunécnému metabolizmu. Neni tedy
divu, ze radaribozomopatii je oznacovana take jako poruchy selhani kostni dreneé (BMFD,
bone marrow failure disease). Pacienti s ribozomopatiemi maji ¢asto klinické priznaky
chronické, nadmeérné aktivni vrozené imunitni, popf. zanétlivé odpovedi se zvysenymi
hladinami zanétlivych mediatord, jako jsou TNF, IL-1 a IFN, které potlacuji rist progenitor(i
a stimuluji apoptoézu v kostni dfeni a dalSich hypersenzitivnich tkanich. Je zajimavé, ze
zatimco ribozomopatie ziejmé plsobi na postizené tkané proapoptoticky, jedinci, ktefi trpi
témito patologiemi, maji zvy$enou incidenci vzniku nadorl (256). Jedna z hypotéz souvisi

se spojenim mezi chronickym zanétem a onkologickymi onemocnénimi. Ribozomopatie
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mohou predstavovat klasicky pripad chronického zanétlivého stavu postihujiciho tkané se
zvy$enou potiebou syntézy proteinl a bunééného metabolizmu. Dlouhodoby ribozomalni
stres, stejné jako chronicky zanét, mlze vytvaret selektivni tlak na buriky. Progenitorové
bunky, které jsou schopny tomuto selekénimu tlaku uniknout a proliferovat, jsou bunky,
které v prlbéhu ¢&asu ziskaly nahodné mutace podmirujici vlastnosti nadorovych
kmenovych bunék (257).

Pokud se zaméfime na ziskané ribozomopatie, v soucasnosti vynika pouze jedna
patologie, 5g-myelodysplasticky syndrom (MDS; 5qg-syndrom). Myelodysplastické
syndromy jsou heterogenni skupinou hematologickych malignit, které vedou k cytopenii v
jedné nebo vice hematologickych liniich s cytogenetickymi abnormalitami nebo bez nich.
MDS de novo se typicky vyskytuje v pozdéjSim véku (> 60 let), a proto je povazovan za
onemocnéni souvisejici s vékem (257). Naproti tomu MDS mlze vzniknout také v
dusledku progrese jinych hematologickych malignit, véetné jinych BMFD. Navic je znamo,
Zze MDS souvisejici s terapii (tMDS) se vyskytuje u jedincl, ktefi byli dfive Ié€eni
chemoterapeutiky pro rizné typy nadorovych onemocnéni (258). MDS se déli na nizké,
stredni-1, stfedni-2 a vysoké podle rizika progrese onemocnéni do akutni leukemie. U
onemocneni s nizkym rizikem maji hematologické kmenové buriky a progenitory sklon k
apoptéze a v periferni krvi je pozorovano malo blastl. To se postupné nahrazuje béhem
progrese onemocnéni z nizkého na vysoké riziko, kdy dochazi k hypercelularité kostni
drené a vyskytu blastl v periferii (259). Rlzné skupiny prokazaly roli stresoveé, popf.
zanétlivé signalizace béhem progrese MDS do AML (akutni myeloidni leukemie). V
posledni dobé byly pozorovany vyznamné zmény v metylaci DNA, modifikaci chromatinu,
transkripcni regulaci, opravé DNA, prfenosu signalu, soudrznosti sesterskych chromatid a
sestfihu RNA a v genech souvisejicich s biogenezi ribozom((260). Nékteré mutace jsou
specifické pro urcité podtypy myelodysplazie. V pfipadé syndromu 5g- jako pficina vede
delece dlouhého raménka chromozomu 5, ktery kdduje RPS14 (261). Ztrdta RPS14 ma
za nasledek defektni biogenezi a translaci ribozom(, stimulaci transkripéni aktivace p53,
zastavu bunééného cyklu a zvy$enou apoptézu zejména u erytroidnich progenitorli, coz
vede k anémii. Syndrom 5g- je dosud jedinym myelodysplastickym onemocnénim, které
bylo oznaceno jako ribozomopatie (262). To neznamena, ze by jiné typy MDS nebo jiné

ziskané BMFD nemohly byt ve skute€nosti ribozomopatiemi, ale v soucasné dobé
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neexistuji udaje, které by jednoznacné naznacovaly, ze tyto jiné ziskané BMFD jsou
dUsledkem zménéné ribozomoveé slozky (263).

Bylo zjisténo, ze fada nadorovych onemocnéni, ktera nejsou v soucasné dobé
klasifikovana jako ribozomopatie, obsahuje mutace v ribozomainich proteinech, které maji
za nasledek defektni nebo zménénou syntézu ribozom; patfi mezi né gliom, kolorektalni
karcinom, chronicka lymfocytarni leukémie (CLL) a T-bunécna akutni lymfoblasticka
leukémie (T-ALL) (264). V pfipadé T-ALL byly identifikovany mutace v RPL5, RPL10 a
RPL11, pficemz mutace v RPL5 nebo RPL10 byly nalezeny pfiblizné u 10 % détskych
pacientl s T-ALL (265). Jednou z plvodnich fidicich mutaci pozorovanych u T-ALL byla
mutace receptoru NOTCH1. Aktivujici mutace NOTCH1 jsou pfitomny u vice nez 50 %
pfipadl T-ALL. Prukopnicka prace Palomera et al. identifikovala ztratu funkce PTEN a
naslednou aktivaci drahy PI3K-AKT-mTOR jako kritickou pro mutantni NOTCH1 (266).
Bylo prokazano, ze k potlaceni funkce PTEN dochazi genetickymi i negenetickymi
mechanizmy. U 11-27 % détskych pacientl s T-ALL se vyskytuji delece, inzerce nebo
bodové mutace v genu PTEN, které jsou pfiinou snizené aktivity (264,267). Snizena
aktivita PTEN byla také spojena s alternativnim sestfihovanim mRNA PTEN, fosforylaci
PTEN kaseinkinazou 2 (CK2) a cilenym stépenim transkriptu pomoci miRNA. Kromé toho
aberantni aktivita NOTCH1 vede k aktivaci cilového transkripéniho faktoru downstream
HES1, ktery potlacuje expresi PTEN. Aberantni signalizace NOTCH1 a suprese PTEN
jsou tedy kritické pro klonalitu a udrzovani T-ALL. Nevyjasnénou otazkou v$ak zUstava,
zda tyto zmény podporuji mutace ve sledovanych ribozomalnich proteinech, nebo zda
mutace ve sledovanych ribozomalnich proteinech podporuji zmény NOTCH1 a PTEN.
Oboji by se dalo zdlvodnit. U vétSiny ribozomopatii je zfejmé, Ze defektni biogeneze
ribozomU predstavuje selekéni tlak na burku, ktery ¢asem vede k vyvoji populace bunék,
jez ziskaly potencial tuto prekazku prekonat, coz témto bunikam poskytuje selekéni
vyhodu. Podporujicim argumentem by mohly byt dvé nedavné publikace. Je znamo, ze
chronicky zanét hraje roli v rliznych metabolickych patologiich. Villegas et al. zjistili, Zze
prozanétlivé enzymy, syntaza oxidu dusnatého (NOS) a lipoxygenaza (LOX), stimuluji
onkogenezi NOTCH-PI3K/AKT a ze inhibice téchto prozanétlivych enzymu je schopna
potlacit signalizaci NOTCH-PI3K/AKT, coz vede k zaniku leukemickych bunék (268). Tyto

udaje spojuji signalizaci NOTCH-PI3K/AKT pfimo se zanétem. Je zajimavé, ze zatimco
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onkogenni transformace muze vyvolat zanét, jednim z definitivnich vedlejSich G¢&inkl
zménéné biogeneze ribozoml pozorovanych u ribozomopatii je prozanétlivy fenotyp.
Jesté zajimavéjsi bylo zjisténi Grzese et al., ze primarni buriky T-ALL maji zvySenou
schopnost vychytavani a transportu leucinu (269). Jak jiz bylo uvedeno, vychytavani
leucinu maze stimulovat aktivitu mTORC1 v lysozomu a |é¢ba pacientl s nékterymi
dédiénymi ribozomopatiemi L-leucinem dokaze zmirnit proapoptoticky fenotyp a
vyslednou anémii. Zajimavé je, Ze samotna delece PTEN nemuze vést k vychytavani L-
leucinu; je nutna signalizace NOTCH1. Lze tedy tvrdit, Ze zmény v biogenezi ribozomu
mohou podporovat mutace NOTCH1. Tento scénar by mohly podpofit i udaje Sulima et
al (270). Jejich udaje prokazaly, ze nejastéjsi mutace RPL10 pozorovana u détskych T-
ALL, Arg98Ser, mlze vyvolat deficit ribozomu, ktery vede k hypoproliferativnimu stavu.
Postupem Casu tyto deficientni bunky ziskaji schopnost produkovat defektni ribozomy a
normalné se mnozit. Zatimco tyto bunky mohou dlouhodobé normainé proliferovat,
produkuji defektni ribozomy, které maji za nasledek nestabilitu genomu i transkriptQ
MRNA, coz jsou zmény Casto pozorované u pokrocCilych nadorovych onemocnéni, v€etné
T-ALL (270).

Dédi¢né ribozomopatie. Mezi dédi¢né ribozomopatie patfi napf. Diamond-
Blackfanova anémie (DBA), Shwachman(v-Diamondiv syndrom (SDS), vrozena
dyskeratéza (DC) a Treacherlv-Collinsiv syndrom (TCS). VSechny zahrnuji pfitomnost
dédiéné mutace v jednom konkrétnim genu (SDS, TCS) nebo v jednom ¢&lenu souboru
genu zapojenych do spole¢ného bunécéného procesu (DBA, DC), ktery je v kone¢ném
dUsledku zodpovédny za pozorovany fenotyp onemocnéni. U ribozomopatii, kde mutace
ve vice nez jednom genu mulze zpUsobit stejné onemocnéni, se vzor dédi¢nosti a
penetrance fenotypu onemocnéni mohou znacéné lisit. Zapojeni jednotlivych tkani také

zavisi na tom, v jakém bodé je biogeneze a funkce ribozomu ovlivnéna (271).

Diamondova-Blackfanova anémie (DBA) je vzacna vrozena porucha selhani kostni
drené, ktera je Casto zaznamenana béhem prvniho roku nebo dvou po narozeni. DBA je
charakterizovana anémii, pficemz az u 50 % pacientl je pozorovana rlstova retardace,
lebeéni a oblicejové abnormality, vady srdce a vyluCovaci soustavy (272). Postizeni

jedinci maji zvySenou incidenci vzniku MDS a AML, jakoz i nékterych dalSich forem

40



nadorll (273). DBA je dusledkem zménéného zpracovani ribozomalni RNA (rRNA), které
nasledné ovliviiuje biogenezi ribozom(, ribozomalnich podjednotek a méni zpracovani,
transport a translaci mRNA (244). Ma tak pleiotropni vliv na bunéény rlst a preziti. DBA
byla dosud spojena s riznymi mutacemi v nasledujicich ribozomalnich proteinech: RPS7,
RPS10, RPS17, RPS19, RPS24, RPS26, RPS27, RPS29, RPL5, RPL11, RPL26, RPL27,
RPL35A a delece RPL15 (274,275). DalSi nové mutace byly zaznamenany u RPL3L,
RPL6, RPL7L1T, RPL8, RPL13, RPL14, RPL18A a RPL31. Priblizné 50 % pacientl s
DBA ma mutace v RPS7, RPS10, RPS17, RPS19, RPS24, RPS26, RPS29, RPLS5,
RPL11, RPL26, RPL35A nebo GATA. Z toho jen mutace v RPS19 predstavuji ~25 %
téchto pacientll (276). U zbyvajicich 50 % pfipadl nebyla dosud identifikovana pfic¢inna
mutace, ale témér jisté se jedna o mutace souvisejici se zpracovanim pre-rRNA a
sestavovanim ribozomd. Existuji urCité dikazy, ze zménéna biogeneze ribozoml mlze
vyvolat zanétlivé projevy. U pacientl s deficitem RPS19 bylo zjisténo, Ze v populaci
erytroidnich progenitorl je snizena hladina GATA1, zatimco v neerytroidnich
progenitorech je zvySena exprese p53 a TNF (277). Inhibice TNF u modelu Danio rerio s
deficitem RPS19*- dokazala zabranit pozorované anémii, coz naznacuje, ze exprese TNF
hraje vyznamnou roli v pozorovaném fenotypu (244). Podobné byla zaznamenana
stimulace translace proteint pomoci pfidavku leucinu, ktera zvratila pozorovanou anémii
(278).

Shwachman(v-Diamondiv syndrom (SDS) je autozomalné recesivni porucha,
ktera se zpocatku projevuje jako exokrinni dysfunkce pankreatu, ale nasledné vede k
selhani kostni dfené a abnormalitdm skeletu. Pfiblizné u 20 % pacientll s SDS dojde k
progresi do MDS, zatimco u dalSich 25 % se vyvine AML (279). Témeér ve vSech pripadech
(~90 %) jsou pacienti nositeli mutace v genu pro Shwachmanv-Blackfan(v-Diamond(v
syndrom (SBDS). Gen kédujici SBDS se nachazi na chromozomu 7q11 a bezprostfedné
sousedi se svym pseudogenem SBDSP, ktery je z 97 % identicky se SBDS, ale obsahuje
delece a nukleotidové zmeény, které brani expresi funkéniho proteinu. Je zajimave, ze
pravé rekombinace s timto pseudogenem vede u 75 % pacientl k mutacim SBDS. Gen
SBDS kdduje protein o 250 aminokyselinach (29 kDa), ktery neobsahuje zadné znamé
strukturni domény (280). SBDS je exprimovan vSudypritomné ve tkanich a je lokalizovan

v celé burice se zvlastni preferenci pro jadro, kde dochazi k biogenezi ribozomud. Mysi
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SBDS™ deficientni modely a skute¢nost, Ze bézna zkracena varianta vlivem mutace na
nukleotidové pozici 183 (TA > CT) je pozorovana pouze u jedincl heterozygotnich pro
tento defekt, naznacuji, ze kompletni ztrata SBDS je embryonainé letaini (281). Stejné
jako u vétsiny poruch selhani kostni drené je pocet CD34+ krvetvormnych bunék v kostni
dreni snizen a tyto bunky vykazuji ve srovnani s normalnimi CD34+ krvetvornymi burikami
snizenou proliferaéni a koloniformni kapacitu. Kromé toho je v kostni dfeni pacientl se
SDS pozorovana zvySena exprese p53 a zvySena apoptéza. SBDS se spojuje s Nip7,
faktorem sestaveni ribozomalni podjednotky 60S a elF6 spojenym také s 60S. U
sestavujici se ribozomalni podjednotky 60S slouzi elF6 ke spravnému dozravani
podjednotky a k inhibici predCasného sestaveni podjednotek 40S a 60S za vzniku
ribozomu 80S (282). Udaje naznaduji, ze SBDS slouzi k disociaci elF6 z podjednotky 60S,
jakmile se dostane do cytoplazmy. K tomu dochazi na SDBS zavislym naborem
cytoplazmatické GTPazy EFL1 do komplexu elF6-60S podjednotky. EFL1 podporuje
disociaci elF6 z podjednotky 60S, coz umozriuje sestaveni 80S. Béhem biogeneze
ribozomU tedy snizena exprese SBDS brani disociaci elF6. Kromé ribozomalni
podjednotky 60S byl SBDS nalezen také ve spojeni s 28S rRNA a NPM1, takze v
zavislosti na mutaci v tomto genu se mlze pozorovany fenotyp znaéné lisit. Bylo také
prokazano, ze SBDS se béhem mitdzy asociuje s mikrotubuly. Pacienti se SBS &asto
vykazuji zvyseny vyskyt mitotickych abnormalit s multipolarnimi vreténky a
centrozomalnimi amplifikacemi, ale obecné panuje shoda, Ze mutace v SBDS zpUsobujici
onemocnéni vedou ke zménéné biogenezi ribozomu 60S a zvySené citlivosti na stres
(283).

Dyskeratosis congenita (DC) je velmi vzacna multisystémova progresivni porucha
selhani kostni drené, ktera mize vykazovat bud autozomalné dominantni, autozomainé
recesivni nebo X-vazany vzorec dédi¢nosti na zakladé pricinné mutace. Jeji penetrance
muUze byt velmi rlzna (284). Dyskeratéza se projevuje triadou pfiznaku, které zahrnuji
retikularni hyperpigmentaci kuze, dystrofii nehtl a slizniéni leukoplakii, a vede k
predcasné smrti v disledku selhani kostni dfené, respiraéni dysfunkce nebo malignity.
Zatimco dyskeratin (DKC1), ktery kdduje protein zapojeny jak do malého nukleolarniho
ribonukleoproteinu (H/ACA snoRNP), tak do telomerovych komplexu, a jehoz mutace je

zodpovédna za X-vazanou formu DC, je zdaleka nejlépe prozkoumany; dalSi proteiny
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zapojené do komplexu H/ACA snoRNP (NOP10 a NHP2), jiz tak podrobné popsany
nejsou. Shelterin telomerdzového ribonukleoproteinového komplexu (TINF2); TERT,
telomerazova reverzni transkriptéza, TERC, ktery kéduje RNA slozku TERT a jehoz
mutace je zodpovédna za autozomalné dominantni formu DC; WRAP53, ktery vaze
TERC k telomerdze a také asociuje RNA ke Cajalovym téliskim (scaRNA) a
posttranskripéné reguluje hladinu mRNA p53; RTEL1, ktery se podili na prodluzovani
telomer; a CTC1, podjednotka komplexu CTC, ktera ukoncuje aktivitu TERT a rekrutuje
DNA polymerazu pro syntézu komplementarniho viakna - vSechny tyto proteiny se podileji
na udrzovani telomer, pfiCemz nékteré z nich se také primo uc€astni zpracovani malych
ribonuklearnich RNA, coz posléze vede k pseudouridylaci snRNA (285). Zda se, ze
panuje konsenzus, ze zakladni pficinou DC je vliv téchto mutaci na telomery, a nikoliv
ribozomalni efekty jako takové. Ackoli je tfeba uvést, Ze transkripce genl rDNA Uzce
souvisi se stabilitou genomu, oCekavalo by se, ze zmény v telomerazovém komplexu
potlaci transkripci rRNA, zatimco zmény v H/ACA snoRNP by mély ovlivnit zpracovani

rRNA. Tkané s nejvétsSi mirou proliferace ¢i metabolizmu jsou nejvice ovlivnény DC (286).

Treacherlv-Collinsiv syndrom (TCS) je autozomalné dominantni porucha
vznikajici alteraci v genu tcof1, ktery kéduje protein Treacle. Delece 5 bps v exonu 24
pfedstavuje asi 20 % pfipadl. Jedinci maji hypoplazii obliceje, nedostate¢né vyvinutou
strukturu vnéjsSiho ucha, abnormality vnitfniho ucha a vyvojové vady mozku. Treacle se
lokalizuje spolecné s UBF a RNA pol | a stimuluje transkripci pre-rRNA 47S. Mysi modely
TCS prokazaly upregulaci p53 a vyraznou apoptézu bunék (287).
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6 Cile prace

Stanovit vliv triterpenoidnich pyridinG a pyrazin na expresi proteinl
souvisejicich s apoptdzou a bunécnym cyklem.

Vytvorit reporterové bunécné modely dvou majoritnich izoforem c-Myc genu.
Validovat tyto modely pomoci siRNA a nizkomolekularnich latek cilicich na
znamé modulétory c-Myc.

Vytvofit bunééné modely s haploinsuficienci vybranych ribozomalnich protein(
malé a velké podjednotky. Na téchto modelech dale studovat signaini drahy
spjaté s ribozomalnim stresem a regulaci genu c-Myc.
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7 Material a metodika

7.1 Kultivace bunék a testovdni viability

Bunécna linie U20S (HTB-96, ATCC, USA) je odvozena od osteosarkomu. Bunky
byly kultivovany v lahvich o priméru 75 cm? v médiu McCoy's 5A w/ L-Glutamine (BE12-
688F, Lonza, UK) doplnéném 100 U/ml penicilinu, 100 ug/ml streptomycinu (D910,
Diagnovum, Nizozemsko) a 10% fetalnim telecim sérem (10270, Gibco, Australie).

Proliferacni aktivita byla méfena pomoci testu MTS. Buriky byly nasazeny pomoci
automatického pipetoru Multidrop Combi (ThermoFisher Scientificc USA) do 384-
jamkovych mikrotitraénich destiCek (PerkinElmer, USA) v hustoté 800 bunék na jamku.
DestiCky byly poté inkubovany 72 hodin pfi 37 °C v atmosfére s 5 % CO2 pfi 100% vihkosti.
Na konci inkubace bylo pfidano 5 pl roztoku MTS (G1111, Promega, USA) a po inkubaci
trvajici 1,5 h byla zmérena opticka hustota (OD) pfi 490 nm pomoci spektrofotometru
Envision (Perkin Elmer, USA). Preziti bunék (CS) bylo vypoéteno pomoci nasledujici
rovnice: CS = (prumérna OD bunécné linie RPS7-mut/primérna OD bunécné linie RPS7-
WT) x 100 %.

7.2 Priprava bunéénych modeli technologii CRISPR/Cas9

K editaci genomu a zavedeni mutace nebo HiBiT tagu v genech c-Myc, RPS7 a
RPL11 dobunécéné linie U20S byl pouzit systém CRISPR/Cas9. Endonukledza Cas9 byla
nasmerovana k vytvoreni fezu mezi zvolenymi bazemi pomoci syntetické gRNA
sestavajici ze specificky navrzené crRNA a univerzalnich sekvenci tracrRNA. Mutace byla
poté vlozena pomoci homologicky fizené opravy podle ssODN templatu, kterd byla
navrzena tak, aby zabranila opétovnému strihu editovaného genu narusenim sekvence
PAM gRNA. Alt-R® CRISPR-Cas9 crRNA, Alt-R® CRISPR-Cas9 tracrRNA ATTO™
(#1075928), Ultramer DNA Oligo (ssODN templat) a Alt-R® S.p HiFi Cas9 nukledza V3
(#1081061) byly zakoupeny od Integrated DNA Technologies, USA. crRNA/tracrRNA
hybridizace a tvorba ribonukleoproteinového (RNP) komplexu byly provedeny podle
pokynlU vyrobce. Elektroporace komplexd RNP do bunék byla provedena pomoci
transfekéniho systému Neon™ (1230 V, 10 ms, 4 pulzy; Invitrogen™, MPK5000, USA).

Monoklonalni bunécné linie byly izolovany limitnim fedénim. Primarni screening
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monoklonalnich bunéénych linii na pozadovanou mutaci byl proveden zkoumanim
restrikénich spekter amplikoni RPS7-WT a RPS7-mut: specifické restrikéni misto
endonukleazy PfIFl (R0595S, New England Biolabs, UK) je u klonalnich bunéénych linii
nesoucich SNV RPS7 p.V134F 2zniCeno Obrazek 9. Bylo provedeno Sangerovo
sekvenovani PCR amplikonl z kandidatnich bunécénych linii, aby se ovéfila pfesnost
vlozeni SNV zprostfedkovaného CRISPR/Cas9 do genomického lokusu genu RPS?7.
Amplifikace PCR pro analyzu restrik¢nich spekter a Sangerovo sekvenovani byla
provedena pomoci polymerazy Phusion® High-Fidelity DNA Polymerase (M0530L, New
England Biolabs, UK) a nasledujicich specifickych primerd: RPS7_F 5'-
ACTGGCAGTTCTGTGATGCTAA-3"aRPS7_R 5"-CAGTCACCCACATGGTTATGTC-3’
(Generi Biotech, Ceska republika).

7.3 HiBIT Blotting

Postup se v pocatecnich krocich této metody v nicem neliSi od western blottingu
popsaného nize. Lyzaty byly separovany pomoci SDS-PAGE a preneseny na
nitrocelulézovou membranu. Membrana byla inkubovana v TBS-T po dobu 10 min pfi
pokojové teploté a tfepani. Poté byl pfidan purifikovany protein LgBIiT, naredény dle
instrukci vyrobce a membrana byla inkubovana pres noc pfi 4 °C s tfepanim (Nano-Glo®
HiBIiT Blotting System, N2410, Promega). Pro detekci signdlu byl pfidan furimazinovy
substrat a luminiscence byla detekovana pomoci dokumenta¢niho systému ChemiDoc
MP (Bio-Rad, USA).

7.4 Transfekce siRNA, ovlivnénf Idtkami

Ke sniZeni exprese cilovych genl byly pouzity siRNA od firmy Origene a postup
transfekce byl proveden podle pokynl vyrobce transfekéniho ¢inidla JetPrime. Vysledna
koncentrace siRNA byla 50 nM a doba inkubace 72 h.

Testované latky byly rozpustény v DMSO a kontrolni bunky byly ovlivnény rovnéz
stejnym mnozstvim tohoto rozpoustédia. Derivaty triterpen’ byly syntetizovany na Ustavu
molekularni a translaéni mediciny. Nazvy testovanych derivatl triterpent jsou nasledujici:
latka 1b - Lupa-2,20(29)-dieno [2,3-b]pyridine-28-oic acid, latka 8 - 30-Oxolupa-2,20(29)-
dieno [2,3-b]pyridine-28-oic acid, latka 23 - (5-Methyl-2-oxo-1,3-dioxol-4-yl)methyl 38-
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hydroxylup-20(29)-en28-oate, latka 24 - (5-Methyl-2-ox0-1,3-dioxol-4-yl)methyl 3-oxolup-
20(29)-en-28- oate.

Latky testované jakozto potencialni antagonisté c-Myc pro screening byly

zakoupeny od spole¢nosti Cayman Chemicals.

7.5 Stanoveni NanolLuc aktivity

Bunky byly pfi vyseti umistény do bilych 96jamkovych nebo 384jamkovych
desticek pro tkanové kultury (CulturePlate, PerkinElmer) a kultivovany po dobu 24 hodin
pred oSetfenim latkami nebo siRNA. Poté byl podle protokolu vyrobce pfidan stejny objem
Nano-Glo HiBIT lytického Cinidla (Promega N3030), které se skldada z Nano-Glo HiBiT
lytického pufru, Nano-Glo HiBiT lytického substratu a LgBiT proteinu, jako byl objem
média. Bunky byly inkubovany 5 min pfi pokojové teploté s tfepanim. Luminiscence byla

poté mérena pomoci pfistroje EnVision (PerkinElmer).

7.6 Izolace RNA z bunécnych linii, kvantifikace mRNA a Sangerovo sekvenovdnf

Celkova RNA byla izolovana pomoci komeréniho Cinidla TRIzol (Invitrogen, USA)
podle pokynl vyrobce. Tfi mikrogramy celkové RNA byly reverzné prepsany pomoci
nahodnych primer (C1181, Promega, USA) a reverzni transkriptazy RevertAid H Minus
(EP0451, Thermo Scientific™, USA). Dva pl vysledné cDNA byly PCR-amplifikovany na
pfistroji LightCycler® Instrument 480 11/96 (05015278001, Roche, Svycarsko) pomoci
Phusion® High-Fidelity DNA Polymerase (M0530L, New England Biolabs, UK) s barvivem
EvaGreen® (#31000-T, Biotium, USA). Sekvence primerl pouzitych k hodnoceni hladin
MRNA RPS7 byly nasledujici: RPS7_F 5-ACTGGCAGTTCTGTGATGCTAA-3', RPS7_R
5' CAGTCACCCACATGGTTATGTC-3', GAPDH_F 5-GAAGATGTGATGGGATTTC-3' a
GAPD_R 5-GAAGGTGAAGGTCGGAGT-3' (Generi Biotech, Ceské republika). GAPDH
byl pouzit jako vnitfni kontrola. Ke stanoveni nasobnych zmén relativni genové exprese
byla pouzita metoda delta-delta Ct. PCR amplifikace pro Sangerovo sekvenovani cDNA

byla provedena s pouzitim stejnych primerd, ale bez barviva EvaGreen®.

7.7 Analyza bunécného cyklu

Bunécéné linie RPS7-WT a RPS7-mut byly nasazeny v hustoté 0,5 x 108 bunék na
misku tkanové kultury o priméru 22,1 cm? a poté byly po 48 hodinach sklizeny a
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shromazdeény spolu s plovoucimi bunkami. Vzniklé bunécné pelety byly promyty
studenym 1 x PBS, fixovany ve studeném 70% ethanolu pfidaném po kapkach, ulozeny
pres noc pfi -20 °C, promyty v 1 x citratovém pufru, barveny 15 min v 50 pg/ml propidium
jodidu (SLBH8362V, Sigma-Aldrich, USA) pfi 37 °C a oSetreny dalSich 15 min 0,5 mg/mi
RNAse A (060M7000V, Sigma-Aldrich, USA). Nakonec byly oSetfené vzorky stabilizovany
ulozenim pfi 4 °C po dobu 1 hodiny a byla provedena prutokova cytometrie pomoci
pratokového cytometru vybaveného argonovym laserem o vinové délce 488 nm (BD
FACSAria Il Sorp). Vysledna data byla analyzovana pomoci softwaru Kaluza Analysis
verze 2.1 (Beckman Coulter, USA).

7.8 Analyza inkorporace BrdU

Bunky byly kultivovany podle vySe uvedeného popisu s tim rozdilem, ze 30 minut
pred sklizni bylo pfidano 10 yM 5-bromo-2°-deoxyuridinu (125H0932, Sigma-Aldrich,
USA) pro pulzni znaceni nové syntetizované DNA. Pripojené buriky byly poté sebrany
spolu s plovoucimi burfikami. Bunécné pelety byly promyty studenym 1 x PBS, fixovany
ve studeném 70% ethanolu pfidavaném po kapkach a ulozeny pres noc pfi -20 °C. Druhy
den byly vzorky inkubovany pfi pokojové teploté po dobu 30 minut v 2M HCI obsahujici
0,5 % Tritonu X-100, aby doslo k denaturaci DNA. Po neutralizaci 0,1 M Na2B4O7 (pH =
8,5) byly buriky promyty 1 x PBS obsahujicim 0,5 % Tween-20 a 0,1 % BSA pred
barvenim primamni protilatkou proti BrdU (klon MoBu-1, 11-286-C100, Exbio, Ceska
republika) po dobu 30 min pfi pokojoveé teploté ve tmé. Poté byly bunky promyty 1 x PBS
obsahujicim 0,5 % Tween-20 a 0,1 % BSA a obarveny sekundarni protilatkou, anti-mysSim
lgG-FITC (F2883, Sigma-Aldrich, USA), po dobu 30 min pfi pokojové teploté. Po dalSim
promyti 1 x PBS obsahujicim 0,5 % Tween-20 a 0,1 % BSA a inkubaci s propidiumjodidem
(50 pg/ml, SLBH8362V, Sigma-Aldrich, USA) a RNazou A (10 mg/ml, 060M7000V,
Sigma-Aldrich, USA) po dobu 30 min pfi pokojové teploté ve tmé byly vzorky stabilizovany
pfi 4 °C po dobu 30 min. Poté byla provedena pritokova cytometrie pomoci pratokového
cytometru vybaveného argonovym laserem s vinovou délkou 488 nm (BD FACSAria Il
Sorp; Becton Dickinson, USA). Vysledna data byla analyzovana pomoci softwaru Kaluza

Analysis verze 2.1 (Beckman Coulter, USA).
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7.9 Analyza proteosyntézy

Inhibice celkové biosyntézy proteint v bunéénych liniich byla zkoumana pomoci
soupravy Click-iT™ AHA Alexa Fluor™ 488 Protein Synthesis HCS Assay (C10289,
Invitrogen, USA). Buriky byly nasazeny v hustoté 1,5 x 10% bunék na 60 cm? misku pro
tkanoveé kultury a po 48 hodinach sklizeny spolu s plovoucimi bufkami. Po promyti 1 x
PBS byly burky inkubovany 1 hodinu v médiu bez methioninu, aby se vycerpaly jejich
zasoby methioninu. Poté byl do média bez methioninu pfidan L-azidohomoalanin na
konecnou koncentraci 142,9 uM a bunky byly inkubovany po dobu 1 hodiny, aby se
umoznila inkorporace L-azidohomoalaninu, analogu L-methioninu s azidovou funkci, do
nové syntetizovanych proteint. Buriky byly promyty 1 x PBS, fixovany v 1 x PBS
obsahujicim 4 % formaldehyd po dobu 15 minut pfi pokojové teploté, permeabilizovany
0,25 % Tritonem X-100 v PBS po dobu 15 minut a promyty v 3 % BSA v 1 x PBS. Po
promyti byly burnky inkubovany s reakénim koktejlem Click-iT® po dobu 30 min pfi
pokojové teploté a chranény pred svétlem. Koktejl obsahoval alkyn konjugovany s
AlexaFluor 488 v kone¢né koncentraci 19,4 nM. Tento alkyn reaguje s azidy
prostrednictvim médi katalyzované click reakce za vzniku fluorescencni slouceniny.
Vysledny fluorescenéni signal nové syntetizovanych proteind byl méfen pomoci
pratokového cytometru vybaveného argonovym laserem o vinové délce 488 nm (BD
FACSAria Il Sorp, Becton Dickinson, USA) a vysledna data byla analyzovana pomoci
softwaru Kaluza Analysis verze 2.1 (Beckman Coulter, USA). Jako pozitivni kontrola bylo
k buiikam v médiu bez methioninu pfidano antibiotikum cykloheximid (01810, Sigma-
Aldrich, USA), znamy silny inhibitor syntézy protein(i, v kone¢né koncentraci 80 pg/ml po
dobu 2 hodin. Bunky oSetfené cykloheximidem byly poté inkubovany s L-

azidohomoalaninem a zpracovany podle vySe uvedeného postupu.

7.10 Western blotting

Bunécné linie RPS7-WT a RPS7-mut byly nasazeny a odebrany za stejnych
podminek jako pro analyzu prltokovou cytometrii. Bunécné pelety byly promyty studenym
1 x PBS a lyzovany v pufru RIPA (50 mM Tris-HCI pH 8,0, 150 mM NaCl, 1 % NP-40, 0,5
% deoxycholatu sodného, 0,1 % SDS, 1 mM EDTA a cOmplete™ Protease Inhibitor
Cocktail (04693116001, Roche, Svycarsko)). Koncentrace proteind byla stanovena
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pomoci sady Pierce™ BCA Protein Assay Kit (23225, Thermo Scientific, USA). Celkem
30 ug bunéénych proteini bylo denaturovano v Laemmliho pufru (10% B-
merkaptoethanol, 0,06% bromfenolova modr, 47% glycerol, 12% SDS, 0,5M Tris pH 6,8),
separovano pomoci SDS-polyakrylamidové gelové elektroforézy a preneseno na
nitrocelulézovou membranu pomoci Trans-Blot® Turbo™ Transfer System (1704150,
Bio-Rad, USA). Membrany byly poté inkubovany s primarnimi protilatkami proti c-Myc
(ab32072, Abcam, UK), cyklinu D1 (2978, Cell Signaling Technology, USA), E2F1
(ab179445, Abcam, UK), BCCIP (ab97577, Abcam, UK), Bim (2933, Cell Signaling
Technology, USA), MDM2 (ab16895, Abcam, UK), B-katenin (ab32572, Abcam, UK),
Noxa (ab13654, Abcam, UK), nukleolin (ab22758, Abcam, UK), p21 (2947, Cell Signaling
Technology, USA), p53 (ab1101, Abcam, UK), p53 Antibody Sampler Kit (37909, Cell
Signaling Technology, USA), PUMA (ab33906, Abcam, UK), ubikvitin (3933, Cell
Signaling Technology, USA), RPS7 (ab57637, Abcam, UK) a B-aktinu (A2228, Sigma
Aldrich, USA) pres noc pfi 4 °C a nasledné inkubaci s pfislusnou sekundarni protilatkou
vazanou na peroxidazu (A-2304 nebo A-0545, Sigma Aldrich, USA). Chemiluminiscenéni
signaly byly vizualizovany pomoci dokumenta¢niho systému ChemiDoc MP (Bio-Rad,
USA).

7.11 Northern blotting

Druhy pre-rRNA byly analyzovany metodou northern blottingu. 10 pug celkové RNA
bylo smichano s 1 objemem nakladaciho pufru (50% formamid, 0,06% formaldehyd, 10%
glycerol, 0,05% bromfenolova modr v 1x MOPS pufru) a separovano na 2% agar6zovem
gelu v 1x MOPS pufru (20mM MOPS, 5mM octan sodny, 2mM EDTA, pH 7,0) obsahujicim
2% formaldehyd pfi 23 V pres noc pfi 4 °C. RNA byla poté prenesena na nylonovou
membranu (Amersham Hybond-N+, GE Healthcare, USA). Po fixaci UV zesitovanim byly
membrany predhybridizovany po dobu 1 h pfi 45 °C v DIG Easy Hyb (DIG Northern Starter
Kit, Roche, Svycarsko). Poté byla pfidana oligodeoxynukleotidova sonda znadena
digoxigeninem a inkubovana pres noc pfi 45 °C. V této studii byly pouzity tyto sondy: ITS1
(6"-CCTCGCCCTCCGGGCTCCGTTAATGATC-3"), ITS2b (5°-
CTGCGAGGGAACCCCCAGCCGCGCGCA-3), ITS2d/e (5°-
GCGCGACGGCGACGACCGCGCGCGTC-3) (Generi Biotech, Ceska republika). (288).
Pro detekci ITS2 byly sondy ITS2b a ITS2d/e smichany ve stejném mnozstvi. Po
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hybridizaci sond byly provedeny Ctyfi stringencni promyvani - dvé pomoci 2 x SSC (0,15
M NaCl, 15 mM citrat sodny, pH 7,0) obsahujici 0,1 % SDS po dobu 5 min pfi pokojové
teploté, poté dvé pomoci 0,25 x SSC s 0,1 % SDS po dobu 15 min. Pfed blokovacim
krokem byly membrany kratce promyty v promyvacim pufru (0,1 M kyselina maleinova,
0,15 M NaCl, 0,3 % Tween 20, pH 7,5), poté blokovany v blokovacim roztoku po dobu 30
min a inkubovany s protildtkou proti digoxigeninu-AP (obé DIG Northern Starter Kit,
Roche, Svycarsko) po dobu 1 hodiny pfi pokojové teploté. Nenavazané protilatky byly
odstranény dvojim promytim promyvacim pufrem vzdy po dobu 15 min. Pfed méfenim
chemiluminiscencéniho signalu byly membrany 5 min ekvilibrovany v detekénim pufru (0,1
M Tris-HCI, 0,1 M NaCl, pH 9,5), poté byl pfidan substrat CDP-Star a signaly byly ziskany

pomoci dokumentaéniho systému ChemiDoc MP (Bio-Rad, USA).

7.12 Statistickd analyza
V8echny Udaje jsou uvedeny jako prumér + SEM na zakladé nejméné tfi
biologickych opakovani. Statisticka vyznamnost rozdilli byla hodnocena pomoci analyzy

variance ANOVA s pouzitim prahu vyznamnosti p < 0,05 (GraphPad Prism verze 8.0).
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8 Vysledky

8.1 Vliv triterpenoidnich pyridind a pyrazin( na expresi proteint souvisejicich s apoptézou
a bunécnym cyklem

Triterpeny jsou pfirodni slou¢eniny, které maji rizné biologické aktivity, véetné
antimalarické (289), antileishmanialni (290), anti-HIV (291), protizanétlivé (292) a mnoho
protinadorova aktivita. Mnoho vyzkumnych skupin pfipravuje polosyntetické triterpeny s
vysokou a selektivni cytotoxicitou vuéi nadorovym bunkam (294). Triterpeny obsahujici
takovych slou€enin (295-297). Jiz dfive bylo na naSem pracovisti skupinou pana doc.
Urbana pfipraveno nékolik typl heterocyklickych triterpend. Mezi nimi aminothiazoly a
pyraziny pfipravené z kyseliny betulonové meély ICso v nizkych mikromolarnich hodnotach
(298).

Hlavnim cilem této prace bylo prozkoumat cytotoxicitu triterpenoidnich pyridini a
pyrazind a najit mozné vztahy mezi strukturou a aktivitou triterpenoidnich 3-oxoderivatl a
jim odpovidajicich pyrazinl a pyridind. K objasnéni mechanizmu, kterym studované
slouéeniny indukuji apoptdzu, byla provedena imunodetekce nékolika proteinl patficich
do drah programované bunécéné smrti Obrazek 4. Po 24hodinovém pUsobeni studovanych
triterpenovych derivatl byla zjiSténa akumulace Bax a Bid, klicovych komponent pro
bunécnou apoptézu vyvolanou mitochondrialnim stresem. Po apoptotické stimulaci tvori
Bax oligomery nebo interaguje s Bid a pfemistuje se z cytosolu do vnéjsi mitochondrialni
membrany (299). Prostfednictvim interakci s porovymi proteiny na mitochondrialni
membrane zvysuji komplexy Bax a Bax/Bid permeabilitu membrany, coz v kone¢ném
dusledku vede k uvolnéni cytochromu ¢ z mitochondrii a naslednému apoptosomovy
komplex s Apaf-1 a pro-kaspazou-9, coz vede k aktivaci kaspazy-9 (300). Imunodetekce
Bax odhalila pfitomnost jeho stépnych produktl, které silnéji indukuji apoptézu, coz se
projevuje vysSsim uvolfiovanim cytochromu c, aktivaci kaspazy-3/7 a fragmentaci DNA,
potencialné v dUsledku jejich zvysené homooligomerizace v mitochondridlnich
membranach (301). Pro-apoptotické proteiny Bax a Bid tedy pfenaseji apoptoticky signal

z bunééného povrchu do mitochondrii a spoustéji aktivaci kaspaz (302). Proto jsme se
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dale zamérili na kritické vykonavatele apoptézy v€etné kaspazy-3 a kaspazy-7, protoze
jsou bud ¢aste¢né, nebo zcela zodpovedné za proteolytické Stépeni mnoha klicovych
proteind, jako je jademy enzym poly(ADP-ribéza) polymeraza (PARP). Zda se, Zze PARP,
jaderna poly (ADP-ribéza) polymeraza o velikosti 116 kDa, se podili na opravé DNA v
reakci na environmentaini stres (303). Tento protein mize byt stépen mnoha kaspazami
podobnymi ICE in vitro a je jednim z hlavnich cilu Stépeni kaspazy-3 in vivo (304,305). U
lidského PARP dochazi ke Stépeni mezi Asp214 a Gly215, ktery oddéluje amino-
terminalni DNA vazebnou doménu PARP (24 kDa) od karboxy-terminalni katalyticke
domény (89 kDa) (305). PARP pomaha bunkam udrzet si zivotaschopnost; Stépeni PARP
usnadnuje bunécny rozpad a slouzi jako marker bunék prochazejicich apoptézou. V
burikach CCRF-CEM o8etrenych latkami v uvedenych koncentracich bylo zjisténo zjevné
Stépeni PARP: 1 x ICs0a5 x I1C508, 1 x ICspa b % ICs021, 1 xICs0a 5 % ICs50 22, 5 % |Cs0
24,5 x ICs0 23. Déle jsme se zaméfili na hladiny proteind patficich do rodiny "BH3-only".
Clenové rodiny "BH3-only" (napf. Noxa, Bad, Bim, Puma, Bid, Bik a Hrk) jsou vysoce
regulované proteiny, které indukuji apoptdzu prostfednictvim interakce zavislé na BH3 s
anti-apoptotickymi proteiny rodiny Bcl-2 (306). Jako prvni jsme vybrali Noxu, maly protein,
ktery hraje kli€ovou roli pfi zprostfedkovani apoptotické signalizace. Obsahuje jednu
doménu homologie Bcl-2 (BH3) a lokalizuje se v mitochondriich, kde vaze anti-
apoptotické proteiny Mcl-1 a A1/Bfl-1 (307,308). S Mcl-1 také soutézi o vazbu na
mitochondrialni protein Bak. ZvySena exprese Noxy pekné koreluje se stépenim PARP a
naznacuje probihajici apoptézu v dusledku Uc€inku triterpenu na bunky CCRF CEM. Dale
jsme se zaméfili na Bim, ktery podobné jako Noxa obsahuje doménu BH3 a indukuje
apoptozu tim, ze se vaze na anti-apoptotické ¢leny rodiny Bcl-2, konkrétné Bcl-2, Bel-xL,
Mcl-1, Bel-w, Bfl-1 a BHRF-1, a antagonizuje je (309). Nakonec byl imunodetekovan c-
Myc, marker zvy$ené bunécéné proliferace, ktery je ¢asto indukovan u mnoha typ nador(
(24). Jeho exprese byla vyrazné snizena jako odpoved na |écbu triterpenovymi derivaty:
1x1Cs0a5%1Cs508,1x%xICs0ab x1Cs021,5 x1Cs0 22, 5 x ICs0 23. Toto zjisténi jde ruku
Vv ruce s udaji z analyzy bunééného cyklu, kde byla zjisténa akumulace bunék ve fazich
sub-G1 a Go/G1 na ukor fazi S, G2 a M.
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Obrazek 4: A — Struktury testovanych derivat( triterpend. B - Vysledky western blot analyzy bunék
CCRF-CEM oSetrenych latkami 8, 1b, 21, 22, 24 a 23 v koncentracich 1 x ICsp a 5 x ICsp po dobu
24 h. Pro detekci kaspaz-3/7 byly pouZity protilatky specificky rozpoznavajici prekurzorovou i
aktivni formu. Pomoci proftilatky anti-PARP byl detekovan protein piné délky i fragment vznikly
Stépenim kaspéaz. Pro kontrolu stejného mnoZstvi detekovanych proteinii byla pouZita protilatka
proti B-aktinu. Jako kontrola byly pouZity neoSetrené buriky.
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8.2 Reporterové bunééné modely dvou majoritnich izoforem c-Mycu

V lidském téle témér nenajdeme protein, ktery by nemél rozsahlou sekvencni
homologii s nékterym ¢lenem své rodiny nebo izoformou, protoze lidska bunka potrebuje
k zajisténi nepretrzité funkénosti redundanci. Izoformy protein jsou nékdy kddovany
riznymi geny a ¢asto maji konkrétni geny vice transkript(l, které produkuji mirné odlisné
proteiny v zavislosti na tom, jak jsou sestfihovany. Mnoho onemocnéni je
charakterizovano prevazujici expresi specifickych izoforem enzym( a exprese rlznych
izoforem se Casto kvantifikuje na urovni RNA pomoci RT-gPCR, sekvenovani nebo
mikroCipy. Na druhé strané je kvantifikace hladin vysoce homolognich proteint obtizna a
omezena dostupnosti protilatek specifickych pro izoformy. Kromeé toho presné identifikaci
proteini touto metodou nékdy brani odchylky ve kvalité protilatek mezi jednotlivymi
Sarzemi a také rozpoznavani nespecifickych vazebnych partner. Navic pfi studiu nové
identifikovanych izoforem nebo méné prozkoumanych proteinovych rodin ¢asto nejsou k
dispozici pro izoformu specifické monoklonalni protilatky. Na tento problém jsme narazili

pfi zkoumani izoforem transkripcniho faktoru c-Myc.

Protoze exprese proteinl a jejich posttranslaéni modifikace maji zasadni vyznam
pro bunécnou fyziologii mize jejich naruseni vést k patofyziologickym staviim jako jsou
nadorova, neurodegenerativni a zanétliva onemocnéni. Objasnéni vnitini dynamiky
téchto procesl tak mize nabidnout vhled do mechanizml onemocnéni a poskytnout
prediktivni modely pro objevovani I€Civ. Dynamické procesy v burnikach se rutinné studuji
pomoci proteinovych fuzi s reporterovymi znaCkami nejCastéji GFP nebo podobnymi
autofluorescenénimi proteiny. Obvykle se toho v sav€ich burikach dosahuje nadmérnou
expresi rekombinantnich proteinl z vektorll obsahuijicich silné konstitutivni promotory.
Vynechanim endogennich genetickych lokusl pro expresi proteini vSak mlze pfi absenci
spravnych regulaénich prvkl zplsobit nerovnovahu v hladinach proteind, coz vede k
nefyziologickym artefaktim.

V poslednich letech se CRISPR/Cas9 stal vyznamnou technologii pro editaci
genomu diky své jednoduchosti a snadnému pouziti. Kombinaci vlastnosti CRISPR/Cas9,
tj. Stépit specificka mista s pfirozenymi bunécnymi mechanizmy opravy DNA Ize pfesné

vkladat reportery do endogennich lokusl. Byly zaznamenany pfipady integrace reporter(i
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GFP aluciferazy zprostiedkované CRISRP/Cas9 ackoli tyto postupy jsou obecné narocné
a relativné neucinné. Nedavno byla popsana moznost znacit endogenni proteiny
peptidem o 16 aminokyselinach odvozenym od GFP. Tato peptidova znacka (GFP11)
generuje fluorescenci pfi koexpresi se svym komplementarnim fragmentem GFP1-10.
Mala velikost znaCky umoznila, aby donorové DNA templaty kédujici GFP11 byly
vyrobeny jako syntetické jednoretézcové oligodeoxynukleotidy (ssODN). V kombinaci s
ribonukleoproteinovym komplexem (RNP) obsahujicim syntetickou guide RNA (gRNA) a
purifikovany Cas9 to umoznilo u€innou editaci genomu bez vyuziti klonovani (310).

Ackoli produktivita tohoto pfistupu podporuje znaceni celého proteomu detekéni
citivost GFP mUze byt nedostateéna pro Uroven exprese vétsiny endogennich proteind.
Zejména proteiny zapojené do bunécCné signalizace byvaji exprimovany v relativneé
nizkych hladinach, a proto mohou byt obtizné detekovatelné. Navic zrani fluoroforu
rekonstituovaného komplexu GFP je pomérné pomalé, coz omezuje jeho vhodnost pro
kvantifikaci dynamickych procesl. Naopak luciferazové reportery jsou uznavany proto, ze
poskytuji vysoce citlivou detekci a rychlou kvantifikaci v rozsahlém koncentra¢nim
rozsahu. Abychom vyuzili vSech téchto vyhod, rozhodli jsme se pouzit podobny pfistup
pro znaceni endogennich proteinl zaloZzeny na velmi jasné luciferdze NanolLuc. Tato
luciferaza je pfiblizné 100krat jasnéjsi nez Firefly nebo Renilla luciferaza a jeji molekulova
hmotnost (19 kDa) je podstatné nizsi nez GFP (311).

Komplementarni podjednotky rozdélené NanoLuc luciferazy byly navrzeny tak, aby
pfesné mefily dynamiku interakci proteini v bufkach. Tento reporterovy systém
(NanoBiT) se sklada z peptidu 0 11 aminokyselinach (HiBIiT) ktery interaguje s mimoradné
vysokou afinitou (Ko = 700 pM) s polypeptidem o velikosti 18 kDa (LgBiT) a vytvari
luminiscenéni komplex. Diky své schopnosti u¢inné se komplexovat LgBIT a HiBiT slouzi
jako kvantitativni luminiscencni peptidova znacka. Vzhledem k jeho malé velikosti je HiBIiT
vhodny pro U€inné znaceni endogennich proteinl pomoci ssODN donorovych templat(
spolu s CRISPR/Cas9 RNP komplexy (312).

Abychom mohli provést fenotypovy screening modulatorl exprese dvou
majoritnich c-Myc izoforem p64 a p67 snazili jsme se vytvorit prostfedi, ve kterém by bylo

mozné hodnotit expresi c-Myc pfi minimalnim zasahu do lokusu. Za timto ucelem jsme
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pouzili technologie NanoBiT a CRISPR/Cas9 k vytvoreni reporterovych bunéénych linii u
nichz bylo mozné sledovat expresi obou izoforem c-Myc pomoci nového typu reporteru.
Pro uspésnou editaci se gRNA, ktera se vaze velmi blizko pozadovanému mistu viozeni
znacky HiBIiT, zkomplexuje s Cas9 a doplni se jednoretézcovymi donorovymi DNA
templaty (ssODN) pro homologicky fizenou opravu DNA. Nékolik dni po elektroporaci
bunék ribonukleoproteinovym komplexem, sestavajicim z Cas9, gRNA a ssODN, Ize
pomoci detekce signalu NanoLuc luciferazy vyhodnotit, zda byl do bunék viozen HiBIiT
tag. Donorové templaty byly navrzeny tak, aby se zabranilo opétovnému stfihu
editovanych genu narusenim cilové sekvence gRNA. Protoze exprese peptidové znacky
pfimo z templatu ssODN je vysoce nepravdépodobnd, stejné jako nahodna integrace
vedouci k expresi funkéniho peptidu znamena luminiscence v pritomnosti LgBiT expresi
HIiBIiT v cilovych lokusech. Jelikoz luminiscencni signal v hromadné editovaném poolu
bunék v kultufe byl béhem jejich proliferace relativné nestabilni pro spolehlivou
kvantifikaci proteinu doporuCujeme derivovat monoklonaini populace se 100 % bunék
exprimujicich HIiBIT tag v pozadovaném lokusu. K ovéreni, ze luminiscence pochazi ze
spravného proteinu znaceného HiBIiT byla pouzita technika blotovani bez protilatek,
takzvany HiBIiT blotting, ktera potvrdila jediny luminiscencni band odpovidajici spravné
molekulové hmotnosti obou izoforem c-Myc viz Obrazek 5. HiBiT blotting se provadi
separaci lyzatli pomoci SDS-PAGE, pfenosem proteinl na nitrocelul6zovou membranu,
inkubaci membrany s purifikovanym LgBiT a substratem s naslednou detekci

chemiluminiscence NanoLuc luciferazy.

Ackoli bunécné pooly editované pomoci HiBiT vykazuji dostateCny luminiscencni
signal a stabilitu pro mnoho experimentalnich potfeb klonalni bunééné linie jsou
potencialné vyhodné tam, kde nizka mira integrace, slaba exprese cile nebo nizka
stabilita poolu omezuji silu signalu. Za ucelem prozkoumani jednoduchosti, s jakou Ize
generovat validované klonalni linie a posouzeni vykonnostnich charakteristik téchto linii
byly z puvodnich heterogennich pooll pomoci limitniho fedéni jednotlivych bunék
generovany klony. Pfiblizné 3 tydny po provedeni limitniho fedéni byly klony podrobeny
screeningu luminiscence za Ucéelem identifikace klon(, které nesou inzerci HiBiT. Ve
vSech pripadech bylo izolovano vice pozitivnich klonl, které vykazovaly zlepseni

luminiscence v rozmezi 4 az 8nasobku oproti odpovidajicimu bunécnému poolu. Tyto
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vysledky naznacuji, ze bunécné linie exprimujici fuze s HiBIiT tagem na fyziologickych
urovnich exprese lze rychle vytvofit pomoci jednoduché subklonovaci procedury. Na
rozdil od generovani stabilnich bunéénych linii nahodnou integraci neni nutna selekce
antibiotiky, coz proces urychluje a zefektiviuje, a protoze je modifikovan pouze endogenni
lokus s vysokou specifinosti je méné pravdépodobné zavedeni biologickych artefaktu

spojenych s nahodnou integraci do genomu.

A
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——=> ARGAGGACTTGT TGCGGARACGACCAGARCAGT TGARACACARACT TGAACAGC TACGGAAC TCT TGTGCGTARGGAARAG TARGGARAACG AT TCCTTCTARCAGARATGTCC TGAGCARTCACCTATGAACTTGTT
CHOPCHOP

HiBiT blotting _. .
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Obrazek 5: A - Znazornéni nasedani jednotlivych gRNA navrZzenych programem CHOPCHOP
v ramci lokusu c-Myc. B - Vysledek specifické detekce izoforem p64 a p67 c-Myc v reporterovych
bunécnych liniich provedené pomoci HiBIT blottingu.

Z bunééného poolu s geneticky modifikovanym c-Myc lokusem obsahujicim HiBiT
tag bylo izolovano celkem 30 monoklonalnich bunécnych linii nesoucich tuto reporterovou
znaCku. Pro kazdou z téchto linii jsme provedli HiBiT blotting k detekci znaceného
proteinu. Zajimavym zjisténim bylo, ze pouze jedna z téchto 30 monoklonalnich
bunécénych linii vykazovala specifické znaceni izoformy p67 c-Myc, zatimco u zbyvajicich

linii byla vzdy znacena izoforma p64 c-Myc.

Pro dal$i praci a podrobnéjSi charakterizaci c-Myc reporterd byly vybrany 2
bunécné klony (p67 c-Myc a p64 c-Myc). Jejich vysledky HiBiT blottingu jsou zobrazeny

na Obrazek 5. Nasledné jsme se zaméfili na podrobnou charakterizaci obou reportert pro
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c-Myc pomoci potlaceni exprese genu ovliviujicich stabilitu a degradaci tohoto
transkripcniho faktoru pomoci siRNA. Postup experimentu byl nasledujici: Pro potlaceni
exprese vybranych genl jsme pouzili 50 nM siRNA, ktera byla transfekovana do obou
reporterovych bunéénych linii. Po 72 hodinach byla stanovena aktivita reportert pomoci
NanoLuc eseje. Po pfidani detekéniho Cinidla doslo k lyzi bunék. LgBIiT se navazal na
HIiBiT umistény na C-terminalnim konci c-Myc proteinu, coz vedlo ke komplementaci
luciferazy NanoLuc a uvolnéni luminiscencniho signalu. Tento signal, pfimo umeérny
hladiné proteinu c-Myc, jsme nasledné normalizovali vzhledem k viabilité bunék, ktera

byla stanovena pomoci MTS eseje.
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Obrazek 6: A, B - Validace reporterovych linii U20S c-MycVHBITr4 5 J20S c-MycWVHBIT P67 74
pouziti sSiRNA ke specifickému sniZeni exprese gend modulujicich hladinu c-Myc. C - Srovnani
ziskanych dat metodami luciferazové eseje NanoLuc a HiBIT blotting.

Jako prvni siRNA jsme zvolili c-Myc siRNA, coz vedlo k vyraznému poklesu
luminiscencéniho signalu u obou reporterll p64 a p67 c-Myc na 7,6 % a 5,7 %, jak je
znazornéno na Obrazek 6. Dale jsme zkoumali geny ovliviujici degradaci c-Myc. Snizeni
exprese E3 ubikvitin ligazy FBXW?7 zpUsobilo zvyseni hladin izoforem p64 a p67 c-Myc o
57 % oproti kontrolni siRNA. U ubikvitin specifické protedazy USP28, ktera odstrariuje
navazaneé ubikvitiny z transkripéniho faktoru c-Myc, nedoslo k vyrazné zméné hladin obou
izoforem. Pfi snizeni exprese peptidyl-prolyl izomerazy Pin1, kterd pfimo ovliviuje
fosforylaci serinu 62 a threoninu 58 u proteinu c-Myc a tim jeho stabilitu, bylo
zaznamenano snizeni hladin p64 c-Myc na 64 % a p67 c-Myc na 71 % ve srovnani
s kontrolou scramble siRNA. DalSim analyzovanym proteinem byl bromodoménovy
protein BRD4, ktery pfimo ovliviiuje fosforylaci threoninu 58, ¢&imz podporuje degradaci c-
Myc. SniZeni hladiny BRD4 prostiednictvim siRNA vedlo u obou bunéénych reportert ke
zvySeni exprese 0 19 % v porovnani s kontrolni skupinou. Funkénost nasich vytvorenych
bunéénych reportert byla rovnéz ovefena snizenim hladiny STAT3, coz vedlo k poklesu
exprese obou izoform c-Myc 0 20 % ve srovnani s pfislusnymi kontrolami. Mezi dalSi
transkripCni faktory, které prfimo reguluji expresi c-Myc, patfi kromé& STAT3 rovnéz B-
katenin, soucast kanonické WNT signalni drahy. Snizeni exprese B-kateninu vedlo k
poklesu hladin pouze izoformy p64 c-Myc o 35 %, zatimco u izoformy p67 c-Myc jsme
nezaznamenali zménu v jeji expresi. DalSi zkoumani zahrnovalo analyzu kinaz, které
pozitivné ovliviuji stabilitu c-Myc fosforylaci Ser62. Snizeni hladiny ERK1 vedlo k poklesu
exprese p64 a p67 c-Myc o 35 % a 30 %, zatimco snizeni hladiny ERK2 mélo za nasledek
pokles 0 30 % a 24 %, odpovidajici hladiné kontroly (scramble siRNA). Nizka hladina
Aurora A kindzy nezpUsobila vyrazné zmény jinak tomu ov§em bylo v pfipadé Aurora B,
jejiz downregulace zpUsobila pokles hladin p64 c-Myc na 74 % a p67 c-Myc na 65 %. V
ramci naseho experimentu testovani funkénosti reportert c-Myc jsme dale zkoumali dva
geny, které byly drive identifikovany jako jediné, jejichz zménéna exprese vede k odlisné
expresi obou izoforem c-Myc. Prvnim z téchto genll je kinaza PKR. Nizka hladina PKR
stimulovala expresi proteinu c-Myc u obou jeho izoforem. U izoformy p64 c-Myc doslo k

narlstu o 25 % v porovnani s kontrolni skupinou, zatimco nejvyraznéji byla aktivovana
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exprese izoformy p67, a to na dvojnasobek v porovnani se scramble siRNA. Druhym
zkoumanym genem byla kindza mTOR, u niz je zndmo, ze jeji inhibice rapamycinem vede
ke zvySeni exprese izoformy p67 c-Myc. Otazkou zUstava, jaka zména nastane po pouziti
siRNA knockdownu, coz dosud nebylo popsano. Béhem nasSeho experimentu doslo k
soucasnému snizeni obou hladin p64 a p67 c-Myc na polovinu ve srovnani s kontrolni
skupinou. V ramci validacniho experimentu jsme zaradili geny, jejichz exprese je pfimo
regulovana studovanym transkripénim faktorem. Konkrétné se jedna o geny kodujici
ribozomaini proteiny, mezi néz patfi RPS7 a RPS19, tvofici malou ribozomaini
podjednotku, a RPL5 spole¢né s RPL11, strukturni slozky velké ribozomaini podjednotky.
Je dobfe znamo, ze RPL11 a RPL5 nejenze jsou regulovany prostrednictvim c-Myc, ale
zpétné ovliviuji i expresi tohoto onkogenu prostrednictvim degradace jeho mRNA.
Snizenim hladiny RPL5 jsme pozorovali vyrazny narUst exprese obou izoforem c-Myc. V
pfipadé p64 byl narlst az o 155 % oproti kontrolni skupiné, zatimco v pfipadé p67 dosahl
128 %. Pfi snizeni exprese RPL11 jsme pozorovali dvojnasobny narust hladiny p64 c-
Myc, zatimco u p67 c-Myc byl narlst méné vyrazny, pouze o 15 % oproti scramble siRNA.
Podobné zmény byly zaznamenany pfi snizeni exprese ribozomalnich proteini malé
podjednotky. U RPS7 doslo ke zvySeni exprese p64 izoformy o 71 % a u p67 izoformy o
44 % oproti kontrolni skupiné. U RPS19 knockdownu doslo pouze k ovlivnéni exprese
p64 izoformy, jejiz hladina narostla o 52 % oproti kontrole, pfi¢emz hladina p67 izoformy

zUstala nezménéna.

Lze tedy konstatovat, ze se ndm nejenom uspésné podarilo validovat fyziologickou
funkci a vhodnost reporterovych systému, zaloZzenych na malé modifikaci endogenniho
lokusu, ale rovnéz jsme odhalili dosud nepopsané geny, které diferencialné reguluji
expresi hlavnich izoforem c-Myc, konkrétné p64 a p67. Mezi jiz dfive znamé geny, jako
jsou PKR a mTOR, jsme nové zaradili B-katenin a ribozomaini proteiny RPS7, RPS19,
RPL5 a RPL11.

DalSim zajimavym aspektem bylo porovnani dat ziskanych pomoci NanoLuc eseje
a HiBiT blottingu, zejména pokud jde o jejich normalizaci na viabilitu. Toto srovnani jsme
provedli na nahodné vybranych vzorcich po downregulaci vy$e zminénych genl pomoci

siRNA. Vysledky obou metod, bud normalizované na viabilitu v pfipadé NanoLuc eseje
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nebo na hladinu proteinu B-aktinu v pfipadé HiBiT blottingu, generuji srovnatelna data,
jak ilustruje Obrazek 6.

Po Uspésné fenotypové validaci obou novych reporterovych bunéénych systémi
pro detekci hladin p64 a p67 c-Myc jsme pristoupili k optimalizaci NanoLuc eseje pro
vysokokapacitni testovani knihoven chemickych latek. Pro transformaci eseje na
testovani latek pomoci robotické platformy (oznaCované zkratkou HTS, z anglického high
throughput screening) jsme nejprve potiebovali vybrat ucinného referencniho
antagonistu. PFi vybéru potencialnich antagonistd pro HTS jsme se rozhodli zadit
komeréné dostupnou latkou 10074-G5, ktera je znamym inhibitorem heterodimerizace c-
Myc s jeho vazebnym partnerem Max. DalSimi latkami byly jiz znamé inhibitory BET
proteint, u kterych bylo dfive popsano, Ze rovnéz snizuji hladinu c-Myc. Prvotnim
inhibitorem BET byla latka JQ1, jejiz viastnosti byly pozdéji optimalizovany vytvofenim
derivatu OTX015. Jako ¢&tvrtou latku s potencialnim Gcinkem viéi c-Myc jsme zahrnuli do
testovani nekompetitivni inhibitor MAPK signalni drahy, ktery zabranuje aktivaci MEK
kinazy, konkrétné PD98059. Posledni latkou zarazenou do tohoto testovani byl
glukokortikoid dexametazon, ktery ma vyborné protizanétlivé ucinky a je také jednim z
|ékd pro pacienty trpici Diamond-Blackfanovou anémii, o které bude pojednavat dalsi ¢ast
této prace. Jiz dfive jsme studovali u€inky dexametazonu a bylo nam znamo, ze ma vliv
na hladinu c-Myc, proto jsme jej do tohoto testovani rovnéz zaradili. Struktury péti
hodnocenych latek jsou uvedeny na Obrazek 7.
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Obréazek 7: Validace reporterovych linii U20S c-MycV™BTré4 (B) a U20S c-MycVMBITPS7 (C) pro
pouziti k vysokokapacitnimu screeningu. A - Struktury latek zvolenych ke specifickému sniZeni
exprese c-Myc a vysledky testovani danych latek na obou reporterovych liniich.

VSech pét potencidlnich referenénich antagonistd proslo testovanim v
podminkach, pfi kterych by probihal i planovany vysokokapacitni screening, tedy ve
formatu 384 jamkovych kultivaénich panelu. Aktivita téchto latek byla analyzovana pomoci
NanoLuc eseji, které zaznamenavaji hladinu obou izoform c-Myc, a néasledné byla
normalizovana vici viabilité bunék, jez byla stanovena MTS esejemi. Testované latky byly
hodnoceny v koncentraénim rozsahu o sedmi koncentracich, zacinajicich na 12,2 nM a
postupujicich v nasobcich Cisla 4 az do maximalni koncentrace 50 uM. V ramci
optimalizace bylo vyuzito pét rliznych inkubacénich intervall, po nichZ nasledovalo méreni.
Tyto intervaly byly stanoveny na 3 hodiny, 6 hodin, 9 hodin, 16 hodin a 24 hodin. Pro
prehlednost jsou uvedena pouze data, pfi nichz byla zaznamenana nejlepsi ucinnost
testovanych latek, a byl dosazen vyborny Z-faktor eseje pro HTS. Konkrétné jsou uvedena
data po 6hodinové inkubaci s testovanymi latkami v koncentracich 12,5 uM a 50 pM. Tyto

vysledky jsou prezentovany na Obrazek 7.

Pfi niz8i testované koncentraci 12,5 uM se jako jedina latka osvédcila 10074-G5,
ktera vyznamné snizila expresi izoformy p64 na 63 % a izoformy p67 na 69 %. U ostatnich
latek byl jejich vliv zanedbatelny ve srovnani s kontrolou DMSO, pfipadné regulovaly
expresi pouze jedné z izoforem. Toto bylo patrné zejména u latek PD98059 a
dexametazonu, coz nebylo vhodné pro planovany vysokokapacitni screening. PFi
testovani vybranych latek o koncentraci 50 uM jsme zaznamenali vliv samotného DMSO
na hladinu p64 c-Myc, ktera byla snizena na 82 % ve srovnani s 12,5 yM DMSO, a v
pfipadé izoformy p67 na 94 %. Nejucinngjsi latkou z testovaného souboru byla opét
10074-G5, ktera snizila expresi p64 c-Myc na 40 % a p67 izoformy na 36 %. Druhou
na 57 % a p67 izoformy na 68 %. Druhy BET inhibitor JQ1 snizil hladinu p64 izoformy na
83 % a p67 izoformy na 77 %. U poslednich testovanych latek, PD98059 a dexametazonu,
byl, stejné jako pfi niz§i koncentraci, zaznamenan efekt pouze na snizeni exprese jedné
z izoforem c-Myc, coz je diskvalifikovalo z planovaného pouziti pro HTS. Pro uplnost nami

ziskanych dat uvadime graf srovnani hladin exprese p64 a p67 izoforem po plsobeni
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téchto péti kandidatnich latek, kde pouze MAPK inhibitor PD98059 a glukokortikoid
dexametazon spole¢né s BET inhibitorem OTX015 byly schopny narusit pomér exprese

c-Myc izoforem ve prospéch p67 viz Obrazek 8.
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Obrézek 8: Vzajemné porovnani efekti latek modulujicich hladiny izoforem c-Myc p64 a p67.
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8.3 Bunécéné modely s haploinsuficienci vybranych ribozomdlnich proteini malé a velké

podjednotky
Cesky a slovensky registr DBA v sou¢asnosti zahruje 62 pacient(l. U 50 z t&chto
pacientd (81 %) byly dfive pomoci masivniho paralelniho sekvenovani identifikovany
pfi¢inné mutace v genech kodujicich RPS19, RPS26, RPL5, RPL11 a RPS17(313,314).

Nova nesynonymni zarodecna heterozygotni transverze hg38
chr2:9.3,580,153G>T vedouci k aminokyselinové substituci p.V134F byla identifikovana
pomoci MPS v exonu 6 genu RPS7 (NM_001011) u jedné pacientky s DBA a dvou jejich
asymptomatickych pfibuznych (313). Mutace byla nasledné potvrzena sekvenovanim
cDNA. Ultrahluboké sekvenovani cDNA (prameérné pokryti: 78 285x) ukazalo, Ze exprese
mutované alely je v souladu s genotypem (proband: 55 % RPS7"t/ 45 % RPS7mut  matka:
RPS7" | 42 % RPS7™t | sestra: RPS7" / 37 % RPS7mut ). Jiné zmény genl pro

ribozomaini proteiny nebyly u pacientky ani jejich pfibuznych zjistény (313).

Valin 134 je v RPS7 vysoce konzervovany a substituce fenylalaninem v této pozici
je povazovana za pravdépodobné Skodlivou podle SIFT (skére 0,01); PolyPhen (skére
0,976); MetalLR (skore 0,572); Provean (-2,526) a Mutation Assessor (skoére 0,929). Tato
varianta byla predpovézena jako benigni pomoci Revel (skére 0,407) a CADD (skére 26).
Vzhledem k tomu, Ze vétsina prediktorl popsala tuto variantu jako patologickou, rozhodli
jsme se pfistoupit k jejimu dalSimu experimentalnimu ovéreni. Prediktory stability proteinu
in silico -Mutant a MUpro navic naznacuji, ze zaména snizuje stabilitu proteinu RPS7:
index spolehlivosti I-Mutant pro tuto zdménu je 9 a skére MUpro je -0,97 pfi pouziti metody
neuronove sité a -1 pfi pouziti metody Support Vector Machine. Ackoli tato varianta byla
hlasena v nedavné aktualizaci Ceského a slovenského registru DBA (313), zadna jina
SNV RPS7 nebyla dfive popsana, proto jsme dlUkladné prozkoumali jeji patogenitu a
zakladni mechanizmy onemocnéni pomoci geneticky modifikovaného bunécného

modelu.

Zatimco fenotyp DBA se obvykle projevuje v erytroidni linii, ribozomaini stres
vyvolany aberaci RP je pfitomen v mnoha tkanich pacienta, coz vede k Cetnym
strukturalnim, signalnim a metabolickym abnormalitdm. Z tohoto dldvodu jsme zvolili
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bunécnou linii U20S osteosarkomu, ktera se casto pouziva pro studie u DBA a je rutinné
pouzivana jako bunécny model pro ribozomalni stres, zejména pfi studiu morfologie
jadérek (315-318).

Pro ucely podrobného studia DBA fenotypu byly vyuzity dva typy bunécnych
modell. Prvnim z nich byly buriky, jejichZz genom byl stabilné upraven pomoci technologie
CRISPR-Cas9. Druhym modelem byl systém, u néhoz byla exprese studovanych genu
tranzientné snizena prostrednictvim siRNA. Studovanymi geny byly geny kédujici
ribozomaini proteiny RPS7, tvorici soucast malé ribozomalni podjednotky, a gen RPL11,
kliCovou strukturni ¢ast velké ribozomalni podjednotky. V ramci studia byla analyzovana
jednobodovd mutace RPS7 p.V134F, zjisténa u rodiny trpici Diamond-Blackfanovou
anémii. Na Obrazek 9 jsou zobrazené lokusy gent RPS7 a RPL11 s detailnim popisem

nasedani jednotlivych gRNA.

Pro modifikaci bunéénych linii lidského osteosarkomu U20S byla pouzita
elektroporace ribonukleovymi komplexy obsahujicimi gRNA a Cas9 nukleazu, ¢imz
vznikla polyklonalni populace. Nasledné bylo nezbytné izolovat jednotlivé monoklonalni
linie a genotypizovat je s cilem ziskat uniformni bunéény model pro dalSi experimentalni
praci a detailni charakterizaci fenotypu. Obrazek 9 prezentuje vysledky primarniho
screeningu monoklonalnich linii derivovanych z polyklonalni populace nesouci mutaci
RPS7 p.V134F. Prvni screening zahrnoval restrikCni profilovani s vyuzitim endonukleazy
Sbfl ke $tépeni PCR produktl obsahujicich cilenou mutaci. Monoklonaini linie s mutaci
RPS7 p.V134F nepodiéhaly Stépeni Sbfl v porovnani s parentalni bunécnou linii U20S
WT. Obdobny postup byl aplikovan pfi vyvoji bunééného modelu haploinsuficientniho na

protein RPL11, kde byl start kodon nahrazen kodonem stop.

V ramci sekundarniho screeningu byla provedena PCR amplifikace
modifikovanych lokusl v genomu bunéénych linii a nasledné Sangerovo sekvenovani.
Ziskané genetické profily jsou prezentovany na Obrazek 10. Technologii CRISPR-Cas9 se
tedy podarilo vytvofit dva specifické bunééné modely pro studium fenotypl bunék s

haploinsuficienci v genech RPS7 a RPL11.
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Obrazek 9: Znazornéni nasedani jednotlivych gRNA navrzenych programem CHOPCHOP v ramci
lokust RPS7 (A) a RPL11 (B). C, D - Schéma restrikcniho profilovani znazornéného na restrikéni
mapé a vysledky restrikéniho profilovani monoklonalnich RPS7 a RPL11 bunéénych linii.

Pro srovnani byly také vyuzity bunécné linie U20S s tranzientné snizenou expresi
RPS7 a RPL11 pomoci siRNA. Postup transfekce byl optimalizovan tak, aby studované
bunécné linie mély snizenou expresi RPS7 nebo RPL11 na uroven 50 % oproti kontrole
oSetfené scramble siRNA. V grafu jsou prezentovany vysledky porovnani exprese RPS7
a RPL11 na Urovni mRNA u kontrolnich vzork (U20S WT a scramble siRNA) ve srovnani
s liniemi s knockdownem pomoci siRNA a modifikovanymi technologii CRISPR-Cas9. V
pfipadé genu RPL11 doslo ke 50% snizeni exprese na urovni mMRNA jak u siRNA
bunécného modelu, tak u CRISPR-Cas9 bunéfného modelu s nahrazenym start
kodonem. V pfipadé genu RPS7 byl patrny 50% pokles exprese u bunécné populace po
siRNA downregulaci, avsak v pfipadé CRISPR-Cas9 bunécného modelu s mutaci RPS7
p.V134F nedochazelo k poklesu exprese mRNA studovaného genu. Profily exprese
studovanych ribozomalnich proteini odpovidaly na Urovni mRNA i proteinu, jak je zfejmé
z Obrazek 10 a Obrazek 12.
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Obrazek 10: A - Identifikace mutace RPS7 u bunécnych linii a potvrzeni heterozygotni mutace
hg38 chr2:9.3,5680,153G>T v RPS7 pomoci Sangerova sekvenovani. B — Identifikace zamény
START kodonu za STOP kodon v RPL11 lokusu pomoci Sangerova sekvenovani. C - Hladiny
mMRNA RPS7 a RPL11 detekovanych v siRNA a CRISPR/Cas9 bunéénych modelech.

Z predchozich vyzkum je dobfe znamo, Zze nedostatek ribozomalnich proteinli ma
za nasledek snizeni proteosyntézy. V ramci naseho studia jsme se rozhodli sledovat
rychlost syntézy nascentnich protein. Nejprve jsme vystavili zkoumané bunééné linie
deficitu methioninu a nasledné jsme jim podali jeho analog L-azidohomoalanin, ktery se
integruje do nascentnich proteinl misto methioninu. L-azidohomoalanin byl nasledné
specificky detekovan pomoci protilatky konjugované s FITC prostfednictvim prutokové
cytometrie. Obrazek 11 obsahuje ziskana data, pfi¢emz horni ¢ast zahrnuje dot plot
diagramy, znazornujici populaci bunék s riznou mirou fluorescence v zeleném kanalu v
zavislosti na integrovaném L-azidohomoalaninu do proteinl. V dolni ¢asti Obrazek 11,
tykajici se proteosyntézy, jsou uvedeny histogramy pro porovnani parentalnich
bunécnych linii s liniemi haploinsuficientnimi pro RPS7 nebo RPL11 gen. V pfipadé
CRISPR-Cas9 buné¢ného modelu RPL11 bylo zjisténo celkové snizeni proteosyntézy na
75 % oproti parentalni bunécné linii. V pfipadé modelu CRISPR-Cas9 RPS7 p.V134F byl
zaznamenan pokles na 70 % oproti parentalni bunécné linii.

Vzhledem k tomu, Ze haploinsuficience ribozomalnich proteind ovliviiuje rychlost
proteosyntézy, predpokladame, ze ma také negativni vliv na bunécnou proliferaci. Pro
posouzeni miry ovlivnéni proliferace u modifikovanych bunéénych linii jsme pouzili dva
metodické postupy: test viability MTS a analyzu bunécného cyklu u asynchronné
kultivovanych populaci. V prvnim kroku jsme provedli test viability u bunéénych modeld,
jehoz vysledky jsou graficky zobrazeny na Obrazek 11. Deficience RPS7 a RPL11 genl
zpUsobila v obou pfipadech vyznamny pokles proliferace u studovanych bunéénych
modell. Po aplikaci siRNA na RPS7 bylo dosazeno 50% snizeni proliferace takto
oSetrené bunécné linie po 72 hodinach od transfekce ve srovnani s parentalni bunécnou
linii vystavenou plsobeni kontrolni siRNA. Stejny efekt byl zaznamenan i po 72 hodinach
od transfekce siRNA vi¢&i RPL11. V pfipadé haploinsuficience RPL11 u CRISPR-Cas9
bunécného modelu bylo rovnéz zjisténo 50% snizeni proliferace oproti U20S WT.
Proliferace bunécné linie RPS7 p.V134F byla snizena pouze na 75% oproti parentaini
bunécné linii.

72



Snizeni proliferace linii s deficienci v ribozomalnich genech bylo zplsobeno
akumulaci bunék v G1/GO0 fazi bunécného cyklu. V pfipadé RPS7 p.V134F bunééného
modelu doslo k 10% narustu poétu bunék v G1/GO fazi bunééného cyklu, zatimco u
haploinsuficientniho modelu RPL11 doSlo k akumulaci o 5% vice oproti kontrole.
Odpovidajici histogramy jsou zobrazeny na Obrazek 11. Déle jsme provedli detailni
studium syntézy DNA mérenim inkorporace analogu thyminu, 2-deoxybromouridinu do
nascentni DNA. Touto metodou jsme srovnali rychlost syntézy DNA mezi parentaini linii
a CRISPR-Cas9 modely. V pfipadé RPS7 p.V134F byla syntéza DNA zvySena o 7 % u
modelu RPL11 o 5 % ve srovnani s U20S WT. Miry narGst syntézy DNA je
pravdépodobné zplsoben zvySenym oxidativnim stresem, coz bylo nedavno popsano u
DBA.
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Obrazek 11: Cytometricka analyza syntézy proteinii v CRISPR — Cas9 bunécnych modelech DBA.
(A) Horni gate predstavuje populaci bunék aktivné syntetizujicich proteiny. U20S CHX
predstavuje negativni kontrolu osSetfenou inhibitorem proteosyntézy cykloheximidem. (B, C)
Celkova rychlost syntézy proteini byla stanovena podle intenzity inkorporovaného L-
azidohomoalaninu v populaci bunék aktivné syntetizujicich proteiny. Analyza parametrii bunééné
proliferace. (D) bunécny cyklus, (E) mira proliferace, (F) syntéza DNA.

Zjisténi, ze bunécné linie modelujici Diamond-Blackfanovu anémii vykazuiji
snizenou proliferaci s akumulaci v GO0/G1 fazi bunécného cyklu, nas motivovalo
podrobnéji charakterizovat jednotlivé signalni drahy ucastnici se ribozomalniho stresu.
Rozhodli jsme se nejprve zaméfit na proteiny spojené se signalni drahou transkripcniho
faktoru p53 pomoci metody western blottingu. Zaznamenali jsme vyznamné zvyseni
hladiny samotného p53 proteinu 0 31 % u bunéénych linii transfekovanych siRNA proti
RPS7 ve srovnani s kontrolni siRNA. V pfipadé RPL11 byl pozorovan narlst o 74 %. U
haploinsuficientnino modelu RPL11 vytvoreného pomoci technologie CRISPR-Cas9
doslo ke zvySeni hladiny p53 proteinu 0 81 %, coz je srovnatelné s siRNA modelem tohoto
genu. Naopak, u linie RPS7 p.V134F nedoslo ke zméné v hladiné p53 v porovnani s
U20S WT. Dale jsme sledovali hladinu proteinu p21, specifického inhibitoru CDK kinaz.
Protein p21 byl vyrazné vice exprimovan u tranzientnich bunéénych modelld RPS7 a
RPL11 0 81 % a 84 % ve srovnani s kontrolni siRNA. CRISPR-Cas9 modely DBA také
prokazaly signifikantni upregulaci p21, a to 0 68 % u linie s mutaci RPS7 p.V134F a 77 %
u haploinsuficientniho modelu RPL11 ve srovnani s parentalni bunéénou linii. Rovnéz
jsme se zameérili na monitorovani hladin proteinu MDM2, pfirozeného inhibitoru p53. V
pfipadé siRNA modell DBA RPS7 a RPL11 doslo k poklesu na 88 % a 87 % pfi porovnani
s kontrolni siRNA. NizSi hladiny proteinu MDM2 byly také pozorovany u
haploinsuficientnino modelu RPL11 ziskaného pomoci technologie CRISPR-Cas9, kde
dosahovaly pouze 87 % oproti bunééné linii U20S WT. V pfipadé modelu RPS7 p.V134F
doslo ke vyznamnému poklesu hladin MDM2 na 70 %. Pri studiu drahy Wnt, ktera ma
vyvazujici u€inek na nasledky ribozomalniho stresu, jsme zkoumali hladinu transkripéniho
faktoru B-kateninu. U tranzientnich modell se sniZzenou hladinou proteind RPS7 a RPL11
jsme zaznamenali vyrazné zvySeni hladiny B-kateninu. Napfiklad, knockdown RPS7
zpUsobil narlist o 91 %, zatimco v pfipadé RPL11 byl narlist o 69 %. Podobné byl
pozorovan shodny 75% narlst u CRISPR-Cas9 modelll RPS7 p.V134F a RPL11

haploinsuficientniho modelu. Dale jsme stanovili hladiny marker(i jadérek, které se podileji
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na zpracovani ribozomalni RNA (rRNA), a to nukleolinu a nukleofosminu. Oba tyto
proteiny nevykazovaly zmény v expresi pfi srovnani mezi parentdlinimi liniemi a
bunécnymi modely DBA. Snazili jsme se rovnéz objasnit molekularni podstatu mirnéjsiho
fenotypu DBA u modelu nesouciho mutaci RPS7 p.V134F. Pri studiu dostupné literatury
jsme narazili na zminku, Ze protein RPS7 je integrovan do malé podjednotky ribozomu
prostfednictvim proteinu BCCIP. Proto jsme stanovili hladinu BCCIP, ktera byla
signifikantné zménéna pouze u bunééného modelu RPS7 p.V134F v porovnani s
parentalni bunécnou linii. V siRNA modelech nedoslo k podobnym zménam. Lze tedy
usuzovat, ze protein RPS7 nesouci mutaci p.V134F je méné efektivné zacleriovan do
malé ribozomaini podjednotky, coz vede ke signifikantné zvySené expresi BCCIP 0 62 %.
Akumulace bunék v GO/G1 fazi bunécéného cyklu nas vedla k myslence detekovat hladiny
cyklinu D1 a dvou transkripénich faktord E2F1 a c-Myc. Byla zjiSténa snizena exprese
cyklinu D1 u obou siRNA buné&nych modelu, a to na 87 % oproti kontrole. Snizeni hladiny
cyklinu D1 bylo také pozorovano u RPS7 p.V134F bunécného modelu, a to na 89 % oproti
parentalni bunécné linii, a u RPL11 haploinsuficientniho modelu na 88 %. Transkrip&ni
faktor E2F1 byl rovnéz méné exprimovan v siRNA bunécnych modelech, kde doslo k
poklesu na 88 % v pfipadé RPS7 a na 87 % u RPL11 siRNA modelu. Snizena hladina
E2F1 byla zaznamenana u RPL11 CRISPR-Cas9 bunééného modelu na 87 % a v pfipade
modelu RPS7 p.V134F na 83 % oproti parentalni bunééné linii. Snizeni hladin
ribozomalnich proteind RPS7 a RPL11 vyvolalo vyrazny narust exprese transkripéniho
faktoru c-Myc. V pfipadé transientniho modelu RPS7 byl pozorovan narlst o 52 %,
zatimco u odpovidajiciho modelu RPL11 byl narlst dvojnasobny oproti kontrolni siRNA.
Haploinsuficientni model RPL11 vykazoval 60 % narUst exprese transkripéniho faktoru c-
Myc oproti parentalnim bunéénym liniim. V pfipadé modelu RPS7 p.V134F byl

zaznamenan pokles hladiny c-Myc na 84 % oproti parentalni bunécné linii.
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Obrazek 12: Rozdily v expresi, stabilit€ a posttransliacnich modifikacich proteini mezi DBA
bunécnymi modely. (A) Vlevo: Western bloty zobrazujici hladiny MDM2, p53, p21, B-kateninu, c-
Myc, E2F1, cyklinu D1, nukleolinu, nukleofosminu, BCCIP, RPS7 a [B-aktinu. Vpravo: relativni
exprese stejnych proteinii v obou bunécnych liniich normalizovand vici expresi B-aktinu. (B)
Stabilita proteind RPS7 a p21 po inhibici translace pomoci zvySujicich se koncentraci
cykloheximidu u linii U20S WT (RPS7-WT) a U20S RPS7 p.V134F* (RPS7-mut). (C) Celkovy
obsah ubikvitinu. (D) Western bloty ukazujici hladiny posttransliacné modifikovaného p53 a expresi
jeho naslednych cilovych gend.

Lze si snadno predstavit, ze protein RPS7 p.V134F, ktery neni zaclenén do
ribozom( bude podléhat zvySené degradaci prostfednictvim ubikvitin proteazomového
systému. Zameérili jsme se tedy na ovéreni této hypotézy nejen detekci celkovych
ubikvitinovanych protein(, ale také jsme stanovili stabilitu RPS7. Potvrdilo se Ze mutace
RPS7 p.V134F vyrazné snizila stabilitu proteinu. Zajimavé je, ze protein p21 byl také
méné stabilni u RPS7 p.V134F linie (na Obrazek 12 oznaceno RPS7-mut) nez u U20S
WT (na Obrazek 12 oznaceno RPS7-WT). Navic imunodetekce celkového mnozstvi
ubikvitinovanych proteini v obou bunéénych liniich odhalila band pfitomny u RPS7
p.V134F linie (na Obrazek 12 oznaceno RPS7-mut), ale ne u U20S WT (na Obrazek 12
oznaceno RPS7-WT). Molekulova hmotnost tohoto bandu pfiblizné 25 kDa odpovida
molekulové hmotnosti o€ekavané pro ubikvitinovanou formu RPS7. Predpokladame
proto, ze zmény v translaci proteinu a/nebo zaclenéni proteinu RPS7 p.V134F do
ribozomu aktivuji cilenou ubikvitinaci a degradaci RPS7 p.V134F; to mize v kone¢ném
dusledku snizit jeho bunécnou koncentraci a zhorSit tak nedostatek RPS7. Jelikoz
exprese celkového p53 nebyla ovlivnéna pouze u modelu RPS7 p.V134F. Rozhodli jsme
se blize zaméfit na posttransiacni modifikace proteinu p53 a expresi pfislusnych
downstream genl. Nebyl v§ak nalezen presveédcivy dukaz o rozdilné aktivaci drahy p53
v bunéénych liniich RPS7 p.V134F oproti U20S WT.
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Obrazek 13: Detekce pre-ribosomalni RNA metodou Northern blottingu v DBA bunécnych
modelech.

Analyzovali jsme také zrani prekurzorl pre-rRNA ve vsech DBA modelech.
Experimenty ukazaly akumulaci 45S, 41S, 30S a 26S pre-rRNA spolu se snizenim hladin
pre-rRNA 21S a 21S-C a 18S-E viz Obrazek 13. Tato data naznacCuji, ze mutace v
ribozomalnich proteinech negativné ovliviiuji zrani prekurzor pre-rRNA, coz muze dale

prispivat k patogenezi DBA.
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9 Diskuze

9.1 Viliv triterpenoidnich pyridini a pyrazini na expresi proteind souvisejicich s apoptézou
a bunécénym cyklem

V této Casti prace jsme testovali mechanizmus ucinku vybranych triterpenoidnich
pyridin( a pyrazin(. Latky 1b, 8, 21, 22, 23 a 24 zpUsobovaly selektivni apoptézu v
burikach CCRF-CEM, pficemz nejvyrazngjsi uinek mély slouceniny 8, 21 a 22 (296). Je
dobrfe zdokumentovano, ze mitochondrie predstavuji hlavni bunéény cil pro triterpeny.
Proto byla provedena podrobna analyza ¢lent rodiny Bcl-2, ktefi predstavuiji klicové
regulatory mitochondrialni cesty apoptdzy. Nejprve jsme se zaméfili na multidoménové
proapoptotické proteiny Bax a Bid, které ovlivAauji permeabilitu mitochondrialni membrany.
Vsechny slouceniny zpUsobily vyznamnou regulaci proteint Bax i Bid (296). Dale jsme
studovali vliv slou¢enin na expresi vybranych proteinl patficich do podskupiny "BH3-only"
s antagonizujici funkci véi anti-apoptotickym proteinim z rodiny Bcl-2. Vliv slouéenin na
expresi Bid a Bx jsme zkoumali na zakladé vysledk( studie. Zjistili jsme, ze 8, 21 a 22
dramaticky zvySuji expresi Noxa proteinu, a navic vSechny sloueniny vyznamné zvySily
expresi Bim. Nakonec jsme zkoumali vliv slouenin na hlavni exekuéni kaspasy-3/7 a
PARP, jako zastupce jejich downstream substratl. Zjistili jsme zfejmou aktivaci kaspazy-
3/7 vyvolanou latkami 8, 21 a 22, coz doklada snizena hladina prekurzorovych forem a
pritomnost jejich aktivnich forem a dobfe odpovidajici stépeni PARP. VsSechny tyto

vysledky koreluji s méfenim Annexinu V viz Pfiloha Il (296).

9.2 Reporterové bunééné modely dvou majoritnich izoforem c-Myc a faktory regulujici

expresi p64 a p67

Studie se zaméfila na vytvoreni reporterovych bunéénych linii pro sledovani
expresi dvou majoritnich izoforem c-Myc, p64 a p67, s minimalnim zasahem do
genetického lokusu. Kombinaci technologii NanoBiT a CRISPR/Cas9 byly vytvoreny
bunécéné linie s HiBiT tagem, umoznujicim sledovani exprese obou izoforem pomoci
nového reporteru. Pro editaci bunécnych linii byla pouzita gRNA nasedajici blizko
pozadovaného mista vlozeni HiBiT tagu, tedy v oblasti stop kodonu c-Myc, a také ssODN
templat pro homologni opravu DNA nesouci sekvenci vkladaného tagu. Metoda umoznila

sledovani dynamické exprese c-Myc izoforem pomoci NanoLuc luciferazy, ktera vznika
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spojenim HiBIiT s katalytickou podjednotkou LgBIiT. HiBiT blotting potvrdil spravnou
integraci tagu a specificnost znaceni obou izoforem c-Myc. Klonalni linie byly generovany
z puvodnich heterogennich bunéénych pooll pomoci limitniho fedéni. Screenovani
pritomnosti luminiscence identifikovalo klony s vyrazné zlepSenou luminiscenci oproti
odpovidajicim bunéénym poolim. Vybrany byly dva klony (p67 c-Myc a p64 c-Myc) pro
dal$i charakterizaci.

Dale byla provedena podrobna charakterizace obou reporterl pro c-Myc. Za pouziti
siRNA byla specificky snizena exprese genul, o kterych je zndamo, Ze ve znaéné mire
ovliviiuji hladinu proteinu c-Myc. K validaci reporterovych linii jsme celkem pouzili 18
siRNA z nichz 16 Ize rozé&lenit na &tyfi skupiny dle funkci jejich cilovych genl. Prvni
testovanou siRNA byla zvolena siRNA cilici pfimo c-Myc a dle o¢ekavani jejim vlivem

doslo k rapidnimu snizeni hladin obou izoforem c-Myc.

Prvni pomysinou skupinou je osm gend ovliviujicich post-translaéni modifikace
proteinu c-Myc. Stabilita c-Myc je znaéné ovlivnéna fosforylaci Thr58 a Ser62. Pficemz c-
Myc s fosforylovanym Thr58 je oznaCen k degradaci prostrednictvim ubikvitin
proteazomového systému. Naopak fosforylace Ser62 vede ke stabilizaci c-Myc, ktery je
jinak povazovan za velmi nestabilni protein s polo€asem rozpadu pouhych 30 minut (319).
Proteozomaini degradace c-Myc je z velké miry fizena ubikvitin ligazou FBXW?7. FBXW7
je substratovou rozpoznavaci slozkou E3 ubikvitin-protein ligdzového komplexu SCF
(SKP1 — cullin — F-box protein), ktery zprostfedkovava ubikvitinaci a naslednou
proteazomalni degradaci cilovych proteini. FBXW7 rozpoznava a vaze fosforylovana
mista tzv. fosfodegrony v cilovych proteinech a nasledné je pfivadi do komplexu SCF
k ubikvitinaci (320). Mezi identifikované substraty patfi napf. cyklin-E, JUN, c-Myc,
NOTCH1, NOTCH2, MCL1, RICTOR a pravdépodobné také PSEN1. Mutace v tomto
genu byly zjistény v bunéénych liniich nador vajeénikl a prsu, coz naznacuje moznou
roli tohoto genu v patogenezi onkologickych onemocnéni (321). Vyrazeni FBXW?7
prostfednictvim siRNA zpUsobilo o¢ekavany razantni narist mnozstvi proteinu obou
izoforem c-Myc. Proces degradace protein muze byt béhem priibéhu zvracen napfiklad
odstranénim ubikvitind. Touto funkci je znama USP28, deubikvitinaza zapojena do

kontrolniho bodu reakce na posSkozeni DNA a stability protoonkogenu c-Myc (322). Podili
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se na apoptdze vyvolané poskozenim DNA tim, ze specificky deubikvitinuje proteiny
drahy poskozeni DNA. Kromé toho deubikvitinuje c-Myc v nukleoplazmé, coz vede k
zabranéni jeho degradace proteasomem. Nadmeérna exprese tohoto genu byla
pozorovana u nékolika typl nadorl. Nizka exprese USP28 by tedy méla vést ke snizeni
hladiny c-Myc. To jsme ovSem nepozorovali ani u jedné z izoforem c-Myc po knockdownu
USP28. Pfic¢inou mlze byt pravdépodobné nedostate¢né snizeni exprese USP28. Na
fosfodegrony cili nejen kinazy a fosfatazy, ale také izomerazy, mezi néz radime PIN1.
PIN1 je peptidyl-prolyl cis/trans izomeraza (PPlaza) vazajici na specifické pSer/Thr-Pro
motivy a izomerizuje je. Tim, ze vyvolava konformacni zmény v podskupiné
fosforylovanych proteini, plsobi jako molekularni pfepina¢é v mnoha bunéénych
procesech (323). Konformacni regulace katalyzovana touto PPIazou ma zésadni vliv na
klicové proteiny zapojené do regulace bunééného rlstu, genotoxickych a jinych
stresovych reakci, imunitni odpovédi, indukce a udrzovani pluripotence, vyvoje
zarodecénych bunék, diferenciace neuronl a preziti. Tento enzym hraje také klicovou roli
v patogenezi Alzheimerovy choroby a mnoha druht nadorl (324). Pfi sniZzeni hladiny
izomerazy PIN1 jsme pozorovali také pokles mnozstvi proteinu c-Myc. BRD4 ma mnoho
funkci. Rozpoznava a vaze acetylované histony, hraje klicovou roli v prenosu
epigenetické paméti napfi¢ bunéénymi délenimi a v regulaci transkripce. ZUstava spojen
s acetylovanym chromatinem béhem celého bunécného cyklu a zajistuje epigenetickou
pamét pro postmitotickou transkripci genti G1 faze tim, Ze zachovava stav acetylovaného
chromatinu a udrzuje chromatinovou strukturu (325). Béhem interfadze se spojuje s
komplexem P-TEFb a rekrutuje ho k promotorim. BRD4 rovnéz pfimo ovliviuje
fosforylaci Thr58, ¢imz podporuje degradaci c-Myc (326). V souladu s timto faktem byl po
downregulaci BRD4 zaznamenan narlst exprese obou izoforem c-Myc.

Dosud je znamo jen omezené mnozstvi kinaz, které jsou schopné pozitivné ovlivnit
stabilitu c-Myc. Do této skupiny nalezi ERK1, ERK2, Aurora A a Aurora B. MAPK1/ERK2
a MAPK3/ERK1 jsou serin/treoninové kinazy, které plsobi jako zakladni souc¢asti signalni
drahy MAP kinaz. MAP kinazy, znamé také jako kinazy regulované extracelularnim
signalem (ERK), funguiji jako integraéni bod pro mnoho biochemickych signall a podileji
se na Siroké skale bunéénych procesll, jako je proliferace, diferenciace, regulace

transkripce a vyvoje. Aktivace ERK vyzaduje jejich fosforylaci prediazenymi kinazami. Po
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aktivaci se ERK prfemistuje do jadra stimulovanych bunék, kde fosforyluje jaderné cile
(327). Pro ERK jiz bylo objeveno pfiblizné 160 substratl. Mnohé z téchto substratl jsou
lokalizovany v jadre a zfejmé se podileji na regulaci transkripce. DalSi substraty se vsak
nachazeji v cytosolu i v jinych bunécnych organeléach a ty jsou zodpovédné za procesy,
jako je translace, mitéza a apoptéza. Mezi substraty patfi transkripéni faktory (napriklad
c-Myc, ATF2, BCL6, ELK1, ERF, FOS), cytoskeletalni prvky (napriklad CANX, CTTN,
GJA1, MAP2, MAPT, PXN), regulatory apoptézy (napfiklad BAD, BTG2, CASP9, DAPK1,
MCL1), regulatory translace (napfiklad EIF4AEBP1 a FXR1) a rlzné dal$i molekuly
souvisejici se signalizaci. Proteinové kinazy (jako RAF1, RPS6KA/RSK, SYK,
MKNK/MNK, MAPKAPK) a fosfatazy (jako napr, DUSP4, DUSP6 nebo DUSP16) jsou
dalSimi substraty, které umoznuiji Sifeni signalu MAPK/ERK na dalsi cytosolické a jaderné
cile (8327). O ERK1 a ERK2 je znamo, ze stabilizuji c-Myc fosforylaci Ser62 (105). Po
snizeni exprese ERK1 a ERK2 vyvolaném pfislusnymi siRNA byl sledovan pokles
mnozstvi obou izoforem c-Myc. Aurora A a Aurora B kinazy se podileji na regulaci
usporadani a segregaci chromozom( béhem mitézy a meidzy prostfednictvim spojeni s
mikrotubuly. Aurora A je mitoticka serin/treoninova kinaza, ktera se podili na regulaci
progrese bunécného cyklu (328). BEéhem mitdzy se spojuje s centrozomem a mikrotubuly
vieténka a hraje kli¢ovou roli pfi sestaveni mitotického vieténka, duplikaci centrozomu,
separaci centrozomu a cytokineze. Aurora B je rovnéz serin/treonin proteinkinaza,
soucast chromozomalniho komplexu, ktery plsobi jako klicovy regulator mitdzy (328).
Komplex ma zasadni funkce pri zajiStovani spravného usporadani a segregace
chromozom(l a je nezbytny pro stabilizaci mikrotubulll a sestaveni vieténka indukované
chromatinem. Aurora B se podili na pfipojeni mikrotubul(l vieténka ke kinetochorlim a je
kliCovym regulatorem pro nastup cytokineze béhem mitdzy, je nutna pro sestaveni
centrainiho vieténka (329). Obé kinazy fosforyluji fadu cilovych proteinu, véetné c-Myc.
Nizka hladina Aurora A kinadzy nezpuUsobila vyrazné zmény, jinak tomu ovsem bylo v

pfipadé Aurora B, jejiz downregulace zpUsobila pokles hladin obou izoforem c-Myc.

Druha skupina je tvorfena dvoijici transkripénich faktor(l pfimo fidicich expresi c-
Myc. STAT3 je ¢lenem rodiny proteint STAT. V reakci na cytokiny a rlstové faktory jsou
¢lenové rodiny STAT fosforylovani kindzami spojenymi s receptory a poté tvori homo-

nebo heterodimery, které se prfemistuji do bunééného jadra, kde plsobi jako aktivatory
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transkripce. Tento protein zprostfedkovava expresi fady genll v reakci na bunécéné
podnéty, a hraje tak klic¢ovou roli v mnoha bunéénych procesech, jako je bunéény rist,
apoptéza a regulace odpovédi hostitele na virové a bakteridlni infekce (330).
Cytoplazmaticky STAT3 potlacuje autofagii tim, Ze inhibuje aktivitu PKR (331). Snizeni
hladiny STAT3 vedlo k poklesu exprese obou izoforem c-Myc pfi srovnani s pfislusnymi
kontrolami, coz odpovida poznatku, ze STAT3 fidi expresi nami studovaného genu. -
katenin je kliCovou slozkou kanonické signalni drahy Wnt. V nepfitomnosti Wnt ligandu
tvori komplex s AXIN1, AXIN2, APC, CSNK1A1 a GSK3p, ktery podporuje fosforylaci a
ubikvitinaci B-kateninu a jeho naslednou degradaci proteasomem. V pfitomnosti ligandu
Wnt neni B-katenin ubikvitinovan a hromadi se v jadfe, kde pUsobi jako koaktivator pro
transkripéni faktory rodiny TCF/LEF, coz vede k aktivaci genl reagujicich na Wnt. V
pfipadé, Ze je B-katenin v jadre, je jeho aktivace ukoncena (332). Plsobi jako negativni
regulator soudrznosti centrozom(l. Podili se na regulaci bunééné adheze jako soucast
adhezniho komplexu E-cadherin:catenin, které tvori adherentni spoje. Adherentni spoje
jsou nezbytné pro vytvareni a udrzovani vrstev epitelidlnich bunék tim, Ze reguluji rist
bunék a adhezi mezi nimi. B-katenin také ukotvuje aktinovy cytoskelet a mize byt
zodpovédny za prenos signalu kontaktni inhibice, ktery zplsobuje, Ze se buriky prestanou
délit, jakmile je epitelova vrstva dokon€ena (333). V souvislosti s SiRNA mediovanym
snizenim exprese jsme pozorovali snizeni exprese pouze u p64 c-Myc izoformy. Tento
efekt je zcela novym poznatkem, pficemz se domnivame, ze rozdilna regulace p64 a p67

c-Myc souvisi s ovlivnénim kontaktni inhibice, které 3-katenin rovnéz zprostredkovava.

Dale jsme se zaméfili na studium genu, o kterych bylo uvedeno, Zze reguluji expresi
nami studovanych izoforem c-Myc. Dosud byly popsany pouze tfi geny mrtl, mTOR a
PKR, pficemz siRNA je komeréné dostupna pouze vuci dvéma posledné jmenovanym.
PKR je interferony indukovana dsRNA-dependentni serin/treonin-proteinkinaza, ktera
fosforyluje elF-2-a a hraje kliCovou roli ve vrozené imunitni odpovédi na virovou infekci.
Podili se také na regulaci prenosu signalu, apoptozy, bunécné proliferace a diferenciace,
fosforyluje dalSi substraty, vCetné p53, PPP2R5A, DHX9, ILF3, IRS1 (334). Kromé
serin/treonin-proteinkindzové aktivity ma také tyrosin-proteinkinazovou aktivitu a pfi
posSkozeni DNA indukuje degradaci CDK1. Bud jako adaptorovy protein a/nebo

prostrednictvim své kindzové aktivity muze regulovat rlizné signaini drahy (p38 MAPK,
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NF-kB a inzulinovou signalni drahu) a transkripcni faktory (JUN, STAT1, STATS3, IRF1,
ATF3), které se podileji na expresi genl kddujicich prozanétlivé cytokiny a interferony. O
PKR je znamo, Ze specifické snizeni jeji exprese zplUsobuje overexpresi p67 c-Myc, coz
jsme v souladu s tim pozorovali (331). Tim se také prokazala funkénost naseho
reporterového systému z hlediska sledovani aktivity p64 a p67 c-Myc. mTOR,
serin/treoninova proteinkinaza, ktera je ustrednim regulatorem bunécného metabolismu,
ristu a preziti v reakci na hormony, rlistové faktory, Ziviny, energii a stresové signaly.
mTOR pfimo nebo nepfimo reguluje fosforylaci nejméné 800 proteinll. Funguje jako
soucast dvou strukturné a funkéné odlisnych signalnich komplexd mMTORC1 a mTORC2
(MTOR komplex 1 a 2) (335). Aktivovany mTORC1 zvySuje syntézu protein( fosforylaci
klicovych regulator(i translace mRNA a syntézy ribozom(l. Patfi sem také signalni
kaskada mTORCH1, ktera fidi MIT/TFE faktory TFEB a TFES3. V pfitomnosti zivin
zprostiedkovava fosforylaci TFEB a TFE3, ¢imz podporuje jejich retenci v cytosolu a
inaktivaci. Pfi nedostatku zivin nebo lysozomalnim stresu inhibice mTORC1 vyvolava
defosforylaci a jadernou translokaci TFEB a TFE3, ¢imz podporuje jejich aktivitu
transkripénich faktor(. Jako soucast komplexu mTORC2 muze mTOR regulovat dalsi
bunécéné procesy vcetné prezivani a organizace cytoskeletu. Reguluje osteoklastogenezi
Upravou exprese izoforem C/EBP. Tento protein plsobi jako cil pro zastaveni bunééného
cyklu a imunosupresivni uc€inky komplexu FKBP12-rapamycin. Inhibitory mTOR se
pouzivaji pfi transplantacich organi jako imunosupresiva (103). Inhibitor mTOR,
rapamycin zpUsobuje deregulaci poméru p67:p64 ve prospéch p67 c-Myc (336). Nebylo
dosud ovSem zndmé, jaka zména nastane po pouziti SiRNA knockdownu mTOR. Béhem
naseho experimentu doslo k souCasnému snizeni obou hladin p64 a p67 c-Myc ve
srovnani s kontrolni skupinou. Inhibice kinazové aktivity pravdépodobné ma jiné nasledky

nez snizeni mnozstvi této kinazy.

V ramci valida¢niho experimentu jsme do posledni skupiny zaradili geny, jejichz
exprese je primo regulovana studovanym transkripnim faktorem. Konkrétné se jedna o
geny kodujici ribozomalni proteiny, mezi néz patfi RPS7 a RPS19, tvofici malou
ribozomalni podjednotku, a RPL5 spole¢né s RPL11, strukturni slozky velké ribozomalni
podjednotky. Tyto podjednotky se spole¢né skladaji ze &tyi druhd rRNA a pfiblizné 80
strukturné odliSnych proteinl (42,248). RPS19 je soucasti podjednotky 40S. Patfi do
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rodiny ribozomalnich proteini S19E a nachazi se v cytoplazmé. Mutace v tomto genu
zpUsobuji u c&asti pacientll Diamondovu-Blackfanovu anémii, erytroblastopenii
charakterizovanou chybéjicimi nebo snizenymi erytroidnimi prekurzory. To naznacuje
moznou funkci tohoto genu pfi diferenciaci a proliferaci erytroidni linie, kromé& jeho
ribozomaini funkce. Byla pozorovana vyssi hladina exprese tohoto genu v nékterych
primarnich karcinomech tlustého stieva (337,338). RPS7 je také soucasti podjednotky
40S a nalezi do rodiny ribozomalnich protein(i S7TE. Nachazi se v cytoplazmé a jeho dalsi
funkce nejsou blize specifikovany (17,339). RPL5 a RPL11 jsou soucasti 5S RNP castic
a také nezbytnymi prvky velké podjednotky, ktera je nutna pro tvorbu a zrani rRNA.
Spojuje také biogenezi ribozomu s aktivaci p53. Jako soucast 5S RNP se RPL5 a RPL11
hromadi v nukleoplazmé a pfi naruseni biogeneze ribozomU inhibuji MDM2, ¢&imz
zprostiedkovavaji stabilizaci a aktivaci p53. Také plIni funkci inhibitord tumorigeneze
prostrednictvim aktivace nadorovych supresorl a snizeni exprese onkoproteint. Mutace
v téchto genech byly také identifikovany u pacientl s Diamond-Blackfanovou anémii. Je
dobfe znamo, ze RPL11 a RPL5 nejenze jsou regulovany prostrednictvim c-Myc, ale
zpétné ovliviu;ji i expresi tohoto onkogenu prostrednictvim degradace jeho mRNA (340).
Pfi snizeni exprese jmenovanych ribozomalnich proteind jsme docilili vyrazného zvyseni
exprese c-Myc, a to pfedevsim p64 izoformy. Vliv ribozomalnich proteint a pomér exprese
p64:p67 nebyl dosud popsan.

Vysledky naznacuji, ze reportery umoznuji spolehlivé sledovani endogenni
exprese izoforem c-Myc a jsou vhodné pro dalSi experimenty v€etné vysokokapacitniho
screeningu k odhaleni latek modulujicich hladiny tohoto tézko regulovatelného
transkripcniho faktoru. Dale byly identifikovany nové geny (B-katenin, RPS7, RPS19,
RPL5, RPL11) diferencialné regulujici expresi p64 a p67 c-Myc. Porovnani dat ziskanych
pomoci NanoLuc eseje a HiBIT blottingu ukazalo srovnatelnost vysledk( obou metod po

normalizaci na viabilitu nebo hladinu proteinu B-aktinu.

Studie se dale zaméfila na optimalizaci NanoLuc eseje pro vysokokapacitni
testovani latek. Vybrané latky byly testovany s cilem najit vhodného referencniho
antagonistu pro HTS. Vybér zahrnoval inhibitor heterodimerizace c-Myc s Max (10074-
G5) (341), inhibitory BET proteind (JQ1, OTX015) (342,343), nekompetitivni inhibitor
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MAPK signalni drahy (PD98059) (344) a glukokortikoid dexametazon (345). Tyto latky
byly testovany ve formatu 384jamkovych kultivaénich panell a jejich aktivita byla
analyzovana pomoci NanoLuc eseji. Ze ziskanych dat jsme zvolili nejen vhodnou
kontrolni latku, kterou byla 10074-G5, ale také dalSi parametry pro primarni screening —

dobu inkubace a koncentraci testovanych latek.
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9.3 Studium zmény fenotypu v disledku haploinsuficience ribozomdinich proteini RPS7 a
RPL11

Studie zamérena na podrobny vyzkum DBA fenotypu vyuzila dva typy bunécnych
modell. Prvni skupinu tvofily buriky s genomem modifikovanym pomoci technologie
CRISPR-Cas9, konkrétné byla analyzovana jednobodova mutace RPS7 p.V134F (viz
Pfiloha lll (17)) a haploinsuficience RPL11, obé deficience jsou spojené s Diamond-
Blackfanovou anémii. Druhym modelem byl systém s tranzientné snizenou expresi genl
RPS7 a RPL11 pomoci siRNA. Oba modely byly vytvofeny na bunéénych liniich lidského

osteosarkomu U20S.

Prvni faze vyzkumu zahrnovala modifikaci bunécnych linii pomoci elektroporace
ribonukleovymi komplexy obsahujicimi gRNA a Cas9 nukleazu, ¢imz vznikly polyklonaini
populace. Nasledovala izolace jednotlivych monoklonalnich linii a genotypizace pro
ziskani uniformniho bunécného modelu. V primarnim screeningu bylo pouzito restrikéniho
profilovani, zatimco sekundarni screening zahrnoval PCR amplifikaci modifikovanych
lokusl a Sangerovo sekvenovani. Vysledky ukazaly, Zze CRISPR-Cas9 technologii byly
uspésné vytvoreny specifické bunééné modely pro studium fenotypl spojenych s
haploinsuficienci v genech RPS7 a RPL11. Pro srovnani byly vyuzity i bunééné linie s

tranzientné snizenou expresi pomoci siRNA.

Dalsi faze studie se zaméfila na sledovani rychlosti syntézy nascentnich proteinu.
Zkoumané bunécné linie byly vystaveny deficitu methioninu, a poté byl pouzit analog L-
azidohomoalanin, jehoz inkorporace do proteinl byla detekovana pomoci protilatky a
pratokové cytometrie. Vysledky ukazaly predpokladané celkové snizeni proteosyntézy
v DBA bunéénych modelech (243). Nasledné byl zkouman vliv haploinsuficience
zvolenych RP na proliferaci bunék. Test viability MTS a analyza bunécného cyklu
prokazaly vyznamny pokles proliferace a akumulaci bunék v Go/G1 fazi u bunéénych
modell s deficienci RPS7 a RPL11 (346). Studie téZz zaznamenala zvy$enou syntézu

DNA, pravdépodobné zpusobenou zvysenym oxidativnim stresem (347).

Dale jsme se zaméfili na charakterizaci bunéénych modelll Diamond-Blackfanovy
anémie (DBA) s dlrazem na signdlni drahy spojené s ribozomalnim stresem (348).
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Zjisténi, ze bunécné linie modelujici DBA vykazuji snizenou proliferaci s akumulaci v
Go/G1 fazi bunécného cyklu, vedlo k detailnéjSimu zkoumani signalnich drah spojenych s
transkripnim faktorem p53, ktery pfimo souvisi s ribozomalnim stresem. Pomoci metody
western blottingu bylo zaznamenano zvyseni hladiny p53 proteinu pfi snizené expresi
genu RPS7 a RPL11. Tento narUst byl pozorovan u bunéénych modell s tranzientnim
knockdownem pomoci siRNA i u RPL11 modelu vytvorfeného technologii CRISPR-Cas9.
Dale byly analyzovany hladiny proteinu p21, MDM2, a transkripéniho faktoru B-kateninu.
Vysledky ukazaly vyznamné zmény v téchto proteinech u bunéénych modelll DBA. NarUst
hladiny p21 a zaroven snizeni MDM2 naznacCuje aktivaci p53 drahy. Také bylo
zaznamenano zvyseni hladiny B-kateninu, coz souvisi s drahou Wnt, jez pravdépodobné

ma vyvazujici u€inek na ribozomalni stres (349,350).

Vyzkum také upresnil molekularni podstatu mirngjSino fenotypu DBA u modelu
nesouciho mutaci RPS7 p.V134F. Bylo prokazano, ze mutace snizuje stabilitu proteinu
RPS7 a aktivuje ubikvitinaci, coz v kone¢ném dusledku mize vést k nedostatku RPS7 viz
Priloha 11l (17,351,352). Analyza post-translacnich modifikaci proteinu p53 a downstream
genu nenasla presvédcivé dikazy o rozdilné aktivaci drahy p53 v bunéénych liniich RPS7
p.V134F oproti U20S WT. Nebylo tedy pfimo zjisténo, jakym, na p53 nezavislym
zpusobem, dochazi k indukci p21 u RPS7 p.V134F modelu.

Zavérem bylo ukazano, ze mutace v ribozomalnich proteinech negativné ovliviuiji

zrani prekurzord pre-rRNA, coz pfispiva k patogenezi DBA (353).

Celkové Ize konstatovat, ze studie uspésné vyuzila CRISPR-Cas9 technologii k
vytvoreni bunéénych modell pro podrobné zkoumani DBA fenotypu, s dlirazem na geny
RPS7 a RPL11, a identifikovala nékolik dulezitych aspektl, véetné vlivu na syntézu

proteinll a proliferaci snizenou ribozomalnim stresem.
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10 Zavér

Tato prace sestava ze tfi vyzkumnych zamérd, které maji spole¢ného jmenovatele
znamy onkogen c-Myc. B&hem podrobné charakterizace biologickych ucinkl od
pfirodnich latek derivovanych triterpend jsme pozorovali spojitost mezi jejich
proapoptotickym protinadorovym ucinkem a snizenou hladinou c-Myc. Jelikoz se nase
pracovisté od svého pocatku zabyva vyvojem protinadorové 1éCby, véetné triterpend a
disponuje robotickou platformou pro vysokokapacitni screening, bylo dalSim krokem
vytvoreni reporterové bunécné linie monitorujici hladinu transkripéniho faktoru c-Myc. Pfi
designu této linie jsme peclivé zvolili postup, pfi kterém byl zachovan lokus c-Myc jen s
drobnou upravou, kterou bylo vneseni znacky na C-koncovou oblast proteinu
prostiednictvim CRISPR/Cas9. Zachovana tak zUstala fyziologicka exprese c-Myc, a
navic jsme ziskali zcela unikatni moznost sledovat dynamiku exprese dvou hlavnich
izoforem c-Myc. Oba c-Myc reporterové systémy byly podrobné popsany a validovany.
Pro ucely vysokokapacitniho screeningu byly optimalizovany podminky a zvolen byl také
referenéni antagonista, latka 10074-G5. Nyni jiz provadime vysokokapacitni primarni
screening komeréné dostupnych knihoven chemickych latek, pficemz nasim cilem je
vyfiltrovat latky, které budou snizovat proproliferacni funkce c-Myc na ukor téch
podporujicich quiscenci nebo bunéénou smrt. Tedy latky zvySujici expresi p67 c-Myc na
ukor p64 c-Myc. Béhem validace c-Myc reporterovych linii jsme odhalili dalSi regulatory
exprese téchto izoforem. Kromé znamych kindz mTOR a PKR byl seznam rozSifen o

transkripcni faktor B-katenin a ribozomaini proteiny.

Treti pilif této prace se zabyva prave ribozomaini biogenezi, ktera je z podstatné
Casti fizena pravé c-Myc. Posledni ¢ast prace dokumentuje patofyziologické projevy
ribozomalniho stresu pfi haploinsuficienci RPS7 a RPL11. Pro tento ucel jsme vytvofili
dva bunééné modely prvni za pouziti siRNA knockdownu ke snizeni exprese
ribozomalnich genl na polovinu oproti kontrole. Druhym bylo vyfazeni exprese jedné z
alel RPL11 a v pfipadé RPS7 vneseni konkrétni unikatni bodové mutace za ucelem
popsani jejich vlivli na fyziologii bunky, prostfednictvim CRISPR/Cas9. Lze konstatovat,
Ze oba postupy vedouci k ziskani bunéénych modell s haploinsuficienci ribozomalnich

proteinl vedly k patofyziologickym projevim asociovanym s Diamond-Blackfanovou
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anémii a ribozomalnim stresem. V pripade dalsiho vyzkumu jsou mezi sebou nahraditelné
modely vytvorené za pouziti siRNA knockdownu a vyfazeni jedné alely pfi studiu
kompletni ztraty exprese jedné z alel genu zajmu. Pokud ale chceme vérohodny bunécny
model slouzici k popsani vlivu ur€itych mutaci, ma nezastupitelné misto CRISPR/Cas9

technologie.

Hlavnim cilem nasi prace bylo komplexné predstavit divody, pro¢ gen c-Myc hraje
tak zasadni roli pfi urCovani osudu bunék. Vysvétlili jsme, jak exprese tohoto onkogenu
m(ze produkovat pét riznych protein(, z nichz kazdy ma jedine¢né vlastnosti a funkce.
Tyto proteiny maji odliSnou strukturu, jsou lokalizovany v rlznych bunéénych
kompartmentech a pIni jedinecné role Obrazek 3. Toto genomické usporadani zdlraznuje

mnohostrannou povahu exprese a funkci c-Myc.

Zabyvali jsme se jedine¢nymi vlastnostmi genu c-Myc v lidském genomu a zaméfili
jsme se na dvé dobfe znamé, ale kontroverzni role: stimulaci progrese bunécného cyklu
a podporu zastaveni rastu a apoptdzy. Peclivy vyzkum téchto roli mize poskytnout
informace o tom, pro€ je pro regulaci normaini funkce c-Myc béhem bunééného rlstu a
zastavy nezbytna exprese péti rlznych izoforem proteinu c-Myc. Slozité regulaéni
prostredi obklopujici bunéénou dynamiku zprostiedkovanou c-Myc je zdlraznéno riznymi
mechanizmy fidicimi syntézu rlznych izoforem c-Myc, které vykazuji rizné schopnosti

aktivovat a regulovat transkripci.

Predchozi vyzkum ukazal, ze u nadorovych bunécnych linii s deregulovanou
aktivitou c-Myc se casto vyskytuji poruchy rovnovahy mezi dvéma specifickymi
izoformami proteinu c-Myc, p64 a p67. Tyto nerovnovahy v poméru izoforem mohou pfimo
prispivat ke ztraté kontroly nad bunéénym rlistem, coz je bézny rys nadorového bujeni.
Pochopeni molekularnich slozitosti, které urCuji, jak se c-Myc podili na regulaci
bunééného cyklu, je vzhledem k ¢asté deregulaci u lidskych nadord zasadni. Vztahy mezi
riznymi izoformami proteinu c-Myc, zejména specificky vliv na kontrolu a zastaveni
bunééného cyklu, oteviraji nové moznosti terapeutickych zasahu. Definitivni pochopeni
komplexni souhry mezi c-Myc, apoptézou a progresi bunécného cyklu by mohlo

vyznamne prispét k reseni celé fady malignich onemocnéni.
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Zavérem lze Fici, ze probihajici snahy o pochopeni regulaénich mechanizm, které
jsou zakladem kontroly bunécného cyklu zprostfedkovaného c-Myc, nabizeji slibné
vyhlidky na inovativni terapeutické strategie proti nadorim souvisejicim s ¢c-Myc (97). P¥i
navrhovani zasah je v§ak nezbytné vzit v Gvahu dvoji roli c-Myc, tj. podporu apoptézy a
podporu prezivani a diferenciace bunék. DalSi odhalovani slozitosti funkce c-Myc umozni
vyzkumnikim hloubéji pochopit, jak tento transkripéni faktor pfispiva k biologii
onkologickych onemocnéni. Domnivame se, ze nejucinngjsi terapeuticky potencial
spoCiva v obnoveni rovnovahy mezi p64 a p67, jak ukazaly studie, které zahrnovaly
inhibici PKR a translace zprostiedkované IRES (100,101,101,331,334). Optimaini vyuziti
tohoto regulaéniho mechanizmu bude vyZzadovat dal$i vyzkum dal$ich proteinl, které
mohou tuto rovnovahu ovliviiovat. Latky, které moduluji aktivitu PKR, translaci
zprostredkovanou IRES a dalsi relevantni proteiny, by mohly mit zdsadni vyznam pro
cilenou 1é€bu agresivnich malignit. Rozsifeni spektra modulatorl c-Myc bude mit zasadni
vyznam pro identifikaci alternativnich strategii v pfipadech rezistence a umozni

personalizovanou Ié¢bu nadorl rizného plvodu.
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12 Seznam duleZitych zkratek a symbolU

Rodina BET (Bromodomain and Extra-terminal Domain),

BCR (The Breakpoint Cluster Region Protein),

elF4A (Eukaryotic Translation Initiation Factor 4A),

PI3K (Phosphatidylinositol 3-Kinase),

CDK (Cyclin-dependent kinase),

PIM1 (Pim-1 Proto-Oncogene, Serine/Threonine Kinase),

PIN1 (Peptidylprolyl Cis/Trans Isomerase, NIMA-Interacting 1),
PP2A (Protein phosphatase 2A),

SKP2 ((S-Phase Kinase Associated Protein 2),

USP7 (Ubiquitin Specific Peptidase 7),

JAK2 (Janusova kinaza 2),

STATS3 (Signal Transducer And Activator Of Transcription 3),
NF-kB (Nuclear Factor Kappa B),

Src (SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase),
FBXW?7 (F-Box And WD Repeat Domain Containing 7),

PLK-1 (Polo Like Kinase 1),

HUWE1 (HECT, UBA And WWE Domain Containing E3 Ubiquitin Protein Ligase 1),
HDAC (Histone Deacetylase),

Max (MYC Associated Factor X),

Myc (MYC Proto-Oncogene, BHLH Transcription Factor).
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Abstract: The transcription factor c-Myc, a key regulator of cellular processes, has long been associated
with roles in cell proliferation and apoptosis. This review analyses the multiple functions of c-Myc by
examining the different c-Myc isoforms in detail. The impact of different c-Myc isoforms, in particular
p64 and p67, on fundamental biological processes remains controversial. It is necessary to investigate
the different isoforms in the context of proto-oncogenesis. The current knowledge base suggests
that neoplastic lesions may possess the means for self-destruction via increased c-Myc activity.
This review presents the most relevant information on the c-Myc locus and focuses on a number
of isoforms, including p64 and p67. This compilation provides a basis for the development of
therapeutic approaches that target the potent growth arresting and pro-apoptotic functions of c-Myc.
This information can then be used to develop targeted interventions against specific isoforms with the
aim of shifting the oncogenic effects of c-Myc from pro-proliferative to pro-apoptotic. The research
summarised in this review can deepen our understanding of how c-Myc activity contributes to
different cellular responses, which will be crucial in developing effective therapeutic strategies;
for example, isoform-specific approaches may allow for precise modulation of c-Myc function.

Keywords: c-Myc locus structure; p64 isoform; p67 isoform; c-Myc S; MycHex1; mrtl

1. Introduction

The c-Myc transcription factor holds a central role in molecular biology and cancer
research due to the orchestration of various cellular processes through intricate control
of gene expression [1]. Structurally, c-Myc is a nuclear protein that forms heterodimers
with the Max (MYC Associated Factor X) protein. This complex binds to specific DNA
sequences, known as E-boxes, in gene promoters [2]. In terms of function, c-Myc either
activates or represses the transcription of genes that are critical to cell growth, proliferation,
and apoptosis. As such, it has a significant influence on the fate of cells. When regulating
cell growth, c-Myc upregulates the transcription of genes encoding protein products in-
volved in the cell cycle (such as E2Fs transcription factors, cyclins, and cyclin-dependent
kinases) and suppresses the transcription of genes linked with the inhibition of mitogenic
processes (for instance cyclin-dependent kinase inhibitors p21, p27) [3-7]. Hence, it is
clear that dysregulated c-Myc activity can lead to unbridled cell proliferation [8]. This
pro-proliferative effect is central to the involvement of c-Myc in tumourigenesis.

The dysregulation of c-Myc is a common hallmark of cancer [9]. Many cancer cells
exhibit elevated levels of c-Myc, contributing to uncontrolled growth and the propensity
to form tumours. Alterations in the c-Myc gene, such as mutations or amplifications,
are frequently observed in various cancers, including breast, lung, and colorectal [10-12].
The aberrant expression of c-Myc can be triggered by many factors, including mitogenic sig-
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nals, growth factors, and cellular stress responses; this highlights how a complex interplay
of regulatory mechanisms is involved in the control of c-Myc [2].

In addition to stimulating cell growth, c-Myc is also involved in apoptosis, or the
process of programmed cell death [13,14]. This dual role adds a further level of complexity
to how c-Myc contributes to tumourigenesis. Under certain conditions, c-Myc can promote
cell survival by upregulating anti-apoptotic genes, which can block pro-apoptotic signals
in cancer cells [15]. However, c-Myc can also induce apoptosis when required to safeguard
against the uncontrolled proliferation of damaged cells. These paradoxical roles underscore
how critical c-Myc is to maintaining a healthy balance within each cell.

In addition to involvement in cancer, c-Myc also plays a pivotal role in stem cell
regulation [16]. More specifically, c-Myc is instrumental in maintaining the pluripotency
of embryonic stem cells, which ensures that these cells can differentiate into various cell
types; this includes erythroid precursors, which demonstrate a decreased potential for
differentiation in certain inherited diseases, such as Diamond-Blackfan anaemia [17,18].
Additionally, c-Myc is crucial in the reprogramming of somatic cells into induced pluripo-
tent stem cells (iPSCs), a role which is highly relevant for regenerative medicine and tissue
engineering [19].

Establishing that c-Myc plays a pivotal role in tumourigenesis has led researchers
to focus on developing therapies that target this transcription factor [20]. The prevailing
avenue of research is exploring how to selectively inhibit the c-Myc activity in cancer
cells to disrupt uncontrolled proliferation, which holds immense promise for how cancer
is treated.

c-Myc regulates a wide array of cellular processes, ranging from cell growth to pro-
grammed cell death [21]. Influences on both uncontrolled cell growth and apoptosis
underscore why c-Myc is highly relevant to cancer research. The ongoing quest to unravel
the complex pathways and conditions that affect c-Myc function may uncover the basis for
how to develop targeted therapies for more effective cancer treatment.

The regulation and functioning of c-Myc significantly impacts the phenotype of a cell.
However, despite intensive study, the mechanisms through which proteins encoded by the
c-Myc locus are involved in diverse cellular processes remain poorly understood [22-24].
The very diverse functions of this transcription factor may be due to the complex and
understudied polycistronic locus. A closer understanding of the structure and function of
the individual c-Myc isoforms may be a key in the development of safe targeted therapies
against different c-Myc dependent tumour types.

The c-Myc proteins share many features with other transcriptional regulators.
These proteins are localised to the nucleus, can be phosphorylated, and have relatively
short half-lives, all characteristics which suggest that these proteins are regulated at various
levels [25,26]. Specific molecular functions have been assigned to the C- and N-terminal
regions of c-Myc-encoded proteins. For instance, the C-terminal domain of c-Myc proteins
shares structural similarities with members of the basic helix-loop-helix leucine zipper
(bHLH-LZ) superfamily of transcription factors [23] (Figure 1). The dimerisation of c-
Myc with Max, a member of the bHLH-LZ family [27], through the HLH-LZ region of
both proteins, facilitates sequence-specific binding to the CACGTG motif or E-box Myc
site (EMS) in DNA [28,29]. The c-Myc proteins can stimulate transcription by binding
to EMS sequences, whereas an excess of Max antagonises this transcriptional activity in
cells [30-32]. Activation of transcription by the c-Myc proteins also requires intact N- and
C- domains. The N-terminal region of the c-Myc proteins functions as a transactivation
domain, and deletions of highly conserved regions within the N-terminal domain, called
Myc boxes, reduce its transactivation function [32,33] (Figure 1). In addition, transactivation
can be modulated by proteins that interact with the N-terminal domain of c-Myc proteins,
including the TATA-binding protein (TBP) and the pRb-like protein p107 [34,35].
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Figure 1. Schematic representation of the protein structures encoded by the c-Myc locus. The N- and
C-labels represent the N-terminal and C-terminal regions of the proteins, respectively. The full-length
protein structures are indicated by light blue rectangles. Conserved regions of the Myc boxes are
labelled MBO to MBIV and visualised by light green rectangles. The transcriptional activation domain
(TAD) is located between MBI and MBII of p64 and p67. The dimerisation domains of p64, p67,
and c-Myc S are shown in dark blue and are divided into the basic region (BR) and the helix-loop-
helix leucine zipper domain (HLH-LZ). In the case of mrtl, the hydrophobic region is shown in light
yellow and the charged region is represented by a light red rectangle. The structure of MycHex1 has
not yet been characterised in detail. Created with BioRender.com.

c-Myc primarily functions in the nucleus as a transcription factor for three RNA
polymerases. The c-Myc/Max heterodimer, via the activation or repression of pol II
target genes, is critical in progression to the cell cycle from quiescence [2,36—40]. c-Myc
significantly impacts the overall rate of intracellular protein synthesis by stimulating the
activity of pol I (rRNA synthesis) and pol III, which are involved in the production of many
components of the translational apparatus (e.g., translation initiation factors, ribosomal
proteins) [41-45]. As such, C—Myc‘/ ~ cells have been found to show reduced RNA and
protein synthesis rates, along with prolonged cell division [46].

The ability to induce growth arrest and apoptosis is an intrinsic property of proteins en-
coded by the c-Myc locus [13,47,48]. However, naturally occurring truncations, mutations,
or rearrangements in the c-Myc sequence rarely, if ever, adversely affect the mitogenic or
pro-apoptotic activities of c-Myc proteins. This also applies—to some extent—to a viral ana-
logue of c-Myc, v-Myc, which is a viral oncogene found in certain retroviruses. The genetic
sequences of v-Myc and c-Myc share certain similarities, while the gene products demon-
strate significant differences in functions. For instance, v-Myc is often more potent in
promoting cancer than c-Myc due to differences in regulation and expression [38—40]. How-
ever, many human tumours exhibit genetic or epigenetic changes in c-Myc that disrupt
the pathway underlying cell death to inhibit the pro-apoptotic activity of c-Myc [49-52].
However, it should be noted that the mechanism through which cell death is activated
often remains intact, even in advanced malignancies, but is impeded so that proliferation is
ultimately favoured [53-56].

The next section will provide a closer look at the locus structure of the central tran-
scription regulator c-Myc.

2. Structure of the c-Myc Locus

In humans, the production of more than one protein from a single genetic locus or mRNA
is an event that occurs in some particular genes. One such case is the p16™K4a /p14ARF Jocus,
which encodes two distinct proteins with overlapping coding sequences but different read-
ing frames [57,58]. Furthermore, it is well known that the human c-Myc locus, particularly
the polycistronic c-Myc PO transcript, can produce several distinct protein products.

The human c¢-Myc locus, which is located on chromosome 8q24, has a complex struc-
ture (Figure 2). For instance, transcription can be initiated by binding to one of four
alternative promoters (P0, P1, P2, and P3), the last of which is located between exons 1 and
2 of the gene [8,59-61]. The locus contains the coding sequences for two longer isoforms of
the c-Myc protein, p67 (also termed c-Mycl) and p64 (referred to as c-Myc2), one truncated
isoform of c-Myc S (p55), and the protein products of two ORFs, designated as mrtl and
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MycHex1. The sequences of mrtl and MycHex1 do not overlap with the c-Myc sequences,
except for a minor overlap of 19 bp between the C-terminal sequence of MycHex1 and the
N-terminal sequence of c-Myc p67, which are not in the same reading frame (Figure 2).
P1 and P2 are the two most commonly used promoters, contributing to approximately
90% of the c-Myc transcripts in cells [62]. Translation of c-Myc mRNA can be initiated
at one of two different initiation codons (CUG or AUG), leading to the synthesis of two
protein isoforms (p64 and p67) [63]. p64 Myc is the predominant gene product, and most
likely responsible for the oncogenic properties of the c-Myc locus [64]. In comparison to
p64, the N-terminus of p67 Myc contains 14 additional amino acids and appears to have
strong tumour suppressor properties. Thus, the p64:p67 ratio has a large influence on cell
response [65].
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Figure 2. Diagram showing the structure of the c-Myc locus. The transcript starting from the
PO promoter encodes the mrtl and MycHex1 mRNAs, which are located upstream of the coding
sequences for p67 and p64 mRNAs. The positions of the four transcription start sites (P0, P1, P2, P3)
are indicated by bent arrows. Exons are indicated by dark blue rectangles and introns are indicated
by light blue rectangles. Transcription rates initiated from four promoters are indicated by dashed
dark purple arrows. Below the DNA coding sequence are all transcripts of the c-Myc locus indicated
in light purple rectangles. Created with BioRender.com.

p67

3. Two Main c-Myc Isoforms: p64 and p67

The two major isoforms of c-Myc, p64 and p67, have been found in all vertebrate
species studied to date [63]. In mammalian and avian cells, these two proteins are produced
by the alternative initiation of translation at distinct in-frame codons, namely, the AUG
codon for p64 and the CUG codon for p67 [63]. The evolutionary conservation of this
c-Myc locus expression pattern over 400 million years suggests that multiple isoforms may
play an essential role in c-Myc function. Translation of the p67 protein begins at the CUG
codon, and thus results in an amino-terminal extension of 14 amino acids relative to the
p64 protein [63]. Several lines of evidence suggest that the p67 protein is involved in cell
growth and tumourigenesis. For instance, disruption of p67 synthesis has been observed
in many Burkitt’s lymphomas [25,63]. In addition, the two forms of the c-Myc protein
are differentially expressed during cell growth. When cell confluence increases, the p67
isoform predominates. This suggests that the p67 protein plays a role in growth inhibition,
whereas the p64 and v-Myc proteins have been shown to stimulate growth.
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Many of the c-Myc gene rearrangements observed across various cancer types have
been found to involve changes in exon 1. These often include complete deletion of exon
1 in the case of chromosomal translocations and retroviral translocations, along with
minor deletions, point mutations, and proviral insertions in intron 1 [66]. The prevailing
interpretation for this dynamic is that these changes only affect the regulation of c-Myc
expression as the region encoding the protein with the AUG initiation codon in exon
2 is conserved. The first exon of c-Myc contains regions and regulatory elements that
are likely important in controlling expression. These include sites for the addition of a
methylguanosine cap to c-Myc mRNA at the 5’ end of exon 1 and a region that controls
the elongation of nascent mRNA transcripts, as well as a possible enhancer element near
the 3’ end of exon 1 [60,67-71]. Thus, removal of the first exon—which occurs in a series
of rearrangements of the c-Myc locus—alters the c-Myc promoter structure and halts the
expression of isoform p67, which is implicated in growth inhibition. Therefore, removal of
the first exon of c-Myc likely leads to deregulation of the cell cycle and metabolism.

There also appear to be functional differences between the p64 and p67 proteins.
For instance, p67 is a potent and specific transactivator of the enhancer element EFII
via the C/EBP binding site (CCA AT-enhancer-binding protein, TTATGCAAT sequence).
The C/EBP family consists of six related transcription factors which share a basic leucine
zipper domain and are simultaneously classified as tumour suppressors, proto-oncogenes,
and regulators of differentiation [72]. This transactivation has been observed in numerous
cell types and species.

In contrast to the strong transactivation capacity of p67, the p64 c-Myc isoform either
fails to transactivate the EFII enhancer element or represses EFIl-driven transcription
(Figure 3). In addition, there is evidence that v-Myc proteins also significantly repress
transcription through interactions with the EFII enhancer element [65]. Both p64 and
p67 proteins could transactivate via the canonical EMS sequence. Since both isoforms
have the same C-terminal domain, the opposing effects of these proteins on EFII-driven
transcription are most likely due to differences in N-terminal domains [27]. A possible
explanation is that the amino terminal extension of 14 amino acid residues in p67 causes an
overall conformational change in the N-terminal region, which contains the transactivation
domain. These structural variations between p64 and p67 may result in unique interactions
with transcriptional complexes based on specific DNA binding sites [65,73].

In addition to transcriptional activation, c-Myc has several distinct molecular func-
tions, including transcriptional repression and direct modulation of DNA synthesis [23,74].
The N-terminal region of c-Myc is essential for the transcriptional repression of the cyclin
D1 promoter [74]. The finding that p64 and p67 differentially transactivate the binding site
for C/EBP yet can activate transcription of the EMS sequence suggests both distinct and
overlapping functions for these two proteins. p67-regulated transcription of the C/EBP se-
quence indicates that the intracellular proportions of p64, p67, and C/EBP family members
may determine the overall transcription rates of genes containing this sequence. Research
conducted by Freytag and Geddes in 1992 highlighted that C/EBP and p64 proteins have
contrasting roles in regulating adipogenesis [75]. Furthermore, there is evidence that an
increase in p67 synthesis appears to be driven by methionine availability in the growth
medium [76]. Thus, modulation of p67 levels may represent an early cell response to
adapting to growth under nutrient deprivation. The different, and sometimes opposing,
manners in which the two c-Myc proteins regulate the transcription may also apply to
varying roles in the regulation of cellular metabolism.
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Figure 3. Schematic representation of the interaction and localisation of c-Myc isoforms. p64/Max,
p67/Max, Myc S/Max, and Max/Max transcriptional activities on E-box and C/EBP responsive
elements are depicted in the lower part of the figure, whereas localisation and function of mrtl and
MycHex1 are shown in the upper part of the figure. Created with BioRender.com.

Prior research has elucidated one of the cellular signalling mechanisms that regulates
the intracellular balance of p64 and p67 levels. For instance, PKR (or EIF2AK2, eukaryotic
translation initiation factor 2-alpha kinase 2) has been shown to enhance c-Myc transcrip-
tion via interactions with NF-«B (Nuclear Factor Kappa-light-chain-enhancer of Activated B
Cells) and STAT (Signal Transducer and Activator of Transcription). PKR activity also signif-
icantly influences c-Myc mRNA stability, translation, and subsequent protein stability [77].
Treating cells with a PKR inhibitor or performing siRNA-mediated knock-down of PKR
results in heightened intracellular levels of p67. In contrast, PKR overexpression increases
intracellular levels of p64 (Figure 3). This event is highly relevant to tumourigenesis, as the
balance between p64 and p67 significantly impacts various cellular responses, such as pro-
liferation, cell cycle arrest, and apoptosis. Interestingly, under normal growth conditions,
PKR overexpression enhances cell growth, whereas the siRNA-mediated knock-down of
PKR, or treatment with a PKR inhibitor, results in cell cycle arrest [77].

C/EBP overexpression also exerts a growth inhibitory effect [78]. However, since p64
and p67 proteins transactivate expression through EMS sequences, they may share some
biological functions. It is likely that the disruption of p67 protein synthesis by genetic muta-
tion or rearrangement, as is the case in Burkitt’s lymphoma, causes cells to lose the growth
inhibitory response under nutrient depletion, which could contribute to oncogenesis.

4. The Third Isoform c-Myc S

In addition to p64 and p67, human, mouse, and avian cells also express smaller c-Myc
proteins. These truncated proteins, termed c-Myc S, are produced by leaky scanning at
conserved AUG codons downstream of the initiation sites for p64 in exon 2 of c-Myc
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(Figure 2) [79]. c-Myc S lacks most of the N-terminal transactivation domain present in
p64 and p67 but retains the C-terminal dimerisation and DNA-binding domains (Figure 1).
Like p64 and p67, the c-Myc S proteins are localised to the nucleus, can be phosphorylated,
and are relatively unstable. Significant levels of c-Myc S, approaching those of p64 and
p67, have been transiently observed during the rapid growth phase of several different cell
types [79,80]. The c-Myc S proteins never activate the transcription of certain genes but are
able to inhibit p64 and p67, which suggests a dominant-negative inhibitory function [80]
(Figure 3). These smaller c-Myc proteins are obviously not expected to function as p64 and
p67, while the finding that tumours express high levels of c-Myc S during the rapid cell
growth phases suggests that these proteins do not impede the proliferative effects of p64
and p67. As such, although c-Myc S is characterised by the loss of most of the transcriptional
activation domain found in both p64 and p67, it is a promoter of cell proliferation [79].

5. MycHex1 and mrtl

Evidence of an internal ribosomal entry site (IRES) designed solely for the translation
of MycHex1 mRNA has sparked interest in deciphering the physiological roles of c-Myc
PO mRNA and the protein MycHex1 (Figure 2) [62]. Both mrtl and MycHex1 are found
only in primates, in contrast to c-Myc, which is conserved across all vertebrates. mrtl
and MycHex1 are relatively basic proteins, with pI values of 8.65 and 11.87, respectively.
Full-length mrtl has 114 amino acids (12.5 kDa) and is rich in arginine. The N-terminal
region, which is highly hydrophobic, is thought to be the only transmembrane domain
(Figure 1) [40]. The hydrophobic region is interrupted by a series of charged amino acids
(RSER). Another, slightly smaller isoform of mrtl exists, designated as mrtx (98 amino
acids, 10.8 kDa), and lacks most of the transmembrane domain. Two myristoylation sites
in the central region of the protein could further facilitate the membrane association of
mrtl. The C-terminal sequence contains several examples of alternation between positively-
and negatively-charged residues, and shows considerable homology to several RNA-
binding proteins [40]. It is likely that this region serves as an interaction domain with other
proteins [81]. Moreover, there are four sites at which serine residues can be phosphorylated
(consensus substrates for protein kinase C, casein kinase II, protein kinase A, and protein
kinase G), with two located in the middle of charged residues within the C-terminal
domain [40].

Regulation of c-Myc expression at the translational level is also important to normal
cell functioning [76,82,83]. The transcription of mrtl in cis from c-Myc mRNA places
mrtl near regulatory sequences and controls the efficiency of c-Myc translation (Figure 2).
The primary determinant of c-Myc translational regulation is the IRES sequence, which is
located in the 5" UTR between the coding sequences of mrtl and c-Myc (Figure 2) [84,85].
As such, it is possible that mrtl regulates c-Myc translation through modulation of IRES
activity. From a genetic perspective, mrtl and c-Myc are very closely linked, so gene
amplification or chromosomal translocations involving c-Myc will often affect the mrtl
coding sequence [40]. Given this relationship between mrtl and c-Myrg, it is plausible that
mrtl may contribute to the role that the c-Myc locus plays in oncogenesis.

Within the cell, mrtl is mainly found in the nuclear envelope, endoplasmic reticu-
lum (ER), and tubular and cisternal structures of the nucleoplasmic reticulum (NR) [40]
(Figure 3). Because the nuclear envelope and rough ER are studded with ribosomes, it is
possible that mrtl is in close proximity to the translational apparatus. Thus, mrtl could be in-
volved in the regulation of translation. There is already empirical evidence for this, as mrtl
was found to be associated with the translation initiation factors elF4G (Eukaryotic Transla-
tion Initiation Factor 4 G) and elF2« (Eukaryotic Translation Initiation Factor 2c), as well
as the integral 40S ribosomal protein RACK1 (Receptor For Activated C Kinase 1) [40].

In contrast, MycHex1 is present in nuclear foci, and only colocalised with mrtl at
a single nuclear site, referred to as the central cisternal reservoir of the nucleoplasmic
reticulum [86] (Figure 3). Prior research has shown that MycHex1 and fibrillarin shares
their position at several discrete nuclear foci labelled with anti-BrdU antibody [86]. Fib-
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rillarin is a ribonucleoprotein and nucleolar marker (snRNP) involved in ribosomal RNA
processing [87]. Findings that BrdU is incorporated into DNA suggest that the nuclear loci
at which MycHex1 is present may represent sites of DNA replication. As a highly basic
protein, MycHex1 can associate with either DNA or RNA to facilitate replication or RNA
processing, respectively [86].

Co-immunoprecipitation assays have revealed that endogenous mrtl and MycHex1
interact with RACK1, c-Myrg, fibrillarin, coilin, and even with each other [86]. This indicates
that both proteins may bind to a wide array of partner molecules within the nucleus and
cytoplasm. Given the structural characteristics of mrtl and MycHex1, it is plausible that
these proteins serve to anchor essential protein assemblies by targeting protein regions
that include amino acid residues with alternating charges. Notably, the abundance of
arginine and serine in both proteins is indicative of similarity to numerous RNA-binding
proteins [86].

The cell nucleus has a sophisticated structure and houses several unique parts, such
as nuclear bodies, nucleoli, Cajal bodies, nuclear speckles, paraspeckles, PML bodies
(promyelocytic leukaemia), and Polycomb bodies. Notably, these nuclear entities lack a
defining membrane, which enables the seamless interchanging of contents with the adjacent
nucleoplasm [88]. MycHex1 might play a pivotal role in the formation and fortification of
certain nuclear bodies. The ability of MycHex1 to undergo homo-oligomerisation, when
combined with the co-immunoprecipitation findings that this protein has several potential
binding partners, aligns well with this hypothesised role [89]. The nucleoplasmic reticulum
comprises a series of membranous tubules within the nucleus to form the central cisternal
reservoir [90-94]. This structure involves folds of the nuclear envelope and has a similar
composition as the cytoplasm. The numerous folds in this nuclear structure significantly
increase the surface area and enhance contact between the nucleus and cytoplasm. The
distribution of mrtl across the nuclear envelope and nucleoplasmic reticulum alludes to a
mechanism in which mrtl mediates the transport of certain molecules between the nucleus
and cytoplasm [40] (Figure 3).

It is widely recognised that proteins which will be fully or partially integrated into the
cell membrane will first be processed at the endoplasmic reticulum (ER) membrane via in-
teractions between a signal peptide and a signal recognition particle. Analogously, proteins
like c-Myc, which are localised to the nucleus, might undergo a similar co-translational
transfer so that the synthesised protein is transported across the nuclear membrane into
the nucleoplasm. c-Myc mRNA is predominantly found in the perinuclear area (Figure 3).
The distinct presence of mrtl at the nuclear membrane and nucleoplasmic reticulum, cou-
pled with structural similarities to ATP-binding cassette (ABC) transport proteins, hints at
a potential role in translocating nascent c-Myc into the nucleus [95]. In addition to specific
regulation of c-Myc translation, mrtl might also influence the translational efficiency of
other mRNAs. Indications of a broader cellular role for mrtl include extensive presence
across the endoplasmic and nucleoplasmic reticulum, consistent accumulation in cells, and
deep integration within cellular structures. As such, mrtl could facilitate interactions be-
tween mRNA, translational machinery, and the intracellular membrane network (Figure 3).
As mrtl is positioned at a junction of the cytoplasm and nucleus, it might play a crucial role
in synchronising the movement of mRNAs and nascent proteins between the cytoplasm
and nucleus [96].

6. Targeting c-Myc in Cancer

c-Myc is implicated in various cancers and other diseases, including but not limited
to lymphomas, breast cancer, lung cancer, colorectal cancer, and prostate cancer. The role
and significance of c-Myc may vary across different cancer types [9]. High levels of c-Myc
expression in certain cancers has been correlated with poor prognosis. It is often associated
with more aggressive tumour behaviour, increased likelihood of metastasis, and resistance
to treatment. Changes in c-Myc expression levels during the course of treatment may
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serve as an indicator of treatment response. Monitoring c-Myc levels can help assess the
effectiveness of therapies and guide treatment decisions [9].

The c-Myc transcription factor has emerged as a significant target for therapeutic inter-
vention, particularly in the context of cancer and other diseases as well [97,98]. Given its
crucial role in promoting tumorigenesis and its frequent dysregulation in various malignan-
cies, researchers have explored two primary strategies for inhibiting c-Myc: direct inhibition
of its activity and indirect approaches that modulate its expression or stability [99].

Direct inhibition involves the development of therapeutics designed to disrupt its
transcriptional activity, modulate its interactions with co-factors, or cause G quadruplex
stabilization in its promotor. This approach, although challenging due to the lack of
well-defined binding pockets on c-Myc, holds promise for precise targeting of the oncopro-
tein. Further strategies in this category include antisense oligonucleotides (ASOs), which
target and degrade c-Myc mRNA and miniproteins designed to block its DNA binding
domain [98].

On the other hand, indirect inhibition focuses on manipulating pathways upstream
or downstream of c-Myc. Strategies in this category also include modulation of c-Myc
degradation and protein stability mostly via post-translational modifications [20,100].

A list of compounds belonging to direct and indirect c-Myc inhibitors is summarized
in Table 1.

Table 1. A list of compounds and drug candidates directly and indirectly inhibiting c-Myc.

JQ1, Birabresib (OTX015, MK-8628), Molibresib (GSK525762),
RO6870810 (RG6146, TEN-0), FT-1101 (CC-95775), ZEN-3694,

BET family inhibitors BMS-986158, AZD5153, BI894999, CPI-0610, GSK2820151,

INCB057643, INCB054329 and GS-5829, TEN-010, ABBV-075,
PROTACs ARV-771, and ARV-825

Indirect c-Myc inhibition

BCR inhibition Ibrutinib, ARQ531
elF4A inhibition Silvestrol
PI3K inhibition Idelalisib, TGR-1202, Fimepinostat (CUDC-907), BR101801
Dinacyclib, TG02, KB-0742,THZ1 and THZ2, aminopyrimidines,
CDK inhibition triazane derivatives, carbamoyl sulfoximide,
4-(4-fluoro-2-methoxyphenyl)-N-1,3,5-triazin-2-amine
PIM1 inhibition AZD1208, SGI-1776, TP-3654 (SGI-9481), MEN1703, PIM447
PINT inhibition 55134615(?\?[,]5 Ili\?ici%%i)d ATRA, BJP-06-005-3, Sulfopin, PIM447,
-§ PP2A modulation DT-061, FTY720, OP449, Perphenazine, LB-100
% SKP2 inhibition SZL-P1-41, FKA, Dioscin, SKPin C1
E USP7 inhibition P22077, XL177A, GNE-6640, GNE6776, FT671
g JAK2/STAT3 inhibition MTAP-26, and MTAP-27, WP1066, WP1130, and WP1129
‘5 NF-«B inhibition Guggulsterone
:§ Src kinase inhibition Saracatinib
= FBXW?7 activation Oridonin, HAO472
Aurora-A inhibition Alisertib (MLN8054, MLLN8237), CD532
Aurora-B inhibition AZD1152
PLK-1 inhibition BI6727
HUWETL inhibition BI8622 a BI8626

HDAC inhibition Entinostat, Tucidinostat, CUDC-907
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Table 1. Cont.

G quadruplex stabilisation

CX-3543, APTO-253, IZCZ-3, cationic porphyrins (TMPyP4),
quarfloxin, DM039, ruthenium complexes (Se2Py3, Se2SAP)

Antisense oligonucleotides AVI- 4126, MYC-ASO, INX-3280, INX-6295

Miniproteins and protein domains

OmoMYCs (OMO-103, OMO-1, FPPa-OmoMYC), Bac- ELP-H1,
PNDD1, ME47, Mad, alfa-helix peptide H1

Direct c-Myc inhibition

Myc/Max interaction disruption

ME47, EN4, 3jc48-3, pyrazolo [1,5-a]-pyrimidines (MYCrol, MYCro2
a Mycro3), KJ-Pyr-9 (Krohnke pyridine), MYCMI-6, MYCMI-7,
MYCi975, MYCi361, KSI-3716, MYRA-A, MI1-PD, KI-MS2-008,
quinolone derivatives (KSI-1449, KSI-2302, and KSI-3716), substituted
pyrazole compounds (NUCC-0176242, and NUCC-0176248), [IA6B17,
10058-F4, 10074-G5, JY-3-094, JKY-2-169, SaJM589

Max/Max homodimers sabilization KI-MS2-008, NSC13728

Note: BET family (Bromodomain and Extra-terminal Domain), BCR (The Breakpoint Cluster Region Protein),
elF4A (Eukaryotic Translation Initiation Factor 4A), PI3K (Phosphatidylinositol 3-Kinase), CDK (Cyclin-dependent
kinase), PIM1 (Pim-1 Proto-Oncogene, Serine/Threonine Kinase), PIN1 (Peptidylprolyl Cis/Trans Isomerase,
NIMA-Interacting 1), PP2A (Protein phosphatase 2A), SKP2 ((S-Phase Kinase Associated Protein 2), USP7 (Ubiq-
uitin Specific Peptidase 7), JAK2 (Janus kinase 2), STAT3 (Signal Transducer And Activator Of Transcription
3), NF-«B (Nuclear Factor Kappa B), Src (SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase), FBXW?7 (F-Box
And WD Repeat Domain Containing 7), PLK-1 (Polo Like Kinase 1), HUWE1 (HECT, UBA And WWE Domain
Containing E3 Ubiquitin Protein Ligase 1), HDAC (Histone Deacetylase), Max (MYC Associated Factor X), Myc
(MYC Proto-Oncogene, BHLH Transcription Factor).

Regarding the direct influence of p64 and p67 isoforms ratio by small molecules,
an extensive high throughput screening of 135,000 compounds was performed by Vaklavas
and colleagues [101]. Among them, an inhibitor of IRES-mediated translation was identified.
The structure and activity of this hit was greatly improved leading to the development
of cpd_P. This cpd_P is causing complete loss of clonogenic survival, massive cell death,
terminal differentiation, and death of putative tumour stem cells [102].

To discover another IRES modulator inhibiting c-Myc translation, named J007, a library
of 145,000 compounds had to be tested. The effort certainly paid off as JOO7 inhibits
proliferation of multiple myeloma cell lines and tumour growth in vivo [103]. Furthermore,
itinduces cell death in glioblastoma resistant to mechanistic targeting of rapamycin (mTOR)
inhibition when J007 and the PP242 (mTOR inhibitor) are simultaneously applied [104].
The effect of JO07 on the expression of p64 and p67 isoforms remains to be elucidated.

7. Discussion and Summary

The primary objective of this literature review was to comprehensively present the
reasons why the c-Myc gene plays such a crucial role in determining cell fate. We have
explained how expression of this oncogene can produce five different proteins, each with
unique characteristics and functions. These proteins have distinct structures, are localised
to different cell compartments, and exert unique roles (Table 2). This genomic arrangement
highlights the multifaceted nature of c-Myc expression and functions.

Throughout this article, we have discussed the unique features of the c-Myc gene
within the human genome and focused on two well-established yet controversial roles:
stimulating cell cycle progression and promoting growth arrest and apoptosis. Meticulous
research into these roles can provide insight as to why the expression of five distinct c-Myc
protein isoforms is necessary for regulating normal c-Myc function during cell growth and
arrest. The complex regulatory landscape surrounding c-Myc-mediated cellular dynamics
is emphasised by the different mechanisms governing the synthesis of various c-Myc
isoforms, demonstrating varying abilities to activate and regulate transcription.
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Table 2. Summary and comparison of the most important findings on all isoforms of c-Myc.
p64 Myc p67 Myc g
(c-Myc2) (c-Myc1) mrtl MycHex1 c-Myc S
N-terminal region
single
contains additional transmembrane highly basic -Myc S lacks the

14 amino acids at its

domain, C-terminal

protein, capable of

N-terminal

Structure well known N terminus sequence interaction o
. . homo- transactivation
compared to p64 domain with . - :
oligomerization domain
Myc homology to
RNA-binding
proteins
higher levels of
c-Myec S have been
predominant gene lost in man IRES facilitates transiently
Expression  product of the c-Myc y unknown translation of the observed during
tumours .
locus MycHex1 the rapid growth
phase of several
cell types
p64 Myc p67 Myc g
(c-Myc2) (c-Myc1) mrtl MycHex1 c-Myc S
growth .1nh1b1to.r Y regulates c-Myc
properties, p67 is a .
oo translation and .
. . potent and specific I c-Myc S protein
oncogenic properties, . localization to the
. transactivator of the . lacks
p64 c-Myc isoform nucleus, contributes N
; . enhancer element N transactivation
transactivates via the . to the role of the possibly involved . s
. EFII via the C/EBP . : R capacity, but it is
canonical EMS S c-Myc locus in in replication, Ay
. . binding site and also . ; able to inhibit p64
Function sequence and fails to . . oncogenesis (IRES), = RNA processing, .
. transactivates via the . . and p67, which
transactivate the EFII . might be part of a and formation of
canonical EMS . . suggests a
enhancer element . complex which nuclear bodies .
. sequence, mediates dominant-
via the C/EBP Ry regulates the L
o growth inhibitory . negative inhibitory
binding site translation, :
response under . function
. . localization, or
nutrient depletion or rocessing of MRNA
contact inhibition P &
conserved in chlmpanze.e, Rhesus maney, mrtl and MycHex1 are found only in human, mouse,
Onthology dog, cow, mouse, rat, chicken, zebrafish, and . .
frog primates and avian cells
nuclear envelope,
Subcellular  mainly nucleusand  mainly nucleus and  ER, tubular and colocalizes with mainly nucleus
localisation  cytoplasm cytoplasm cisternal structures fibrillarin and cytoplasm
of the NR
Additional §t91c}uometr1c balance between P64 and p67 colocalize in the central cisternal reservoir
. . is important for cellular metabolism . .
information of the nucleoplasmic reticulum

regulation and proliferation

Previous research has shown that disruptions in the balance between two specific c-
Myc protein isoforms, p64 and p67, are often observed in cancer cell lines with deregulated
c-Myc activity. These imbalances in isoform proportions may directly contribute to the loss
of control over cell growth, which is a common feature of tumourigenesis. Understanding
the molecular intricacies that govern how c-Myc is involved in cell cycle regulation is
crucial due to frequent dysregulation in human cancers. The relationships between various
c-Myc protein isoforms, particularly the specific impacts on cell cycle control and arrest,
open new possibilities for therapeutic interventions. The definitive understanding of the
complex interplay between c-Myc, apoptosis, and cell cycle progression could significantly
address a wide range of malignancies.
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8. Conclusions

In conclusion, ongoing efforts to understand the regulatory mechanisms underlying
c-Myc-mediated cell cycle control offer promising prospects for innovative therapeutic
strategies against c-Myc-related cancers [98]. However, it is crucial to consider the dual
role of c-Myc, i.e., promotion of apoptosis and support of cell survival and differentiation,
when designing interventions. Further uncovering the complexities of c-Myc function
will allow researchers to gain a deeper understanding of how this transcription factor
contributes to cancer biology. We believe that the most effective therapeutic potential lies
in restoring the balance between p64 and p67, as demonstrated by studies that included
the inhibition of PKR and IRES-mediated translation [77,101,102,105,106]. The optimal
utilisation of this regulatory mechanism will require additional research into other proteins
that may influence this balance. Compounds that modulate PKR activity, IRES-mediated
translation, and other relevant proteins could be crucial to targeted treatments for aggressive
malignancies. Expanding the range of c-Myc modulators will be pivotal to the identification
of alternative strategies in cases of resistance and enable more personalised treatment
options for tumours of different origins.
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ABSTRACT

A set of fifteen triterpenoid pyrazines and pyridines was prepared from parent triterpenoid 3-oxoderivatives
(betulonic acid, dihydrobetulonic acid, oleanonic acid, moronic acid, ursonic acid, heterobetulonic acid, and
allobetulone). Cytotoxicity of all compounds was tested in eight cancer and two non-cancer cell lines. Evaluation
of the structure-activity relationships revealed that the triterpenoid core determined whether the final molecule
is active or not, while the heterocycle is able to increase the activity and modulate the specificity. Five com-
pounds (1b, 1c, 2b, 2¢, and 8) were found to be preferentially and highly cytotoxic (ICsp ~ 1 pM) against
leukemic cancer cell lines (CCRF-CEM, K562, CEM-DNR, or K562-TAX). Surprisingly, compounds 1¢, 2b, and 2¢
are 10-fold more active in multidrug-resistant leukemia cells (CEM-DNR and K562-TAX) than in their non-
resistant analogs (CCRF-CEM and K562). Pharmacological parameters were measured for the most promising
candidates and two types of prodrugs were synthesized: 1) Sugar-containing conjugates, most of which had
improved cell penetration and retained high cytotoxicity in the CCRF-CEM cell line, unfortunately, they lost the
selectivity against resistant cells. 2) Medoxomil derivatives, among which compounds 26-28 gained activities of
ICs0 0.026-0.043 pM against K562 cells. Compounds 1b, 8, 21, 22, 23, and 24 were selected for the evaluation of
the mechanism of action based on their highest cytotoxicity against CCRF-CEM cell line. Several experiments
showed that the majority of them cause apoptosis via the mitochondrial pathway. Compounds 1b, 8, and 21
inhibit growth and disintegrate spheroid cultures of HCT116 and HeLa cells, which would be important for the
treatment of solid tumors. In summary, compounds 1b, 1e, 2b, 2¢, 24, and 26-28 are highly and selectively
cytotoxic against cancer cell lines and were selected for future in vivo tests and further development of anticancer
drugs.

1. Introduction

high and selective cytotoxicity against cancer cells [6]. Triterpenes
containing a heterocycle fused to their skeletons are one of the largest

Triterpenes are natural compounds that have various biological ac-
tivities including antimalarial [1], antileishmanial [2], anti-HIV [3],
anti-inflammatory [4], and many others [5]. Among those activities,
antitumor activity is probably the most studied and important. Many
research groups have been preparing semisynthetic triterpenes with
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and most important classes of such compounds [7-11]. Previously, we
prepared several types of heterocyclic triterpenes and among them,
aminothiazoles and pyrazines prepared from betulonic acid 1a (Fig. 1)
had ICsp in low micromolar ranges [8,11]. Two compounds are being
tested in vivo and currently, we develop methods to uncover their
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mechanism of action by finding their molecular targets [12]. Recently,
another research group [9,13] published the synthesis and
anti-inflammatory, antileishmanial, and other activities of heterocyclic
triterpenes including pyrazine and pyridine prepared from betulonic
acid 1a that both had interesting cytotoxic activity in prostate cancer
cells [14].

The main aim of this work was to investigate the cytotoxicity of
triterpenoid pyridines and pyrazines and to find possible structure-
activity relationships between triterpenoid 3-oxoderivatives and their
corresponding pyrazines and pyridines. Seven triterpenoid oxo-
compounds 1a-7a (Fig. 1), representatives of five common terpenoid
skeletons were chosen because their derivatives were often found to be
highly cytotoxic [5]. Some of the pyrazines and pyridines are known,
however, the biological activity of most of them was not described and
the mechanism of action is still unknown. In this work, we expected to
be able to evaluate separately the influence of each terpenic scaffold and
pyridine or pyrazine ring on the cytotoxic activity. This would help us to
identify the pharmacophore in each set of oxoacid-pyridine/pyrazine.
In addition, pyridine and pyrazine are typical bioisosteres, therefore we
expect their activities in similar ranges. Despite that, there is a number
of examples in triterpenoid chemistry, where a small change in their
structure (such as adding or removing one atom) may completely
change bioactivities. Hemiesters of betulinic acid are one of the exam-
ples in which a small change at the hemiester moiety causes a large
change in the activity against HIV [16]. The second example may be 2,
2-difluoroderivatives of betulinic acid where replacement of hydrogens
at C-2 with supposedly bioisosteric fluorine atoms yielded products with
significantly higher cytotoxicity and lower selectivity than the parent
betulinic acid [17]. Therefore, we also focused on pointing on the in-
fluence of the presence/absence of one aromatic nitrogen on the
activity.

In the first part of the study, we used all compounds as free car-
boxylic acids unprotected because it is known that in most triterpenoid
acids, compounds containing the free 28-carboxylic group are more
cytotoxic than their esters [18,19]. Later, we used 28-carboxyl for the
introduction of potential prodrug moiety. All compounds were tested on
eight cancer cell lines including multidrug resistant phenotypes, and on
two non-cancer fibroblast lines.

European Journal of Medicinal Chemistry 243 (2022) 114777

2. Results and discussion
2.1. Chemistry

2.1.1. Synthesis of basic heterocyclic triterpenoids

The synthesis of pyrazines 1b-7b (Scheme 1 and Fig. 2) was
described in Refs. [8,15] and the synthesis of pyridine 1c (Fig. 2) is
described in Refs. [9,13] with a rather low yield of 12% (Scheme 1).

Most of the published compounds were not tested on any biological
activity and therefore we resynthesized them and tested as a part of this
study. Compounds 2¢-7¢ (Fig. 2) are new. Our first goal was to optimize
the procedure for the synthesis of pyridines by extending the reaction
time and varying the amount of the catalyst. Unfortunately, this only
allowed increasing of the yield to 23-35% for derivatives 1¢, 2¢, 3¢, 5¢,
and 7e, while for compounds 4¢ and 6c¢ yield was still below 10%.
Another improvement was adding an activated molecular sieve to the
reaction mixture, which allowed for 48% of 6c¢ but still only 15% of 4c.
Therefore, we changed the CuCl catalyst for more reactive
NaAuCly-2H20 and obtained 41% of 4¢. Within those optimization ex-
periments, all target derivatives were prepared in sufficient amounts for
full characterization and all extensive biological tests; therefore, we
discontinued further seek for higher yields. We also oxidized pyrazine
1b using SeO, which gave 30-oxoderivative 8 (Scheme 1) and included
this compound in our study. It is known that 30-oxobetulinic acid 11

Scheme 1. Preparation of triterpenoid pyrazines and pyridines. Reagents and
conditions: a) ethylenediamine, sulfur, morpholine, reflux; b) propargylamine,
CuCl, ethanol, reflux or propargylamine, NaAuCl,-2H,0, ethanol, reflux; c)
SeO,, 2-methoxyethanol, reflux.

6a

Fig. 1. Starting 3-oxotriterpenes — betulonic acid 1a, dihydrobetulonic acid 2a, oleanonic acid 3a, moronic acid 4a, ursonic acid 5a, heterobetulonic acid 6a, and

allobetulon 7a.
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7b N
7c CH

Fig. 2. Triterpenoid pyrazines 1b-7b, pyridines 1¢-7¢, and pyrazine 8.

(Scheme 3) is more soluble in water than betulinic acid 9, and in addi-
tion, compound 11 has high cytotoxic activity [20]. For these reasons,
we included both 30-oxoderivatives 8 and 11 in this study.

2.1.2. Synthesis of prodrugs

Two sets of prodrugs were prepared within this study — glucose
conjugates 15-22 (Schemes 2 and 3) and medoxomil derivatives 23-28
(Scheme 4). Synthesis of both sets was motivated by the preliminary
results from the biological screening and by the literature, sugar-
containing triterpenes prepared earlier in our research group had high
activity and bioavailability in vivo murine experiments [21] and
medoxomil is known to increase the bioavailability of ursolic acid in vivo
[22]. Glucose derivatives were prepared from betulinic acid 9, 30-oxo-
derivatives 8 and 11, and pyrazine 1b in order to compare the influ-
ence of the glucose part on pharmacological parameters and on the
cytotoxic activity.

Glucose conjugates 15-22 were prepared via a Cu-mediated azide-
alkyne cycloaddition of corresponding terpenic propargyl esters (10,
12, 13, and 14), and 2,3,4,6-tetra-O-acetyl-p-p-glucopyranosyl azide IT
or B-p-glucopyranosyl azide III (Schemes 2 and 3) using a similar pro-
cedure as in Ref. [25]. The first attempts, using Cul at room temperature,
were unsatisfactory because of low yields (10-15%). Raising the tem-
perature to 40 °C with the same catalyst allowed to increase the yields by
35%-54%. These lower yields were mostly caused by repeated
semi-preparative HPLC in order to ensure the highest possible purity for
biological tests.

Medoxomil derivatives 23-28 were prepared by the alkylation of the
free carboxylic acids 9, 1a, 1b, 1e, 2b, and 2¢ with 4-chlorometyl-5-
metyl-1,3-dioxolone in the presence of KI and K;COj3 in acetone [22].
The reactions with medoxomil were terminated after 24 h at room
temperature with yields of 74-96%.

OAc

AcO (@)
AcO

OA Br

2.2. Biology

2.2.1. Cytotoxicity assay

Cytotoxic activity of all prepared compounds was tested on eight
cancer cell lines and two non-cancer fibroblasts (Table 1). From various
triterpenic skeletons, both pyrazine and pyridine derivatives of lupane
(1b, 1¢, 2b, 2¢, and 8) and taraxastane (6b and 6¢) were found to be the
most active (ICso = 0.52-8.0 pM) and most promising for further
development. Oleanane, ursane, and 18a-oleanane heterocycles (3b, 3e,
4b, 4c, 5b, 5¢, 7b, and 7c¢) had the ICs above 10 pM and they were not
further evaluated as the potential anticancer drug candidates. Pyrazine
1b had the ICs¢ 0.53 pM in CCRF-CEM cell line and importantly, it had a
very high TI = therapeutic index (higher than 94) since its ICsg in
healthy fibroblast cells was above 50 pM. Pyrazine 8 containing an
aldehyde in position C-30 was highly cytotoxic, however, its selectivity
(TI = 3.6) was insufficient and analogous pyridine derivative was not
synthesized. Despite that, molecule 8 was included in further develop-
ment since the introduction of a prodrug moiety could change this lack
of selectivity.

An important discovery among pyridine and pyrazine derivatives 1b,
1c, 2b, and 2c is their activity against drug-resistant leukemic cell lines
CEM-DNR and K562-TAX. Compound 1b has almost the same high ac-
tivity in CCRF-CEM cells and CEM-DNR cells (ICso = 0.53 and 0.63 pM)
and lower activity in K562 and K562-TAX cells (ICso = 11.5 and 11.6
uM). Surprisingly, pyrazine 2b has about 20-fold higher activity against
resistant CEM-DNR cells (IC5o = 0.52 pM) than against non-resistant
CCRF-CEM cells (ICso = 10 pM) and the activity against the resistant
K562-TAX (ICs0 = 0.52 pM) is 35-fold higher than in nonresistant K-562
cells (ICsp = 18 pM). Pyridines 1c and 2¢ have low activity in CCRF-CEM
cells (ICsp is more than 20 pM) and high activity in CEM-DNR cells (ICsq
is 2.4 and 2.0 pM). Similarly, the activity of 1le and 2c in resistant
leukemic cells K562-TAX (ICsp is 1.9 and 1.4 pM) is about 10-fold higher

OAc OH

Scheme 2. Synthesis of 2,3,4,6-tetra-O-acetyl-p-p-glucopyranosyl azide II and p-p-glucopyranosyl azide III according to the lit [23,24]. Reagents and conditions: a)

NaN3, EtOH, r.t.; b) EtONa, EtOH, r.t.
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20 H 22 H

Scheme 3. Preparation of triterpenoid conjugates with glucose. Reagents and conditions: a) propargyl bromide, K;CO3, DMF, r.t.; b) SeO,, 2-methoxyethanol, reflux
(ref. [26]); ¢) II or III, Cul, DMF, 40 °C.

_

=0

1a, 1b, 1c a
2b, 2c, 9

25 N 27 N
26 CH 28 CH

Scheme 4. Synthesis of medoxomil prodrugs 23-28. Reagents and conditions: a) 4-(chloromethyl)-5-methyl-1,3-dioxol-2-one, KI, K;COs3, acetone, r.t.
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Table 1
Cytotoxic activities of tested compounds on eight tumor (including multidrug resistant) and two normal fibroblast cell lines.

Comp. ICso (pPM/L)"

CCRF-CEM CEM-DNR K562 K562-TAX HCT116 HCT116p537/7 A549 U20s BJ MRC-5 TI"
la 8.4 11 14 15 38 49 40 38 39 30 4.1
1b 0.53 0.63 12 12 34 47 32 32 >50 >50 >94
1c 23 2.4 13 1.9 35 >50 27 >50 >50 >50 >2.2
2a 6.3 48 12 11 34 36 22 27 >50 >50 >8.0
2b 10 0.52 18 0.52 22 23 21 29 >50 >50 >4.9
2c 22 2.0 11 1.4 31 >50 46 >50 >50 >50 >2.3
3a 9.5 17 >50 21 45 >50 50 49 >50 >50 >5.2
3b 18 14 >50 34 50 >50 50 >50 >50 >50 >2.8
3c 39 >50 13 >50 >50 >50 >50 >50 >50 >50 >1.3
4a 17 17 >50 21 45 >50 47 >50 >50 >50 >2.9
4b 15 29 >50 25 40 >50 >50 >50 >50 >50 >3.4
4c 8.0 14 >50 15 47 >50 >50 >50 >50 >50 >6.2
5a 16 19 >50 27 47 >50 50 >50 >50 >50 >3.1
5b 19 17 >50 44 50 >50 >50 >50 >50 >50 >2.7
5c¢ 38 40 32 47 >50 >50 >50 >50 >50 >50 >1.3
6a 6.5 11 8.5 28 32 35 24 24 35 33 5.2
6b 7.2 10 18 10 48 50 44 46 >50 >50 >7.0
6¢ 6.3 11 12 13 34 34 20 35 >50 >50 >8.0
7a >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 -
7b >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 -
7c >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 -
8 0.67 2.1 2.3 0.86 2.0 2.1 3.9 2.7 3.0 1.8 3.6

@ The concentration of drug needed to inhibit cell growth by 50%. The standard deviation in cytotoxicity assays is typically up to 15% of the average value.
b Therapeutic index is calculated for ICsy of CCRF-CEM line vs average of both fibroblasts.

than in non-resistant cells K562 (ICsg is 13.4 and 10.5 pM). We found it
really interesting, that such a small isosteric exchange (replacement of
aromatic nitrogen with C-H and saturation of a double bond) in a tri-
terpenoid molecule can induce such a large impact on the activity and
this should be subject of more future studies. As a part of the develop-
ment of the most active compounds 1b, 1¢, 2b, 2¢, and 8, we measured
their ADME parameters and tried to adjust the lipophilicity of the
molecule 1b by synthesizing prodrugs 15-22 (via propargyl ester pre-
cursors 10, 12, and 14) in order to improve its bioavailability. Com-
pound 1b was selected as a representative for all active compounds, it
was expected that the influence of prodrug moiety on all active com-
pounds is similar. In addition, we prepared medoxomil conjugates
23-28 from the starting acids 1a and 9 and from the most interesting
compounds 1b, 1¢, 2b, 2¢. The in vitro cytotoxic activity of compounds
10-28 is summarized in Table 2. First of all, 30-oxoderivatives 12, 17,
and 21 are active (ICs¢ in all cancer cell lines 0.6-2.7 pM) but they

remained unselective (TI 2.8-5.0). In contrast, 30-oxoderivatives 14,
18, and 22 remained active in CCRF-CEM cell line (ICs¢ 0.43-4.6 pM)
and gained selectivity, since they are less cytotoxic in both fibroblast
lines but also in several cancer cell lines (TI > 10). Conjugates 15, 16,
19, 20 (betulinic acid 9 and pyrazine 1b connected with glucose) had
activity in higher micromolar concentration ranges. The most significant
improvement of the activity was achieved among medoxomil de-
rivatives 23-28. It was found that compounds 23, 24, and 25 are active
in CCRF-CEM cell line with sufficient selectivity. Compounds 24, and
26-28 are significantly active against the second leukemia cell line K562
with ICsp between 0.037 and 0.87 pM and their selectivity is also high.
Concerning cytotoxicity across the entire panel of cancer cell lines used,
compounds 26-28 are to date the most active triterpenes prepared in
our lab. Since the medoxomil part is supposed to be metabolized in vivo
to obtain an active parent compound [22], we did not measure their
ADME parameters. Compounds 23-28 will be included in the future in

Table 2
Cytotoxic activities of prodrugs on eight tumor (including multidrug-resistant) and two normal fibroblast cell lines.

Comp. ICso (0M/L)"

CCRF-CEM CEM-DNR K562 K562-TAX HCT116 HCT116p537/7 A549 U20s BJ MRC-5 TI"
10 24 40 43 36 33 31 43 31 32 26 1.2
12 0.88 1.4 1.8 1.3 1.7 1.5 1.3 1.6 7.1 1.7 5
13 45 50 >50 >50 >50 >50 >50 >50 >50 >50 >1.1
14 0.43 1.7 1.6 1.4 7.0 6.3 1.7 1.4 7.2 6.6 16
15 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 -
16 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 -
17 0.60 1.6 1.4 1.6 1.6 1.7 1.8 1.7 1.8 1.7 2.9
18 4.6 >50 21 >50 38 41 >50 50 >50 >50 11
19 >50 49 >50 >50 >50 >50 >50 >50 >50 >50 -
20 8.1 19 19 21 30 28 38 20 42 >50 5.7
21 0.75 1.5 1.2 2.7 1.5 1.7 1.8 1.6 2.3 1.8 2.8
22 2.0 >50 5.2 46 7.2 7.8 28 8.2 26 28 14
23 4.5 14 8.3 12 17 15 13 19 44 41 9.4
24 2.3 9.1 0.87 11 21 19 9.5 22 >50 47 >21
25 3.6 0.49 >50 13 40 49 10 45 >50 >50 14
26 35 48 0.037 49 >50 >50 50 >50 >50 >50 >1.4
27 17 50 0.026 12 >50 44 41 40 >50 >50 2.9
28 46 50 0.043 >50 >50 >50 >50 >50 >50 >50 >1.1

@ The concentration of drug needed to inhibit cell growth by 50%. The standard deviation in cytotoxicity assays is typically up to 15% of the average value.
b Therapeutic index is calculated for ICsy of CCRF-CEM line vs average of both fibroblasts.
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vivo tests to determine their behavior in living organisms and to show if
it is worth to use this prodrug moiety. Finally, based on
above-mentioned findings, we decided to select the most cytotoxic
compounds on sensitive CCRF-CEM cells among pyridine and pyrazine
derivatives (1b and 8) and their prodrugs (21-24) and subject them for
advanced biological experiments to evaluate their mechanism of action.

2.2.2. Pharmacological parameters

In order to pass the most active compounds 1b, 1e, 2b, 2¢, and 8
further into our drug discovery program, we measured their in vitro
ADME parameters that are summarized in the Table 3. Tested com-
pounds demonstrated quite a high chemical stability in phosphate-
buffered saline (PBS pH 7.4) after 120 min at 37 °C. Also, all com-
pounds were found to be stable in plasma (all compounds showed more
than 85% presence in plasma after 120 min). The intrinsic clearance
data obtained in microsomal stability assay showed low or medium
category. This means that all studied compounds were not subject to
rapid metabolism by liver microsome enzymes. All five derivatives 1b,
1c, 2b, 2¢, and 8 had the low ability (- log Papp >6 cm/s) to diffuse
passively through an artificial cellular membrane in the Parallel artifi-
cial membrane permeability assay (PAMPA), suggesting an alternative
intracellular transport mechanism. The MDCK-MDR1 permeability as-
says are established models of blood-brain barriers [27]. Studied com-
pounds showed a low ability to cross the blood-brain barrier. All
derivatives were not actively exported from the cells in a barrier model
as indicated by efflux ratios <2. To conclude, the first set of the mole-
cules 1b, 1¢, 2b, 2¢, and 8 had excellent chemical, plasma, and micro-
somal stability, however, it was necessary to consider which structural
changes could achieve better cell permeability.

Compounds 1b and 8 were selected as model examples for conju-
gation with glucose analogs in order to optimize their properties. Similar
conjugates were prepared from betulinic acid 9 and aldehyde 11 to
obtain more information about the structure-property relationships in
this set of compounds. The main goal was to select the best modifying
moiety to be able to use it in the future to improve the properties of the
final candidate. As a result, a set of derivatives 15-22 was prepared and
the ADME parameters are shown in the Table 4. The conjugates 15-22

Table 3
Pharmacological parameters of compounds 1b, 1e, 2b, 2¢, and 8.
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showed good stability parameters, we observed more than 80% presence
in plasma after 120 min and low or medium category of intrinsic
clearance using microsomal stability assay. It is important because the
instability in plasma and liver microsomes can result in rapid clearance,
short half-life, and poor in vivo performance. Conjugates 19 and 20 show
a small improvement in cellular permeability (without category change)
in comparison with compound 1b in our PAMPA model. We assessed
rates of transport across MDCK-MDR1 (models of blood-brain barriers)
monolayers in both directions (apical to basolateral (A-B) and baso-
lateral to apical (B-A)) across the cell monolayer which enables us to
determine the efflux ratio and shows if the compound undergoes active
efflux. Studied conjugates 15-22 reported a low possibility to be
absorbed to cross MDCK-MDR1 monolayers and were actively exported
from the cells as indicated by efflux ratios >2.

2.2.3. Cell death evaluation based on Annexin V/PI double labeling

To study the cell death mode of selected highly cytotoxic compounds
in more detail, we used Annexin V/PI labeling, allowing distinguishing
cells in early or late phases of apoptosis and also necrotic cell death. We
treated CCRF-CEM cells by 1b, 8, 21, 22, 23, and 24 at 1 x ICsgor 5 x
ICsp concentrations for 24 h followed by Annexin V/PI staining.
Regarding evaluation, apoptotic cells were considered to be those
stained with Annexin V alone (early apoptotic) or double stained with
Annexin V and PI (late apoptotic; Fig. 3). Necrotic cells were positive
only for PI staining. Among compounds tested, 21 proved strongest
apoptotic activity, even at 1 x ICso concentration, leading to more than
20-fold increase of apoptotic cells population compared to the untreated
control. This result indicates very good anticancer activity of 21 through
apoptosis induction. We further found massive apoptotic induction
following treatment with 8 and 22 at 5 x ICso concentration. The effect
of other compounds was no or only marginal.

2.2.4. Effect of 1b, 8, 21, 22, 23, and 24 on the expression of apoptosis-
and cell cycle-related proteins

To elucidate the mechanism by which the studied compounds induce
apoptosis, the immunodetection of several proteins belonging to pro-
grammed cell death pathways was performed (Fig. 4). Accumulation of

Compound Chemical stability Plasma stability
% Compound remaining % Compound remaining
15 min 30 60 120 15 min 30 60 120
1b 101.41 97.01 89.57 91.10 101.67 99.64 105.90 91.61
1c 85.92 87.29 75.32 81.37 97.30 100.06 95.03 88.92
2b 100.77 101.96 93.63 98.45 103.64 102.86 100.28 87.28
2c 92.56 92.48 90.66 97.62 98.29 95.06 87.33 88.07
8 98.04 95.48 93.01 93.45 99.9 99.0 93.1 86.32
Microsomal stability Microsomal stability
% Compound remaining Category of Intrinsic clearencea
Compound 15 min 30 60
1b 96.87 83.28 43.27 Medium
1c 98.80 101.89 92.28 Low
2b 102.08 88.24 79.48 Low
2c 90.25 71.93 52.64 Medium
8 98.32 92.37 77.27 Medium
Compound Plasma protein binding PAMPA MDCK-MDR1 Permeability Assay
% Fraction bound log Pe Categoryb Papp (x10e-6) Category Efflux ratio active efflux % recovery
1b 98.8 —7.64 Low 0.33 negative 1.73 No 99.63
lc 90.0 —7.44 Low 0.21 negative 0.6 No 103.79
2b 89.2 —7.04 Low 0.30 negative 0.96 No 46.46
2c 90.0 —7.78 Low 0.29 negative 0.34 No 49.52
8 99.69 —6.07 Low 1.54 negative 0.94 No 105.6

b References [28,29], error deviations are ranges of values lower than 10% (all experiments were done in triplicates except cell-based permeability assay were done in

duplicates).
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Table 4
Pharmacological parameters of compounds 15-22.
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Compound Chemical stability Plasma stability
% Compound remaining % Compound remaining
15 min 30 60 120 15 min 30 60 120
15 98.54 92.67 82.35 77.88 94.26 92.19 87.79 83.37
16 92.04 84.77 82.55 82.34 99.56 99.27 97.76 96.09
17 97.06 92.49 89.21 83.77 93.87 88.70 86.95 82.3
18 98.39 93.00 93.23 85.98 99.02 96.13 88.71 86.31
19 98.91 99.54 92.14 92.9 98.72 91.16 88.03 87.06
20 91.19 89.20 87.13 86.84 98.62 94.8 93.5 87.37
21 99.93 91.12 87.81 85.16 103.99 97.20 88.74 88.52
22 94.63 93.41 91.67 90.67 97.09 97.77 91.80 90.03
Compound Microsomal stability Microsomal stability
% Compound remaining Category of Intrinsic clearencea
15 min 30 60
15 99.03 98.82 96.97 Low
16 67.23 59.39 42.28 Medium
17 95.56 82.70 66.63 Medium
18 89.94 83.67 81.83 Low
19 99.28 98.30 97.85 Low
20 95.62 83.65 77.80 Low
21 96.77 95.71 58.86 Medium
22 96.02 91.47 73.34 Medium
Compound Plasma protein binding PAMPA MDCK-MDR1 Permeability Assay
% Fraction bound log Pe Categoryb Papp (x10e-6) Category Efflux ratio active efflux % recovery
15 99.56 —7.44 Low 0.28 negative 5.61 Yes 77.00
16 98.68 -7.30 Low 0.16 negative 4.30 Yes 98.18
17 99.85 —7.58 Low 0.32 negative 3.77 Yes 103.04
18 99.76 —7.26 Low 0.17 negative 8.88 Yes 105.48
19 89.25 —6.96 Low 1.67 negative 7.10 Yes 87.72
20 99.73 —6.98 Low 0.12 negative 3.7 Yes 82.19
21 99.83 —7.82 Low 0.12 negative 4.49 Yes 77.62
22 99.29 —5.57 Medium 1.05 negative 9.60 Yes 99.15

b Reference [28,29], error deviations are ranges of values lower than 10% (all experiments were done in triplicates except cell-based permeability assays were done in

duplicates).

Bax and Bid, key components for cellular apoptosis induced through
mitochondrial stress, was found out after 24 h treatment with studied
triterpene derivatives. Upon apoptotic stimulation, Bax forms oligomers
or interacts with Bid and translocates from the cytosol to the mito-
chondrial outer membrane [30]. Through interactions with pore pro-
teins on the mitochondrial membrane, Bax and Bax/Bid complexes
increase the membrane permeability, which ultimately leads to the
release of cytochrome ¢ from mitochondria and subsequent apoptosome
complex formation with Apaf-1 and pro-caspase-9 and resulting in
caspase-9 activation [31]. Immunodetection of Bax revealed a presence
of its cleavage products which more potently induces apoptosis as
indicated by higher cytochrome c release, caspase-3/7 activation, and
DNA fragmentation, potentially due to their increased
homo-oligomerization in mitochondrial membranes [32]. Thus, Bax and
Bid pro-apoptotic proteins relay an apoptotic signal from the cell surface
to the mitochondria triggering caspase activation [33]. Thus, we further
concentrated on critical executioners of apoptosis including caspase-3
and caspase-7, as they are either partially or totally responsible for the
proteolytic cleavage of many key proteins, such as the nuclear enzyme
poly (ADP-ribose) polymerase (PARP). PARP, a 116 kDa nuclear poly
(ADP-ribose) polymerase, appears to be involved in DNA repair in
response to environmental stress [34]. This protein can be cleaved by
many ICE-like caspases in vitro [35] and is one of the main cleavage
targets of caspase-3 in vivo [36]. In human PARP, the cleavage occurs
between Asp214 and Gly215, which separates the PARP amino-terminal
DNA binding domain (24 kDa) from the carboxy-terminal catalytic
domain (89 kDa) [36]. PARP helps cells to maintain their viability;
cleavage of PARP facilitates cellular disassembly and serves as a marker
of cells undergoing apoptosis. The obvious cleavage of PARP was
detected in CCRF-CEM cells treated with compounds at these

concentrations: 1 x ICsgp and 5 x IC50 8, 1 x ICspand 5 x ICsp 21, 1 x
ICs0 and 5 x ICsg 22, 5 x ICs0 24, 5 x ICsq 23. Furthermore, we focused
on the levels of proteins belonging to the “BH3-only” family. Members of
the “BH3-only” family (e.g. Noxa, Bad, Bim, Puma, Bid, Bik, and Hrk)
are highly regulated proteins that induce apoptosis through
BH3-dependent interaction with anti-apoptotic Bcl-2 family proteins
[37]. First of all, we chose Noxa, a small protein that plays a key role in
mediating apoptotic signaling. It contains a single Bcl-2 homology (BH3)
domain [38] and localizes to mitochondria where it binds the
anti-apoptotic proteins Mcl-1 and A1/Bfl-1 [39]. It also competes with
Mcl-1 for binding to mitochondrial Bak protein. The increased expres-
sion of Noxa nicely correlates with cleaved PARP and indicates ongoing
apoptosis as a result of triterpene’s effect on CCRF CEM cells. Further,
we concentrated on Bim which similarly to Noxa contains a BH3 domain
and induces apoptosis by binding to and antagonizing anti-apoptotic
members of the Bcl-2 family, namely Bcl-2, Bel-xL, Mcl-1, Bel-w, Bfl-1,
and BHRF-1 [40]. Finally, c-Myc, a marker of increased cellular prolif-
eration which is frequently induced in many cancer types was immu-
nodetected [41]. Its expression was markedly decreased as a response to
treatments with triterpene derivatives: 1 x ICsp and 5 x IC59 8, 1 x ICsp
and 5 x ICsp 21, 5 x ICs5 22, 5 x ICs5g 23. This finding goes hand in hand
with data from cell cycle analysis where an accumulation of cells in
sub-G; and Gy/G; phases were detected at the expense of S, Gy, and M
phases.

2.2.5. The cells’ treatment by compounds 1b and 8 results in the fast
damage of mitochondria

As our data indicated that the mitochondrial stress could play
important role in the toxicity of the tested compounds, we treated CCRF-
CEM and Hela cells with 10 pM compound 1b or 8 for 4 h. Mitochondria
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Fig. 3. Representative dot plot diagrams of dual Annexin V/Propidium iodide staining of CCRF-CEM cells treated with 1b, 8, 21, 22, 23, and 24 at 1 x ICsp and 5 x
ICs( concentrations for 24 h. Prior to analysis, dead cells and debris were gated out by forward scatter versus side scatter gating (upper picture marked with dotted
line). Then, cells from P1 gate were projected to red/green channels dot-plot diagram. The fluorescence signal was measured at green (FITC Annexin V) and red (PI)
channels using FACSAria II flow cytometer. At least 10 000 cells were acquired in each sample and analysis of individual quadrants was performed. The percentage
calculation of viable (Q3 area), early apoptotic (Q4), late apoptotic (Q2) and necrotic (Q1) cells has been evaluated based on appropriate coordinates setting.

were visualized in the formaldehyde-fixed cells using antibody recog-
nizing MT-CO2 [42], a cytochrome c oxidase subunit 2 [43].

We included HelLa cells in this part of the study as mitochondria of
HelLa cells are organized into well-discerned chains (Fig. 5, upper panel).
The sensitivity of HeLa cells to both compounds is relatively low as IC50
for the compound 1b and 8 was 11.9 and 5.63 pM, respectively. In this
respect, we firstly tested impact of various concentrations of both
compounds on the mitochondria of Hela cells. In the case of the com-
pound 1b, 1, 5, 10, 20, or 50 uM concentration was analyzed, in the case
of more toxic compound 8, 0.5, 2.5, 5, 10 or 20 pM concentration was
tested. As Hela cells are adherent, they can be cultivated on glass cov-
erslips. Therefore, the eventual impact of the tested compounds on
mitochondria can be easily identified by the fluorescence microscopy.
CCRF-CEM cells grow in suspension, and their processing requires the
cytocentrifugation steps. In addition, mitochondria of rounded CCRF-
CEM cells occupy relatively small area at high mitochondria density

(Fig. 5, lower panel) further complicating their analysis.

Clear differences between mitochondria’s organization were
observed in Hela cells (Fig. 5, upper panel) if 10 pM or higher con-
centrations of both compounds were used. On the other hand, no such
effect was observed in the case of CCRF-CEM cells (Fig. 5, lower panel)
although we used relatively high concentration of both compounds
(~more than 10 x of the ICso concentration).

To distinguish whether the difference between HeLa and CCRF-CEM
cells can be attributed to the distinct effect of the tested compounds on
various cell types, or it is a result of insufficient resolution of mito-
chondria in CCRF-CEM cells, we further performed electron microscopy
(EM) analysis of the CCRF-CEM cells treated or non-treated with 10 pM
compound 1b (Fig. 6). It is obvious from the Fig. 6 that the treatment of
cells with the compound 1b resulted into profound changes of mito-
chondria organization as mitochondrial cristae were dramatically
changed (Fig. 6).
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Fig. 4. Western blot analysis of CCRF-CEM cells treated by 8, 1b, 21, 22, 24,
and 23 at 1 x ICsp and 5 x ICsp concentrations for 24 h. For the caspases-3/7
detection, antibodies specifically recognizing both, precursor and active form
were used. Using anti-PARP antibody, full-length protein, as well as fragment
produced by caspase cleavage, was detected. To check equal amount of proteins
loaded per well, anti p-actin antibody was used. The untreated cells were taken
as a control. Relative concentration of each pyridine/pyrazine in CCRF-CEM
and CEM-DNR cells.

For the direct visualization of the sites in the cell that contain com-
pound 1b or 8, we used their propargylic esters 13 and 14 that are ready
for the click reaction with azides. In these experiments, cells were
incubated with 10 pM compounds 13 or 14 (propargylic derivatives of
the compounds 1b and 8, respectively) for 4 h, fixed and the tested
compounds were visualized by click reaction catalyzed by the mono-
valent copper ions. Simultaneously, MT-CO2 was visualized by antibody
detection. We observed significant overlap of MT-CO2 marker and
compound 14 signal in the case of HeLa cells (Fig. 7). If compound 13
was used, no signal was observed after click reaction. In this case, we
also did not observe damaged mitochondria as in the case of 1b com-
pound. It indicates that the replacement of COOH group by the prop-
argyl group could inactivate the compound 13 or could prohibit the
transport of the compound 13 into cells. It was in agreement with our
results obtained with CCRF-CEM cells. In this case, we also did not
observe any signal after click reaction with compound 13. When com-
pound 14 was analyzed, we observed partial co-localization of com-
pound 14 signal and MT-CO2 signal. However, contrary to HeLa cells, it
was not so clearly visible due to the organization of mitochondria in
CCRF-CEM cells.

In summary, all these data indicate that mitochondria are an
important target of the compounds 1b and 8 action.

2.2.6. Effect of selected compounds in spheroid cultures

The effects of compounds 1b, 8, 17, and 21 were next tested in
spheroid cultures of HCT116 and HeLa cells to determine their activity
in pathophysiologically relevant in vitro tumor models [44]. All de-
rivatives significantly inhibited growth and resulted in the complete
disintegration of spheroids of both cell types at the highest tested 10 pM
concentration (Fig. 8 A). Both 1b and 21 resulted in dose-dependent
growth inhibition and a partial opening of spheroids at 1 pM in HeLa
cell spheroids (Fig. 8 B). Although we did not examine the mechanisms
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of drug effect in spheroids, triterpenes are known to target HIF-1a,
effectively reproduced in spheroids, and EGFR, which stimulates
spheroid formation [45-47]. The ability of 1b and 21 to cause the
opening of spheroids can potentially help the penetration of other
less-penetrating cytotoxic drugs in tumors during combination therapy.

3. Conclusions

In this work, we investigated a set of triterpenic pyridines and pyr-
azines 1b-8 with cytotoxic activity. Among them, compounds 1b, 1e,
2b, 2¢, and 8 had the ICs in high nanomolar or low micromolar range of
concentration and were further developed. The contribution of the
parent triterpene and pyrazine or pyridine part to the cytotoxicity of
resulting heterocyclic terpenes seems to be synergic. The derivatives of
lupane and taraxastane prepared in this work are selectively cytotoxic,
while derivatives of 18a-oleanane are inactive which is in agreement
with our earlier work [8,11]. Derivatives of ursane and oleanane were
moderately active, so it is difficult to make any strong conclusion about
the SAR among them. Terpenic pyrazines are not truly bioisosteric with
pyridines because most active compounds have activity in different
cancer cell lines, pyrazines 1b, 2b, and 6b are cytotoxic on CCRF-CEM
cell line while pyridines 1e, 2¢, and 6¢ are cytotoxic on daunorubicin
resistant CEM-DNR and taxol resistant K562-TAX line.

After the initial screening, pharmacological parameters of the most
active compounds were measured. Molecules 1b, 1¢, 2b, 2¢, and 8 had
excellent chemical, plasma, and microsomal stability; however, it was
necessary to consider which kind of modification could achieve better
cell permeability and/or selectivity in case of compound 8. Compounds
1b and 8 were selected as model examples for conjugation with glucose
analogs in order to increase the polarity and thus, to optimize their
bioavailability. The resulting conjugates 15-21 had similar ADME
properties to the parent compounds, only compound 22 had better
permeability in PAMPA model. 30-Oxoderivatives 12, 17, and 21
(prepared from 8) were found to be active (ICsg in all cancer cell lines
0.60-2.7 pM) but they remained unselective (TI 2.8-5.0). In contrast,
30-oxoderivatives 14, 18, and 22 remained active in CCRF-CEM cell line
(ICsp 0.43-4.6 pM) and gained selectivity, since they are less active in
both fibroblast lines but also in several cancer cell lines (TI > 10).
Conjugates 15, 16, 19, 20 lost the activity.

Second, a set of medoxomil prodrugs 23-28 was synthesized to
improve the bioavailability of the parent compounds. Medoxomil pro-
drug was described to be metabolized in vivo to obtain an active parent
acid [22]. Conjugates 23-28 were prepared from the starting acids 1a
and 9 and from the most interesting compounds 1b, 1¢, 2b, 2¢. It was
found that resulting compounds 23, 24, and 25 are active in CCRF-CEM
cell line with sufficient selectivity. In addition, compounds24, and
26-28 are significantly active against the myelognous leukemia cell line
K562 with ICsg between 0.037 and 0.87 pM and their selectivity is very
high. Concerning cytotoxicity across the entire panel of cancer cell lines
used and compounds tested, compounds 26-28 are to date the most
active triterpenes prepared in our lab.

Third, the mechanism of action of selected compounds was tested.
Annexin V/propidium iodide staining experiment revealed, that com-
pounds 1b, 8, 21, 22, 23, and 24 cause selective apoptosis in CCRF-CEM
cells with the most significant effect in compounds 8, 21, and 22. It is
well documented, that mitochondria represent the main cellular target
for triterpenes. Therefore, detailed analysis of the Bel-2 family members,
representing key regulators of mitochondrial pathway of apoptosis, has
been performed. First, we concentrated on multidomain pro-apoptotic
proteins Bax and Bid, influencing mitochondrial membrane perme-
ability. All the compounds caused significant up-regulation of Bax as
well as Bid proteins. Further, we studied effect of compounds on
expression of selected proteins belonging to “BH3-only” subgroup with
antagonizing function to anti-apoptotic proteins from Bcl-2 family. We
found, that 8, 21 and 22 dramatically increase expression of Noxa
protein and moreover, all compounds significantly increased Bim
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Fig. 5. Light microscopy (LM) analysis of the impact of compounds 1b and 8 on mitochondria in HeLa cells (upper panel) and CCRF-CEM cells (lower panel). Cells
were incubated without (control) or with 10 pM compound 1b or 8 and processed for fluorescence microscopy. Mitochondria were stained by MT-CO2 marker

(green), cell nuclei by DAPI (blue). Scale bar = 10 pm.

Fig. 6. EM analysis of the impact of compound 1b on mitochondria in CCRF-CEM cells. CCRF-CEM cells were incubated without (left panel) or with (right panel) 10
uM compound 1b and processed for electron microscopy. 70-nm sections were cut from the epon-embedded samples and post-contrasted by 3% uranyl acetate. n =
nucleus; ga = Golgi apparatus; arrowheads indicated mitochondria. Scale bar = 0.2 pm.

expression. Finally, we explored effect of compounds on the main
execution caspases-3/7 and PARP, as a representative of their down-
stream substrates. We found obvious caspase-3/7 activation induced
by 8, 21 and 22, as documented by reduced level of precursor forms and
presence of their active forms and well corresponding PARP cleavage.
All these results nicely correlate with Annexin V measurement.

In order to obtain further insight into the interaction of our com-
pounds with mitochondria, structures 1b and 8 were treated to CCRF-
CEM and Hela cells to visualize their effects within the living cell
using light fluorescent microscopy. Both compounds were found to
interfere with the mitochondria of HelLa cells with stronger effect in
compound 8. Since this effect was not possible to be observed in CCRF-
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CEM cells using the light fluorescent microscopy due to their tight
clusters, an additional experiment was performed using the electron
microscopy. These experiments confirmed, that compound 1b causes
changes in mitochondria organization in CCRF-CEM cells as well.
Propargyl esters 13 and 14 were prepared from compounds 1b and 8
and used for the direct visualization of the cellular targets of both
compounds. Clear co-localization of compound 14 with mitochondria
marker MT-CO2 in both CCRF-CEM and HelLa cells was observed. On the
other hand, no signal was observed with compound 13. This may be
explained by the fact that free 28-COOH group of triterpenic acids is
usually important for their activity and since here it was used for the
introduction of the propargyl group, it diminished the activity/cell
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compound 14

Fig. 7. Detection of compound 14 by click reaction. HeLa cells were incubated with 10 pM compound 14 for 4 h. Compound 14 was detected by copper-catalyzed
click reaction with 5-FAM azide (green in merged figure). Simultaneously, mitochondrial marker MT-CO2 (red in merged figure) and nuclear DNA (blue in merged

figure) were visualized. Scale bar = 10 pm.

permeability for the compound 13 while some activity remained in the
more cytotoxic analogous derivative 14.

As a further step towards anticancer drug development, the effects of
compounds 1b, 8, 17, and 21 in spheroid cultures of HCT116 and HeLa
cells were tested to determine their activity in pathophysiologically
relevant in vitro tumor models. All derivates significantly inhibited
growth and resulted in the complete disintegration of spheroids of both
cell types at the highest tested 10 pM concentration. Compounds 1b and
21 resulted in dose-dependent growth inhibition and a partial opening
of spheroids at 1 pM in HeLa cell spheroids which can potentially help
the penetration of other less-penetrating cytotoxic drugs in tumors
during combination therapy.

To sum up, a small library of triterpenoid pyridines and pyrazines
was prepared and based on their ADME parameters, more derivatives
were obtained to improve their cell permeability and selectivity. Among
all synthesized compounds, the medoxomil prodrugs 23-28 had activity
in low nanomolar concentration range and these compounds will be
included in the future in vivo tests to determine their behavior in living
organisms and to show if it is worth to use this prodrug moiety. Com-
pounds 1c¢, 2b, and 2¢ are significantly more active in daunorubicin
resistant CEM-DNR cells and in taxol resistant K562-Tax cells which

11

deserves thorough studies in the future. All studies of the mechanism of
action show that the active compounds cause selective apoptosis via
intrinsic pathway.

Future directions. Compounds 1b, 1¢, 2b, 2¢, 24, and 26-28 were
selected as the most promising structures for further drug development
because of their low ICsg and high selectivity. Especially the medoxomil
prodrugs 24-28 will require in vivo tests to prove their usefulness.
Compounds 1e, 2b, and 2¢ will be studied because of their selectivity
against resistant cancer cell lines.

4. Experimental procedures
4.1. Chemistry

Melting points were determined using either the Biichi B-545 appa-
ratus or the STUART SMP30 apparatus and are uncorrected. Optical
rotations were measured on an Autopol III (Rudolph Research, Flanders,
USA) polarimeter in MeOH at 25 °C and are in [107! deg em? g '].
Infrared spectra were recorded on a Nicolet Avatar 370 FTIR and pro-
cessed in the OMNIC 9.8.372. DRIFT stands for Diffuse Reflectance
Infrared Fourier Transform. 'H and '°C experiments were performed on
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Fig. 8. Derivative effect in 3D spheroid cultures. (A) Graphs showing the change in the size (area) of spheroids of HCT116 and HeLa cells following treatment with
the 1b, 8, 17 and 21 at indicated concentrations. n = 3 independent experiments, *p < 0.001, e p < 0.01, ¢ p < 0.05 vs 0 pM (Control), one-way ANOVA, Sidak’s
multiple comparisons test. (B) Representative images showing HeLa spheroids before the start of drug treatment (Day 0) and 3 days after treatment with 21. Note the
opening of spheroids at 1 pM and complete disintegration of spheroids at 10 pM. Scale bar: 100 pm, n = 3 independent experiments.

Jeol ECX-500SS (500 MHz for H), and Varian"™ ™Y Inova 400 (400 MHz
for 'H) instruments, using CDCl3, DMSO-dg, CD30D or THF-dg as sol-
vents (25 °C). Chemical shifts (§) were referenced to the residual signal
of the solvent (CDCl3, DMSO-dg, CD30D or THF-dg) and are reported in
parts per million (ppm). Coupling constants (J) are reported in Hertz
(Hz). NMR spectra were processed in the ACD/NMR Processor Academic
Edition 12.01, MestReNova 6.0.2-5475 or JEOL Delta v5.0.5.1. EI-MS
spectra were recorded on an INCOS 50 (Finnigan MAT) spectrometer
at 70 eV and an ion source temperature of 150 °C. The samples were
introduced from a direct exposure probe at a heating rate of 10 mA/s.
Relative abundances stated are related to the most abundant ion in the
region of m/z > 180. HRMS analysis was performed using an LC-MS
Orbitrap Elite high-resolution mass spectrometer with electrospray
ionization (Dionex Ultimate 3000, Thermo Exactive plus, MA, USA).
Spectra were taken at the positive and negative mode in the range of
400-700 m/z. The samples were dissolved in MeOH and injected to the
mass spectrometer over autosampler after HPLC separation: precolumn
Phenomenex Gemini (C18, 50 x 2 mm, 2.6 pm), mobile phase isocratic
MeOH/water/HCOOH 95:5:0.1. The course of the reactions was moni-
tored by TLC on Kieselgel 60 Fy54 plates (Merck) detected first by UV
light (254 nm) and then by spraying with 10% aqueous H2SO4 and
heating to 150 °C-200 °C. Purification was performed using column
chromatography on Silica gel 60 (Merck 7734).

Betulonic acid (1a), dihydrobetulonic acid (2a), oleanonic acid (3a),
moronic acid (4a), ursonic acid (5a), heterobetulonic acid (6a), and
allobetulon (7a) were purchased from company Betulinines (www.
betulinines.com), which manufactures them from betulin, betulinic
acid and oleanolic acid in bulk scale. All other chemicals and solvents
were obtained from Sigma-Aldrich, Lachner or Across Chemicals.

4.2. General procedure for preparing pyridines (procedure A)

The procedure was adopted from the lit [9,13]. and slightly
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modified. To a stirred solution of 3-oxotriterpenes 1a-7a in dry EtOH
was added propargylamine (5 equiv.), CuCl (0.6 equiv.) and activated
molecular sieves (3 10\). Reaction mixture was stirred in reaction vial for
48-120 h at 80 °C and monitored by TLC (toluene/diethyl ether 5: 1, UV
detection). Then the reaction mixture was filtered, the solvent was
evaporated and the crude brown product was purified by column
chromatography (toluene/diethyl ether 10 : 1). The final products 1¢-7¢
were obtained as white solid.

4.2.1. Lup-2-eno [2,3-b]pyridine-28-oic acid 2¢

Compound 2c¢ was prepared according to the general procedure A,
the reaction time was 120 h and the product was crystallized from
CHCl3/MeOH to give 188 mg (35%) of pyridine 2¢: m. p. 142-143 °C; 'H
NMR (500 MHz, CDCls) &: 0.75-0.81 (m, 6H), 0.88 (d, 3H, J = 6.8 Hz),
1.00(d, 6H, J = 6.4 Hz), 1.28 (s, 3H), 1.32 (s, 3H, 7 x CHj), 1.83 (td, 1H,
J; = 6.8 Hz, J, = 2.5 Hz), 1.93 (dd, 1H, J; = 12.2 Hz, J, = 7.5 Hz),
2.31-2.34 (m, 1H, H-1a), 2.35-2.36 (m, 2H), 2.75 (d, 1H, J = 15.8 Hz,
H-1b), 7.03 (dd, 1H, J; = 7.6, J, = 4.8 Hz), 7.27-7.30 (m, 1H), 8.47 (dd,
1H, J; = 4.7 Hz, J; = 1.2 Hz, 3 x H-pyridine); '>*C NMR (126 MHz,
CDCls) &: 14.70, 14.87, 15.85, 16.01, 20.39, 21.70, 22.98, 23.18, 27.15,
20.97, 31.51, 31.73, 32.36, 33.74, 36.32, 37.56, 38.41, 39.54, 40.75,
42.77, 44.31, 45.98, 48.71, 48.95, 53.70, 56.97, 120.05, 121.16,
130.25, 138.46, 146.77, 163.52, 180.64; IR (DRIFT) Umax: 3530, 2866,
1693 cm™1; HRMS (ESI™) m/z caled for C33HsoNO, [M+H]™ 492.3836,
found 492.3835.

4.2.2. Oleana-2,12-dieno [2,3-b]pyridine-28-oic acid 3c

Compound 3¢ was prepared according to the general procedure A,
the reaction time was 48 h and the product was crystallized from CHCl3/
MeOH to give 148 mg (27%) of pyridine 3¢: m. p. 168-169 °C; 'H NMR
(500 MHz, CDCl3) 5 0.85 (s, 6H), 0.91 (s, 3H), 0.95 (s, 3H), 1.18 (s, 3H),
1.27 (s, 3H), 1.32 (s, 3H, 7 x CHs), 1.79 (dd, 1H, J; = 13.6 Hz, J, = 4.1
Hz), 1.94-1.99 (m, 1H, H-11a), 1.99-2.07 (m, 2H), 2.39 (d, 1H, J = 15.7
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Hz, H-1a), 2.67 (d, 1H, J = 15.8 Hz, H-1b), 2.90 (dd, 1H, J; = 13.8 Hz,
Jy = 4.1 Hz, H-11b), 5.35 (t, 1H, J = 3.4 Hz, H-12), 7.01 (dd, 1H, J; =
7.6 Hz, J; = 4.8 Hz), 7.26-7.29 (m, 1H), 8.47 (dd, 1H, J; = 4.6 Hz, J; =
1.1 Hz, 3 x H-pyridine); 1°C NMR (126 MHz, CDCl3) &: 14.10, 15.03,
16.93, 20.25, 22.63, 23.09, 23.41, 24.20, 25.70, 27.75, 30.71, 31.57,
32.23, 32.50, 33.11, 33.94, 36.02, 39.19, 41.25, 41.92, 45.45, 45.77,
45.96, 46.58, 53.53, 120.85, 122.30, 126.75, 137.86, 143.84, 146.90,
163.51, 182.60; IR (DRIFT) Upmax: 3502, 1694 cm~1; HRMS (ESI') m/z
caled for Cs3H4gNO, [M+H] " 490.3680, found 490.3680.

4.2.3. Oleana-2,18(19)-dieno [2,3-b]pyridine-28-oic acid 4c

The general procedure A only yielded 5% of the product, therefore, a
modification using different catalyst and slightly different conditions
was used. Propargylamine (57.5 pL, 0.88 mmol) and NaAuCls-2H20 (5
mg, 0.012 mmol) were added to a stirred solution of moronic acid 4a
(100 mg, 0.22 mmol) in EtOH (5 mL). Reaction mixture was stirred in a
reaction vial for 48 h at 90 °C and the conversion of the starting acid was
monitored by TLC (toluene/diethyl ether 5 : 1). The reaction mixture
was filtered, the solvent was evaporated and the crude brown product
was purified by column chromatography (toluene/diethyl ether 10: 1 to
5:1). The final product 4c was obtained as white solid, 46 mg (41%): m.
p. 232-234 °C; 'H NMR (500 MHz, CDCl;) &: 0.82 (s, 6H), 0.99 (s, 3H),
1.02 (s, 3H), 1.06 (s, 3H), 1.29 (s, 3H), 1.35 (s, 3H, 7 x CHj), 2.03 (dm,
1H, J = 13.7 Hz), 2.21 (dt, 1H, J; = 13.0 Hz, J, = 3.0 Hz), 2.32 (d, 1H, J
=11.7 Hz), 2.38 (d, 1H, J = 15.7 Hz), 2.82 (d, 1H, J = 15.8 Hz), 5.18 (s,
1H, H-19), 7.05 (dd, 1H, J; = 7.0 Hz, J, = 5.0 Hz), 7.33 (d, 1H, J = 7.2
Hz), 8.52 (d, 1H, J = 4.0 Hz, 3 x H-pyridine); 'C NMR (126 MHz,
CDCls) & 15.00, 15.99, 16.29, 20.21, 21.70, 24.02, 26.21, 29.26, 29.52,
30.56, 31.56, 32.22, 33.57, 33.67, 33.69, 33.84, 36.39, 39.56, 40.67,
41.59, 42.75, 46.21, 48.17, 49.56, 53.84, 121.13, 130.31, 133.15,
137.14, 138.65, 146.79, 163.58, 181.25; IR (DRIFT) vmax: 2340-3680,
2933, 2863, 1696, 1583, 1449 cm %; HRMS (APCI) m/z caled for
C33H4gNO, [M+H]™ 490.3680, found 490.3680.

4.2.4. Ursa-2,12-dieno [2,3-b]pyridine-28-oic acid 5¢

Compound 5c¢ was prepared according to the general procedure A,
the reaction time was 96 h and the product was crystallized from CHClz/
MeOH to give 155 mg (28%) of pyridine 5¢: m. p. 185-187 °C; 'H NMR
(500 MHz, CDCls) 6: 0.86 (s, 3H), 0.87 (s, 3H), 0.89 (d, 3H, J = 6.5 Hz),
0.95(d, 3H, J = 6.4 Hz), 1.13 (s, 3H), 1.27 (s, 3H), 1.31 (s, 3H, 7 x CHj),
1.79 (dt, 1H, J; = 12.9 Hz, J, = 3.2 Hz), 1.92 (td, 1H, J; = 13.6 Hz, J, =
4.1 Hz), 2.05-2.08 (m, 1H, H-11a), 2.05 (m, 2H), 2.27 (d, 1H, J = 11.3
Hz, H-11b), 2.42 (d, 1H, J = 14.9 Hz, H-1a), 2.70 (d, 1H, J = 15.8 Hz, H-
1b), 5.32 (t, 1H, J = 3.5 Hz, H-12), 7.00 (dd, 1H, J; = 7.6 Hz, J» = 4.7
Hz),7.26 (dd, 1H, J; = 7.8 Hz, J, = 1.4 Hz), 8.47 (dd, 1H, J; = 4.6 Hz, J,
= 1.3 Hz, 3 x H-pyridine); '3C NMR (126 MHz, CDCls) &: 14.25, 15.41,
17.16, 17.28, 20.37, 21.35, 22.79, 23.56, 24.41, 28.26, 30.92, 31.77,
31.83, 32.73, 36.11, 36.98, 39.00, 39.41, 39.56, 42.41, 45.78, 45.90,
48.19, 52.99, 53.73, 121.02, 125.70, 129.95, 137.97, 138.30, 147.06,
163.67, 182.61; IR (DRIFT) Upmax: 3508, 1737, 1693 cm™'; HRMS (ESI™)
m/z caled for C33H4gNO2 [M+H]' 490.3680, found 490.3679.

4.2.5. Taraxasta-2,20(21)-dieno [2,3-b]pyridine-28-oic acid 6¢

The general procedure A only yielded 5% of the product, therefore, a
modification using slightly different conditions was used. Propargyl-
amine (57.5 pL, 0.88 mmol), CuCl (5 mg, 0.05 mmol) and activated
molecular sieve beads (0.5 g, 3 10\) were added to a stirred solution of
heterobetulonic acid 6a in EtOH (5 mL). The reaction mixture was
stirred in a reaction vial for 48 h at 80 °C while the conversion of the
starting material was monitored by TLC (tolu-ene/Et;0 5 : 1, UV
detection). Then the reaction mixture was filtered, the solvent was
evaporated and the crude brown product was purified by column
chromatography (toluene/Et;O 10 : 1). The final product 6¢ was ob-
tained as white solid, 52 mg (48%): m. p. 121-123 °C; TH NMR (500
MHz, CDCl3) 6: 0.79 (s, 3H), 0.99 (s, 3H), 1.01 (s, 3H), 1.02 (d, 3H, J =
6.6 Hz), 1.29 (s, 3H), 1.33 (s, 3H), 1.65 (s, 3H, 7 x CHj), 1.81 (ddd, 2H,

13

European Journal of Medicinal Chemistry 243 (2022) 114777

J;=15.0Hz, J, = 19.9 Hz, J; = 2.3 Hz), 2.04 (dd, 1H, J; = 10.1 Hz, J; =
2.8 Hz), 2.15 (dd, 1H, J; = 13.4 Hz, J, = 6.7 Hz), 2.30 (dd, 1H, J; = 15.5
Hz, J, = 7.2 Hz), 2.38 (d, 1H, J = 15.7 Hz), 2.46 (td, 1H, J; = 18.8 Hz, J,
=3.2Hz), 2.78 (d, 1H, J = 15.8 Hz), 5.30 (d, 1H, J = 7.0 Hz, H-21), 7.04
(dd, 1H, J; = 7.6 Hz, J; = 4.8 Hz), 7.31 (d, 1H, J = 7.4 Hz), 8.42-8.44
(m, 1H, 3 x H-pyridine); '*C NMR (126 MHz, CDCl3) &: 14.93, 15.92,
16.02, 20.31, 21.91, 22.30, 23.56, 24.00, 27.51, 29.24, 31.50, 33.05,
33.53, 36.31, 37.44, 37.98, 39.27, 39.53, 40.86, 42.07, 46.07, 48.88,
49.05, 53.73,117.02, 121.17, 130.33, 138.53, 143.37, 146.63, 163.50,
180.30; IR (DRIFT) vmax: 2450-3670, 2936, 2868, 1697, 1583, 1445
cm~'; HRMS (APCI) m/z caled for C33H4sNO, [M+H] " 490.3680, found
490.3680.

4.2.6. 19p,28-epoxy-18a-olean-2-eno [2,3-b]pyridine 7c

Compound 7c¢ was prepared according to the general procedure, the
reaction time was 120 h and the product was crystallized from CHCls/
MeOH to give 122 mg (23%) of pyridine 7¢: m. p. 218-219 °C; 'HNMR
(500 MHz, CDCl3) &: 0.81 (s, 6H), 0.94 (s, 3H), 0.95 (s, 3H), 1.05 (s, 3H),
1.27 (s, 3H), 1.32 (s, 3H, 7 x CHs), 2.37 (d, 1H, J = 15.8 Hz, H-1a), 2.77
(d, 1H, J = 15.6 Hz, H-1b), 3.46 (d, 1H, J = 7.8 Hz, H-28a), 3.56 (s, 1H,
H-19), 3.80 (dd, 1H, J; = 7.8 Hz, J; = 1.0 Hz, H-28b), 6.98 (dd, 1H, J; =
7.6 Hz, J, = 4.7 Hz), 7.25 (d, 1H, J = 8.3 Hz), 8.46-8.44 (m, 1H, 3 x
H-pyridine); >C NMR (126 MHz, CDCls) &: 16.66, 15.58, 16.13, 20.30,
21.71, 24.20, 24.73, 26.40, 26.58, 26.65, 28.95, 28.98, 31.76, 32.87,
33.24, 34.46, 36.44, 36.89, 39.60, 40.63, 40.91, 41.66, 46.23, 46.95,
49,53, 53.81, 71.45, 88.07, 120.78, 129.70, 137.60, 147.41, 164.05; IR
(DRIFT) Umax: 2942, 2859 cm™!; HRMS (ESI™) m/z caled for C35HsoNO
[M+H] " 476.3886, found 476.3887.

4.3. General procedure for preparing 30-oxo derivatives (procedure B)

A modified literature procedure was used [26]. To a stirred solution
of triterpenic acid 1b or 9 in 2-methoxyethanol was added SeO; (2
equiv.) and the solution was refluxed. Reaction was monitored by TLC
(toluene/diethyl ether 4 : 1) which indicated its completion after 4-6 h.
Then the reaction mixture was filtered and diluted with water. The
product was extracted with EtOAc (4 x 10 mL). The combined organic
extracts were dried over MgSO4 and concentrated under reduced pres-
sure. The residue was purified by column chromatography on silica with
Tol/Et20 (from 10:1 to 2:1) as an eluent to give compounds 8 and 11.

4.3.1. 30-Oxolupa-2,20(29)-dieno [2,3-b]pyridine-28-oic acid 8

SeO3 (498 mg, 4.5 mmol, 2.2 equiv.) was added to a solution of
pyrazine 1b (1 g, 2.0 mmol) in 2-methoxyethanol (30 mL) and the re-
action mixture was stirred under reflux for 6 h. Crude product was
precipitated by pouring into cold water, filtered off, dried and chro-
matographed on silica with Tol/Et;0 (from 5: 1 to 2 : 1). Collected
fractions were evaporated which yielded white solid of 8. Yield: 565 mg
(55%), white solid, m.p. 265-267 °C; IH NMR (500 MHz, CDCls) é6: 0.79
(s, 3H); 1.00 (s, 3H); 1.01 (s, 3H); 1.26 (s, 3H); 1.29 (s, 3H, 5 x CHjs);
1.74 (dd, 1H, J; = 22.4 Hz, J, = 10.9 Hz); 1.97-2.04 (m, 1H); 2.23-2.37
(m, 2H); 2.43 (d, 1H, J = 16.6 Hz, H-19p); 3.02 (d, 1H, J = 16.6 Hz); 3.37
(td, 1H, J; = 11.2 Hz, J, = 4.8 Hz, H-30); 5.95 (s, 1H, H-29a); 6.31 (s,
1H, H-29b); 8.28 (d, 1H, J = 2.5 Hz), 8.42 (d, 1H, J = 1.8 Hz, 2 x
H-pyrazine), 9.55 (s, 1H, H-30); 13C NMR (126 MHz, CDCl;) &: 14.73,
14.81, 15.79, 16.24, 20.20, 21.54, 24.13, 27.32, 29.82, 31.63, 32.04,
32.15, 33.48, 36.93, 37.05, 38.53, 39.66, 40.67, 42.61, 48.67, 48.74,
50.45, 53.18, 56.65, 134.27, 141.47, 142.53, 150.81, 156.25, 159.91,
181.33, 195.17; IR (DRIFT) vmax: 2938, 2868, 1683, 1431 cm™'; HRMS
(ESI™): m/z caled for C3oHy4N2O3 [M+H]™ 505.3425, found 505.3425.

4.3.2. 30-Oxolup-20(29)-en-28-oic acid 11

Compound 11 was prepared from betulinic acid 9 (1 g, 2.2 mmol)
according to the general procedure. Yield: 505 mg (49%), white solid.
Analytical and spectral data were in agreement with the literature [26].
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4.4. General procedure for preparing propargyl esters (procedure C)

To a stirred solution of starting material in DMF was added potas-
sium carbonate (KoCO3, 3 equiv.) and propargyl bromide (2 equiv.). The
reaction mixture was stirred at room temperature and the progress of the
reaction was monitored by TLC (Tol/Et,O = 5: 1, v/v), which indicated
its completion after 4 h. The reaction mixture was filtered and diluted
with water. The product was extracted with EtOAc (4 x 10 mL). The
combined organic extracts were dried over MgSO, and concentrated
under reduced pressure. The residue was purified by column chroma-
tography on silica with Tol/Et;0 (from 20: 1 to 2: 1) as an eluent to give
each propargyl ester.

4.4.1. Propargyl 3-hydroxylup-20(29)-en-28-oate 10

Compound 10 was prepared according to the general procedure C
with betulinic acid 9 (3 g, 6.6 mmol). Yield: 2.3 g (71%), white solid, m.
p. 184-186 °C; 'H NMR (500 MHz, CDCl;) &: 0.67-0.69 (m, 1H), 0.75 (s,
3H), 0.82 (s, 3H), 0.93 (s, 3H), 0.96 (s, 3H), 0.97 (s, 3H), 1.68 (s, 3H, 6 x
CH3), 1.84-1.96 (m, 2H), 2.16-2.24 (m, 1H), 2.25-2.31 (m, 1H), 2.35 (s,
1H), 2.43 (t, 1H, J = 2.4 Hz), 2.97-3.05 (m, 1H), 3.18 (dd, 1H, J; = 11.4
Hz,J, = 4.9 Hz), 4.60 (dd, 1H, J; = 2.2 Hz, J5 = 1.4 Hz, H-29-pro E), 4.70
(dd, 1H, J; = 15.5 Hz, J, = 2.4 Hz, H-29-pro 2), 4.74 (d, 1H, J = 2.1 Hz),
7.12-7.19 (m, 1H); °C NMR (126 MHz, CDCls) &: 14.86, 15.49, 16.17,
16.28, 18.45, 19.54, 25.70, 27.57, 28.13, 29.79, 30.68, 32.11, 34.50,
36.94, 37.36, 38.44, 38.89, 39.01, 40.97, 42.56, 47.01, 49.68, 50.74,
51.46, 55.53, 56.75, 74.46, 79.13, 109.79, 128.36, 129.17, 150.58,
175.32; IR (DRIFT) Uy 3273, 2938, 2869, 1720, 1642 cm™Y; HRMS
(EST"): m/z caled for C33Hs0O3 [M+H] " 495.3883, found 495.3833.

4.4.2. Propargyl 3-hydroxy-30-oxolup-20(29)-en-28-oate 12

Compound 12 was prepared according to the general procedure C
with 30-oxo betulinic acid 11 (1 g, 1.97 mmol). Yield: 509 mg (47%),
white solid: m.p. 188-192 °C; TH NMR (500 MHz, CDCl3) 8: 0.74 (s, 3H),
0.80 (s, 3H), 0.90 (s, 3H), 0.92 (s, 3H), 0.95 (s, 3H, 5 x CHj), 1.87-1.99
(m, 2H), 1.96-2.08 (m, 2H), 2.19 (td, 1H, J; = 12.5 Hz, J, = 3.6 Hz),
2.28-2.33 (m, 1H), 2.43 (t, 1H, J = 2.3 Hz), 3.16 (dd, 1H, J; = 11.3 Hz,
Jo = 4.8 Hz, H-19p), 3.33 (td, 1H, J; = 11.1 Hz, J» = 4.8 Hz, H-30), 4.67
(dd, 1H, J; = 21.1 Hz, J, = 2.4 Hz), 5.89 (s, 1H, H - 29a), 6.27 (s, 1H, H-
29b), 9.51 (s, 1H, H-30); 1°C NMR (126 MHz, CDCls) &: 14.74, 15.49,
16.12, 16.23, 18.41, 20.99, 27.33, 27.52, 28.11, 29.70, 29.83, 31.87,
32.00, 34.44, 36.76, 37.30, 38.27, 38.86, 38.99, 40.88, 42.47, 50.51,
50.62, 51.53, 55.46, 56.82, 74.53, 77.16, 78.23, 79.08, 156.27, 175.14,
195.06; Umax 3558, 3294, 2946, 1730, 1671 cm™'; HRMS (ESIM): m/z
caled for C33Hyg04 [M+H] " 509.3628, found 509.3630.

4.4.3. Propargyl lupa-2,20(29)-dieno [2,3-b]pyridine-28-oate 13

Compound 13 was prepared according to the general procedure C
with pyrazine 1b (500 mg, 1 mmol). Yield: 450 mg (83%), white solid:
m.p. 177-181 °C; 'H NMR (500 MHz, CDCl3) &: 0.80 (s, 3H), 1.01 (s,
3H), 1.02 (s, 3H), 1.27 (s, 3H), 1.29 (s, 3H), 1.71 (s, 3H, 6x CHs),
1.75-1.79 (m, 1H), 1.88-1.97 (m, 2H), 2.26-2.32 (m, 2H), 2.42-2.47
(m, 2H), 3.00-3.06 (m, 2H), 4.62-4.66 (m, 2H, H-29 pro-E and H-33a),
4.72(dd, 1H, J; = 15.5 Hz, J; = 2.5 Hz, H-33b), 4.76 (d, 1H, J = 2.1 Hz,
H-29 pro-Z), 8.26 (d, 1H, J = 2.4 Hz), 8.39 (dd, 1H, J; = 2.4 Hz, J, = 0.8
Hz, 2 x H-pyrazine); '3C NMR (126 MHz, CDCls) 5: 14.85, 15.79, 16.26,
19.62, 20.25, 21.59, 24.16, 25.71, 29.80, 30.71, 31.65, 32.05, 33.53,
36.92, 36.97, 38.51, 39.64, 40.84, 42.63, 46.97, 48.89, 48.98, 49.59,
51.49, 53.24, 56.79, 74.47, 78.29, 109.91, 141.65, 142.41, 150.43,
151.01, 159.80, 175.31; IR (DRIFT) may: 3279, 2037, 2874, 1716, 1744
cm™; HRMS (ESI™): m/z caled for CgsHagN2Oy [M+H]T 529.3789,
found 529.3787.

4.4.4. Propargyl 30-oxolupa-2,20(29)-dieno [2,3-b]pyridine-28-oate 14
Compound 14 was prepared according to the general procedure C

with 30-oxo pyrazine 8 (300 mg, 0.6 mmol). Yield: 151 mg (47%), white

solid, m.p. 200-204 °C; 'H NMR (500 MHz, CDCl;) 5: 'HNMR 6: 0.78 (s,
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3H), 0.98 (s, 3H), 0.99 (s, 3H), 1.26 (s, 3H), 1.28 (s, 3H, 5 x CHs), 1.71
(dd, 1H, J; = 21.9 Hz, J, = 10.9 Hz), 1.93 (dd, 1H, J; = 12.5Hz, J, = 7.9
Hz), 2.00-2.08 (m, 2H), 2.23-2.36 (m, 1H), 2.40-2.44 (m, 2H), 3.00 (d,
1H, J; = 16.5 Hz, J, = 4.8 Hz, H-19p), 3.35 (td, 1H, J; = 11.1 Hz, J, =
4.7 Hz, H-3w), 4.69 (dq, 1H, J; = 37.9 Hz, J, = 15.5 Hz, J;3 = 2.3 Hz),
5.93 (s, 1H, H-29a), 6.30 (s, 1H, H-29b), 8.25 (d, 1H, J = 2.3 Hz), 8.39
(d, 1H, J = 1.8 Hz, 2 x H-pyrazine), 9.54 (s, 1H, H-30); 1>°C NMR (126
MHz, CDCls) &: 14.73, 15.74, 16.22, 20.21, 21.53, 24.15, 25.90, 27.29,
29.71, 31.63, 31.81, 31.88, 33.46, 36.74, 36.91, 38.35, 39.63, 40.75,
42.55, 48.75, 48.80, 50.33, 51.56, 53.15, 56.85, 74.55, 78.23, 134.52,
141.58, 142.46, 150.88, 156.05, 159.82, 175.14, 195.13; IR (DRIFT)
Umaxt 3273, 2931, 1735, 1681 cm™'; HRMS (ESI"): m/z caled for
Cs5H46N205 [M+H] " 543.3581, found 543.3582.

4.5. General procedure for preparing triterpenic glucose conjugates
(procedure D)

To a stirred solution of triterpenic alkynes in DMF was added azide IT
or III (1.5 equiv.) and Cul (4 mol %, 0.016 mmol). The reaction mixture
was stirred at 40 °C for 24 h. The reaction mixture was filtered and DMF
was evaporated in vacuo. The crude products were dissolved in CH3CN
(8 mL) and purified by reverse phase HPLC (in gradient from 80% MeCN
in H20 to 100% CH3CN) to afford final compounds 18-25.

4.5.1. Conjugate 15

Compound 15 was prepared according to the general procedure D
with alkyne 10 (0.3 g, 0.6 mmol) and azide IL Yield: 164 mg (31%),
white solid, m.p. 120-122 °C; "H NMR (500 MHz, CDCl5) &: 0.73 (s, 3H);
0.79 (s, 3H), 0.80 (s, 3H), 0.93 (s, 3H), 0.94 (s, 3H, 5 x CHs), 1.66 (s, 3H,
30-CHj3), 1.85 (s, 3H), 2.01 (s, 3H), 2.05 (s, 3H), 2.08 (s, 3H, 4 x Ac),
2.60 (s, 1H), 2.98 (td, 1H, J; = 11.0, J, = 4.5 Hz, H-19p), 3.16 (dd, 1H,
J; = 11.3 Hz, J, = 4.8 Hz, H-30), 3.99 (ddd, 1H, J; = 9.9 Hz, J, = 4.7 Hz,
Js = 2.0Hz), 4.12 (dd, 1H, J; = 12.6 Hz, J, = 1.9 Hz), 4.31 (dd, 1H, J; =
12.6 Hz, J, = 4.8 Hz), 4.58 (s, 1H, H-29 pro-E), 4.72 (s, 1H, H-29 pro-Z),
5.17-5.26 (m, 3H), 5.35-5.47 (m, 2H), 5.83-5.91 (m, 1H), 7.83 (s, 1H,
triazole); 13C NMR (126 MHz, CDCls) &: 14.81, 15.47, 15.94, 16.25,
18.40, 19.43, 20.25, 20.64, 20.80, 20.99, 25.64, 27.51, 28.09, 29.74,
30.63, 32.06, 34.41, 36.98, 37.29, 38.37, 38.84, 38.97, 40.81, 41.10,
42.51, 47.02, 49.57, 50.66, 55.46, 56.67, 57.01, 61.59, 67.76, 70.44,
72.70, 75.37, 79.06, 85.94, 109.83, 122,16, 144.13, 150.54, 168.87,
169.44, 170.02, 170.57, 175.95; IR (DRIFT) Umax 3476, 1754, 1642
em™!; HRMS (ESI™): m/z caled for C47HgoN3012 [M+H]™ 868.4954,
found 868.4950.

4.5.2. Conjugate 16

Compound 16 was prepared according to the general procedure D
with alkyne 10 (0.25 g, 0.5 mmol) and azide III. Yield: 163 mg (46%),
white solid, m.p. 120-124 °C; 'H NMR (500 MHz, CDs0D) &: 0.80 (s,
3H), 0.89 (s, 3H), 0.91 (s, 3H), 0.99 (s, 3H), 1.03 (s, 3H), 1.73 (s, 3H, 5 x
CH3), 2.29 (td, 2H, J; = 12.6 Hz, J, = 3.4 Hz), 3.02-3.10 (m, 1H), 3.17
(dd, 1H, J; = 11.4 Hz, J, = 4.8 Hz), 3.51-3.68 (m, 1H), 3.78 (dd, 1H, J;
= 12.2 Hz, J, = 5.3 Hz), 3.89-3.97 (m, 2H), 4.64 (s, 1H, H-29 pro-E),
4.76 (d, 1H, J = 1.5 Hz, H-29 pro-Z), 5.26 (dd, 2H, J; = 32.0, J, = 12.8
Hz, glu-CH,OH), 5.66 (d, 1H, J = 9.2 Hz), 8.26 (s, 1H, triazole); 1°C
NMR (126 MHz, CDsOD) &: 15.11, 16.12, 16.62, 16.79, 19.45, 19.54,
22.06, 26.87, 28.04, 28.61, 30.79, 31.58, 32.96, 35.51, 37.77, 38.32,
39.61, 39.95, 40.09, 41.94, 43.52, 50.68, 51.99, 56.87, 57.68, 57.86,
62.41, 70.90, 73.53, 74.02, 78.53, 79.67, 81.18, 89.62, 110.31, 125.27,
144.17, 151.75, 177.08; IR (DRIFT) vmax 3353, 1725, 1665 cm %
HRMS (ESIT): m/z caled for C3oHg1N30g [M+H]T 700.4531, found
700.4528.

4.5.3. Conjugate 17

Compound 17 was prepared according to the general procedure D
with alkyne 12 (0.21 g, 0.4 mmol) and azide II. Yield: 124 mg (33%),
white solid, m.p. 159-163 °C; 'H NMR (500 MHz, CDCl3) : 0.74 (s, 3H),
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0.78 (s, 3H), 0.80 (s, 3H), 0.91 (s, 3H), 0.95 (s, 3H, 5 x CHs), 1.86 (s,
SH), 2.02 (s, 3H), 2.04 (s, 3H), 2.06 (s, 3H), 2.08 (s, 3H, 4 x Ac),
3.30-3.39 (m, 1H), 3.97-4.02 (m, 1H), 4.09-4.17 (m, 2H), 4.31 (dd, 1H,
J; = 12.6 Hz, J, = 5.0 Hz), 5.23 (d, 2H, J = 5.0 Hz), 5.41-5.49 (m, 2H),
5.85-5.89 (m, 1H), 5.90 (s, 1H), 6.28 (s, 1H), 7.95 (s, 1H, triazole), 9.51
(d, 1H, J = 10.7 Hz, CHO); 13C NMR (126 MHz, CDCls) 5: 14.34, 14.75,
15.48, 15.93, 16.21, 18.41, 20.27, 20.65, 20.67, 20.82, 20.99, 21.18,
27.43, 27.51, 28.11, 29.67, 29.83, 31.97, 34.41, 36.82, 37.29, 38.43,
38.86, 38.99, 40.77, 42.46, 50.48, 55.46, 56.80, 57.43, 60.53, 61.72,
67.84, 70.50, 72.78, 75.41, 79.08, 86.00, 122.19, 144.18, 156.39,
168.88, 169.47, 170.07, 170.60, 175.77, 195.08; IR (DRIFT) vpmay
3557-3406, 1755, 1686, 1620 cm™'; HRMS (ESIM): m/z caled for
C47H67N3013 [M—‘,—I‘I]Jr 882.4747, found 882.4743.

4.5.4. Conjugate 18

Compound 18 was prepared according to the general procedure D
with alkyne 12 (0.26 g, 0.51 mmol) and azide III. Yield: 190 mg (54%),
white solid, m.p. 161-165 °C; 'H NMR (500 MHz, CD50D) &: 0.75 (s,
3H), 0.82 (s, 3H), 0.84 (s, 3H), 0.94 (s, 3H), 0.95 (s, 3H, 5 x CHs), 3.11
(dd, 1H, J; = 11.3 Hz, J, = 4.7 Hz, 1H), 3.32-3.39 (m, 1H), 3.47-3.62
(m, 3H), 3.73 (dd, 1H, J; = 12.2 Hz, J, = 5.2 Hz), 3.84-3.93 (m, 2H),
5.23 (dd, 2H, J; = 33.0 Hz, J, = 12.8 Hz, glu-CH,OH), 5.62 (d, 1H, J =
9.2 Hz), 6.03 (s, 1H, H-29 pro-E), 6.39 (s, 1H, H-29 pro-Z), 8.24 (s, 1H,
triazole), 9.50 (s, 1H, CHO); '*C NMR (126 MHz, CD30D) &: 14.98,
16.11, 16.58, 16.74, 19.43, 22.07, 28.02, 28.60, 30.74, 32.74, 33.40,
35.50, 37.58, 38.29, 39.51, 39.94, 40.05, 40.44, 41.87, 43.42, 49.63,
51.80, 52.37, 56.83, 57.83, 57.96, 62.42, 70.90, 74.03, 78.52, 79.64,
81.18, 89.62, 125.26, 135.15, 144.17, 158.22, 176.92, 196.79; IR
(DRIFT) Umaxe 3353, 1724, 1684 cm™!; HRMS (ESIY): m/z caled for
C30H50N309 [M+H]™ 714.4324, found 714.4327.

4.5.5. Conjugate 19

Compound 19 was prepared according to the general procedure D
with alkyne 13 (0.33 g, 0.6 mmol) and azide II. Yield: 170 mg (30%),
white solid, m.p. 130-131 °C; 'H NMR (500 MHz, CDCl3) §: 0.77-0.82
(m, 3H), 0.91 (s, 3H), 0.99 (s, 3H), 1.26-1.27 (m, 3H), 1.28 (s, 3H), 1.69
(s, 3H, 6 x CHs), 1.85-1.87 (m, 3H), 2.02 (s, 3H), 2.04 (s, 3H),
2.06-2.08 (m, 4 x Ac), 2.22-2.31 (m, 2H), 2.43 (d, 1H, J = 16.6 Hz),
2.95-3.07 (2H, H-19p a H-1a), 4.16 (ddd, 1H, J; = 37.7 Hz, J, = 12.6
Hz, J5 = 2.1 Hz), 4.24-4.35 (m, 1H), 4.62 (s, 1H), 4.75 (dd, 1H, J; = 9.5
Hz, J, =1.7 Hz), 5.14-5.33 (m, 3H), 5.36-5.47 (m, 2H), 5.77-5.90 (m,
1H), 7.84 (s, 1H), 8.26 (d, 1H, J = 2.3 Hz), 8.39 (d, 1H, J = 1.8 Hz, 2 x
H-pyrazine); '3C NMR (126 MHz, CDCl;) 5: 14.80, 15.58, 15.82, 16.24,
19.52, 20.23, 20.26, 20.64, 20.81, 21.55, 24.16, 25.66, 29.77, 30.67,
31.63, 32.01, 33.46, 36.92, 36.97, 38.45, 39.61, 40.69, 42.61, 46.99,
48.85, 48.92, 49.50, 53.18, 56.73, 57.05, 61.59, 67.77, 70.44, 72.71,
75.39, 85.97, 109.97, 122.11, 141.64, 142.42, 144.15, 150.40, 150.95,
159.77, 168.87, 169.44, 170.02, 170.55, 175.93; IR (DRIFT) vpmay: 1755,
1642 cm’l; HRMS (ESI"): m/z caled for CsoHezNs5Oq1 [M+H]T
902.4910, found 902.4908.

4.5.6. Conjugate 20

Compound 20 was prepared according to the general procedure D
with alkyne 13 (0.5 g, 0.95 mmol) and azide III. Yield: 261 mg (38%),
white solid, m.p. 132-136 °C; 'H NMR (500 MHz, CDCl3) 5: 0.78 (s, 3H),
0.90 (s, 3H), 0.98 (s, 3H), 1.25 (s, 3H), 1.27 (s, 3H), 1.67 (s, 3H, 6 x
CH3), 2.23 (d, 2H, J = 9.6 Hz), 2.43 (d, 1H, J = 16.4 Hz, H-1a),
2.88-3.12 (m, 2H), 3.60 (s, 1H), 3.75-3.98 (m, 4H, 4 x H — glucose),
4.13 (s, 1H), 4.60 (s, 1H, H-29 pro-E), 4.72 (s, 1H, H-29 pro-Z), 5.14 (dd,
3H, J; = 66.2 Hz, J, = 12.16 Hz), 5.56 (d, 1H, J = 7.0 Hz), 7.90 (s, 1H,
triazole), 8.25 (s, 1H), 8.39 (s, 1H, 2 x H-pyrazine); 13C NMR (126 MHz,
CDCly) &: 14.82, 15.65, 16.31, 19.48, 20.24, 21.58, 24.22, 25.63, 29.82,
30.65, 31.63, 32.03, 33.48, 36.92, 36.97, 38.44, 39.63, 40.69, 42.61,
47.03, 48.69, 48.90, 49.47, 53.16, 56.73, 57.02, 61.06, 68.88, 72.58,
79.02, 87.95, 110.17, 124.59, 137.95, 141.46, 142.52, 143.27, 150.23,
150.77, 159.86, 176.01; IR (DRIFT) vmay: 3367, 1725, 1641 cm
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HRMS (ESI"): m/z caled for C41HsoN5O,; [M+H]" 734.4487, found
734.4488.

4.5.7. Conjugate 21

Compound 21 was prepared according to the general procedure D
with alkyne 14 (0.2 g, 0.37 mmol) and azide ii. Yield: 123 mg (35%),
white solid, m.p. 158-162 °C; 'H NMR (500 MHz, CDCl3) &: 0.76-0.80
(m, 3H), 0.88-0.97 (m, 6H), 1.26 (s, 3H), 1.28 (s, 3H, 5 x CHy), 1.86 (s,
3H), 1.98-2.10 (m, 12H, 4 x Ac), 2.41 (d, 1H, J = 16.5Hz), 2.99 (d, 1H,
J; = 16.5Hz), 3.31-3.39 (m, 1H), 3.97-4.03 (m, 1H), 4.17 (ddd, 1H, J;
= 30.2 Hz, J, = 12.6 Hz, J; = 2.1 Hz), 4.30 (td, 1H, J; = 12.6 Hz, J, =
4.9 Hz), 5.18 (q, 1H, J = 12.9 Hz), 5.22-5.32 (m, 1H, H-29 pro-E),
5.36-5.53 (m, 1H, H-29 pro-Z), 5.84 (dd, 1H, J; = 28.9 Hz, J, = 9.2 Hz),
5.91-5.99 (m, 2H), 6.30 (d, 1H, J = 7.9 Hz), 8.25 (d, 1H, J = 2.2 Hz),
8.39 (s, 1H, 2 x H-pyrazine), 9.54 (d, 1H, J = 9.9 Hz, CHO); >*C NMR
(126 MHz, CDCl) &: 14.72, 15.55, 16.19, 20.20, 20.26, 20.65, 20.80,
21.52, 24.15, 27.38, 29.68, 29.82, 31.63, 31.89, 33.44, 36.78, 36.89,
38.28, 38.49, 39.62, 40.64, 42.55, 48.72, 48.79, 50.53, 53.16, 56.83,
57.44, 61.69, 67.83, 69.60, 70.49, 72.76, 75.40, 85.99, 122.15, 141.57,
142.47, 144.16, 148.07, 150.81, 156.17, 159.81, 168.87, 169.45,
170.05, 170.56, 175.74, 195.13; IR (DRIFT) umax: 3538-3402, 1754,
1689, 1621 cm™'; HRMS (ESI"): m/z caled for CagHggN5O12 [M+H] ™
916.4702, found 916.4701.

4.5.8. Conjugate 22

Compound 22 was prepared according to the general procedure D
with alkyne 14 (0.3 g, 0.42 mmol) and azide III. Yield: 92 mg (29%),
white solid, m.p. 152-158 °C; 'H NMR (500 MHz, CDs0D) &: 0.81 (s,
3H), 0.90 (s, 3H), 1.01 (s, 3H), 1.29 (s, 3H), 1.29 (s, 3H, 5 x CHy),
2.25-2.32 (m, 2H), 2.48 (d, 1H, J = 16.6 Hz), 2.97 (d, 1H, J = 16.6 Hz),
3.38 (td, 1H, J; = 11.2 Hz, J, = 4.8 Hz, H-19p), 3.48-3.61 (m, 2H), 3.72
(dd, 1H, J; = 12.2 Hz, J; = 5.3 Hz), 3.85-3.94 (m, 2H), 5.25 (dd, 2H, J;
=37.7 Hz, J, = 12.8 Hz), 5.62 (d, 1H, J = 9.2 Hz), 6.06 (s, 1H, H-29 pro-
E), 6.42 (s, 1H, H-29 pro-Z), 8.23-8.27 (m, 2H, pyrazine and triazole),
8.44 (d, J = 2.1 Hz, 1H pyrazine), 9.52 (s, 1H, CHO); '*C NMR (126
MHz, CD;0D) &: 14.94, 16.14, 16.64, 21.16, 22.65, 24.43, 28.58, 30.75,
31.76, 32.68, 34.44, 37.56, 37.81, 39.61, 40.60, 41.71, 43.53, 49.00,
49.79, 52.10, 54.16, 57.83, 57.99, 62.42, 70.90, 74.03, 78.53, 81.19,
89.62,115.03, 125.30, 128.82, 135.35, 142.32, 143.83, 144.17, 151.97,
158.17, 161.35, 176.93, 196.83; IR (DRIFT) vmay 3348, 1723, 1686,
1620 cm™'; HRMS (ESI1): m/z caled for C41Hs;NsOg [M+H]™ 748.4285,
found 748.4280.

4.6. General procedure for preparing medoxomil derivatives (procedure
E)

To a stirred solution of 4-(Chloromethyl)-5-methyl-1,3-dioxol-2-one
(2.3 equiv.) in acetone (18 mlL) triterpenic acid, KI (1.2 equiv.) and
K2CO3 (8.3 equiv.) were added. The reaction mixture was stirred at
room temperature and the progress of the reaction was monitored by
TLC (Tol/EtOAc = 5: 1, v/v), which indicated its completion after 24 h.
Acetone was removed from reaction under reduced pressure and dis-
solved in EtOAc. The extract was washed sequentially with water and
brine, product extracted with EtOAc (4 x 10 mL) and combined organic
extracts were dried over MgSO4 and concentrated under reduced pres-
sure. The residue was purified by column chromatography on silica with
Tol/Et20 (from 20 : 1 to 2: 1) as an eluent to give compounds 23-25.

4.6.1. (5-Methyl-2-oxo-1,3-dioxol-4-yl)methyl 3f-hydroxylup-20(29)-en-
28-oate 23

Compound 23 was prepared according to the general procedure E
with betulinic acid 9 (228 mg, 0.5 mmol). Yield: 210 mg (74%), white
solid, m.p. 213-216 °C; 'H NMR (500 MHz, CDCl;) &: 0.75 (s, 3H), 0.81
(s, 3H), 0.83 (s, 3H), 0.94-0.97 (m, 6H, 5x CHj), 1.16 (dt, 1H, J; = 13.7,
J, = 3.3 Hz), 1.68 (s, 3H), 2.11 (td, 1H, J; = 12.7, J, = 3.6 Hz), 2.20 (s,
3H), 2.24 (dt, 1H, J; = 13.0, J» = 3.3 Hz), 2.92-2.99 (m, 1H, H-19p),
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3.17 (dd, 1H, J; = 11.4, J, = 4.8 Hz, H-30), 4.59-4.62 (m, 1H), 4.74 (d,
1H, J = 1.6 Hz), 4.76 (d, 1H, J = 13.8 Hz), 4.93 (d, 1H, J = 13.8 Hz); 1°C
NMR (126 MHz, CDClg) & 9.59, 14.86, 15.48, 15.80, 16.27, 18.43,
19.52, 21.04, 25.65, 27.56, 28.13, 29.73, 30.68, 32.11, 34.45, 36.91,
37.35, 38.54, 38.87, 39.01, 40.78, 42.55, 47.07, 49.63, 50.67, 53.18,
55.51, 56.92,79.13, 109.94, 134.15, 140.07, 150.33, 152.30, 175.66; IR
(DRIFT) vmax: 3557, 1816, 1735, 1641 cm’l; HRMS (ESI™): m/z caled for
Cs5Hs206 [M+H]™ 567.3680, found 567.3689.

4.6.2. (5-Methyl-2-oxo-1,3-dioxol-4-yl)methyl 3-oxolup-20(29)-en-28-
oate 24

Compound 24 was prepared according to the general procedure E
with betulonic acid 1a (227 mg, 0.5 mmol). Yield: 225 mg (81%), white
solid, m.p. 147-150 °C; 'H NMR (500 MHz, CDCls) &: 0.87 (s, 3H), 0.92
(s, 3H), 0.96 (s, 3H), 1.01 (s, 3H), 1.06 (s, 3H, 5 x CHy), 1.18 (dt, 1H, J;
=13.7,J,=3.4Hz), 1.31 (d, 1H, J = 3.5 Hz), 1.62 (t, 1H, J = 11.4 Hz),
1.68 (s, 3H), 2.12-2.18 (m, 1H), 2.21 (s, 3H), 2.25 (dt, 1H, J; = 13.1, J,
= 3.3 Hz), 2.34-2.42 (m, 1H), 2.44-2.53 (m, 1H), 2.93-3.00 (m, 1H, H-
19p), 4.60-4.63 (m, 1H), 4.72-4.74 (m, 1H), 4.76 (d, 1H, J = 13.9 Hz),
4.94 (d, 1H, J; = 13.8 Hz); >C NMR (126 MHz, CDCls) &: 9.60, 14.78,
15.57, 16.10, 19.51, 19.77, 21.16, 21.55, 25.64, 26.76, 29.69, 30.63,
32.03, 33.73, 34.27, 36.87, 37.05, 38.60, 39.75, 40.71, 42.59, 47.03,
47.48, 49.53, 50.00, 53.20, 55.11, 56.88, 77.16, 110.01, 134.13,
140.09, 150.24, 152.29, 175.63, 218.24; IR (DRIFT) vpmay: 1823, 1727,
1707, 1641 cm™'; HRMS (ESI"): m/z caled for C3sHsoOg [M+H]™
567.3680, found 567.3683.

4.6.3. (5-Methyl-2-oxo-1,3-dioxol-4-yl)methyl lupa-2,20(29)-dieno [2,3-
blpyrazine-28-oate 25

Compound 25 was prepared according to the general procedure E
with pyrazine 1b (245 mg, 0.5 mmol). Yield: 289 mg (96%), white solid,
m.p. 100-104 °C; 'H NMR (500 MHz, CDCls) & 0.80 (s, 3H), 0.91 (s,
3H), 1.01 (s, 3H), 1.27 (s, 3H), 1.29 (s, 3H, 5 CHs), 1.70 (s, 3H), 2.21 (s,
3H), 2.26 (dt, 1H, J; = 12.9, J, = 3.2 Hz), 2.44 (d, 1H, J = 16.5 Hz),
2.92-3.05 (m, 2H), 4.62-4.66 (m, 1H), 4.73-4.78 (m, 2H), 4.97 (d, 1H,
J = 13.8 Hz), 8.26 (d, 1H, J = 2.4 Hz), 8.40 (d, 1H, J = 2.3 Hz, 2 x
H-pyrazine); 1>C NMR (126 MHz, CDCl3) : 9.62, 14.84, 15.37, 16.26,
19.59, 20.22, 21.57, 24.17, 25.63, 29.72, 30.67, 31.37, 31.64, 32.01,
33.45, 36.87, 36.94.38.56, 39.63, 40.62, 42.60, 47.00, 48.83, 48.88,
49.50, 53.19, 56.94, 110.06, 134.14, 140.12, 141.64, 142,45, 150.18,
150.94, 152.32, 159.81, 175.64; IR (DRIFT) vmay: 1823, 1731, 1641,
768 cm™'; HRMS (ESIT): m/z caled for C37HsoN2Os [M+H] " 603.3792,
found 603.3794.

4.6.4. (5-Methyl-2-oxo-1,3-dioxol-4-yl)methyl lupa-2,20(29)-dieno [2,3-
b]pyridine-28-oate 26

Compound 26 was prepared according to the general procedure E
with pyridine 1¢ (500 mg, 1.0 mmol). Yield: 500 mg (83%), white solid,
m.p. 181-183 °C; 'H NMR (500 MHz, CDCls) & 0.78 (s, 3H), 0.92 (s,
3H), 1.01 (s, 3H), 1.26 (s, 3H), 1.30 (s, 3H, 5 x CHs), 1.70 (s, 3H), 2.21
(s, 3H), 2.26 (dt, 1H, J; = 12.8, J» = 3.2 Hz), 2.32 (d, 1H, J = 15.7 Hz),
2.72 (d, 1H, J = 15.7 Hz), 2.99 (td, 1H, J; = 10.8, J, = 4.7 Hz),
4.50-4.68 (m, 1H), 4.72-4.85 (m, 2H), 4.95 (d, 1H, J = 13.8 Hz), 6.97
(dd, 1H, J; = 7.6, J5 = 4.7 Hz), 7.21 (d, 1H, J = 7.6 Hz), 8.45 (dd, 1H, J;
=4.6,J, = 1.0 Hz, 3 x H-pyridine); 1>*C NMR (126 MHz, CDCl3) 5: 9.60,
14.85, 15.47, 15.82, 19.54, 20.34, 21.65, 24.23, 25.78, 29.74, 30.66,
31.77, 32.07, 33.66, 36.36, 36.90, 38.69, 39.60, 40.68, 42.62, 46.09,
47.06, 49.03, 49.57, 53.21, 53.67, 56.95, 109.99, 120.75, 129.65,
134.15, 137.57, 140.08, 147.39, 150.34, 152.30, 164.04, 175.68; IR
(DRIFT) vmax: 1824, 1726, 1401, 770 cm’l; HRMS (ESI™): m/z caled for
C3gHs;NOs [M+H]* 602.3840, found 602.3853.

4.6.5. (5-Methyl-2-oxo-1,3-dioxol-4-ylDmethyl lup-2-eno [2,3-b]pyrazine-
28-oate 27

Compound 27 was prepared according to the general procedure E
with pyrazine 2b (500 mg, 1.0 mmol). Yield: 490 mg (81%), white solid,
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m.p. 199-201 °C; 'TH NMR (500 MHz, CDCls) 6: 0.77 (d, 3H, J = 6.8 Hz),
0.81 (s, 3H), 0.88 (d, 3H, J = 6.8 Hz), 0.90 (s, 3H), 0.99 (s, 3H, 5 x CHs),
1.28 (s, 3H), 1.30 (s, 3H), 2.20 (s, 3H), 2.46 (d, 1H. J = 16.5Hz), 3.04 (d,
1H, J = 16.5 Hz), 4.75 (d, 1H, J = 13.8 Hz), 4.94 (d, 1H, J = 13.8 Hz),
8.27(dd, 1H, J; = 3.9, Jo = 2.3 Hz), 8.39-8.42 (m, 1H, 2 x H-pyrazine);
13C NMR (126 MHz, CDCl3) &: 9.60, 14.77, 14.82, 15.41, 16.24, 20.24,
21.64, 22.91, 23.15, 24.18, 27.04, 29.75, 29.87, 31.66, 31.95, 33.58,
36.93, 37.28, 38.49, 39.66, 40.67, 42.79, 44.33, 48.71, 48.87, 49.07,
53.11, 53.21, 57.41, 134.24, 140.06, 141.65, 142.49, 150.91, 152.33,
159.87, 175.87; IR (DRIFT) vmax: 1818, 1730, 1443, 770 cm™'; HRMS
(ESI™): m/z caled for C37HsoN,05 [M+H] ™ 605.3949, found 605.3972.

4.6.6. (5-Methyl-2-oxo-1,3-dioxol-4-yl)methyl lup-2-eno [2,3-b]pyridine-
28-oate 28

Compound 28 was prepared according to the general procedure E
with pyridine 2¢ (500 mg, 1.0 mmol). Yield: 472 mg (77%), white solid,
m.p. 222-224 °C; 'H NMR (500 MHz, CDCls) &: 0.77 (d, 3H, J = 6.8 Hz),
0.79 (s, 3H), 0.88 (d, 3H, J = 6.9 Hz), 0.91 (s, 3H), 0.99 (s, 3H, 5 x CHs),
1.27 (s, 3H), 1.31 (s, 3H), 2.21 (s, 3H), 2.74 (d, 1H, J = 15.6 Hz), 4.77 (d,
1H, J = 13.8 Hz), 6.97 (dd, 1H, J; = 7.6, J, = 4.6 Hz), 7.24 (d, 1H, J =
7.9 Hz), 8.45 (dd, 1H, J; = 4.5, J, = 0.9 Hz, 3 x H-pyridine); 1°C NMR
(126 MHz, CDCly) & 9.60, 14.78, 14.83, 15.49, 15.79, 20.35, 21.68,
22.91, 23.13, 24.25, 27.14, 29.75, 29.93, 31.78, 31.98, 33.74, 36.35,
37.28, 38.55, 39.60, 40.69, 42.79, 44.34, 46.05, 48.78, 49.08, 53.10,
53.65, 57.41, 120.75, 129.63, 134.23, 137.55, 140.04, 147.42, 152.33,
164.07, 175.90; IR (DRIFT) vmax 1819, 1730, 1574, 1442, 771 cm™
HRMS (ESI): m/z caled for C3gHssNOs [M+H]'T 604.3997, found
604.40009.

4.7. Biological evaluation

4.7.1. Cell culture and MTS cytotoxicity assay

Cytotoxicity screening was done according to the routine protocol
developed earlier at our department [48,49] All cells (if not indicated
otherwise) were purchased from the American Tissue Culture Collection
(ATCC). The CCRF-CEM line is derived from T lymphoblastic leukemia,
evincing high chemosensitivity, K562 represent cells from an chronic
myeloid leukemia patient sample with ber-abl translocation, U20S cell
line is derived from osteosarcoma, HCT116 is colorectal tumor cell line
and its p53 gene knock-down counterpart (HCT116p53—/—, Horizon
Discovery Ltd, UK) is a model of human cancers with p53 mutation
frequently associated with poor prognosis, A549 line is lung adenocar-
cinoma, HeLa cell line is cervix adenocarcinoma. The daunorubicin
resistant subline of CCRF-CEM cells (CEM-DNR bulk) and paclitaxel
resistant subline K562-TAX were selected in our laboratory by the long
term cultivation of maternal cell lines in presence of increasing con-
centrations of daunorubicine or paclitaxel, respectively. The CEM-DNR
bulk cells overexpress MRP-1 and P-glycoprotein, while K562-TAX
cells overexpress P-glycoprotein only. Both proteins belong to the fam-
ily of ABC transporters and are involved in the primary and/or acquired
multidrug resistance phenomenon [50]. MRC-5 and BJ cell lines were
used as a non-tumor control and represent human fibroblasts. The cells
were maintained in nunc/corning 75 cm? plastic tissue culture flasks
and cultured in appropriate cell culture medium according to the ATCC
or Horizon recommendations (DMEM/RPMI 1640 with 5 g/L glucose, 2
mM glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, 10%
fetal calf serum, and NaHCOs3). The cytotoxicity MTS assays were per-
formed according to the standard procedure used at our institute and as
described earlier [48,51,52].

4.7.2. Pharmacological parameters, chemical stability assay, stability in
human plasma, microsomal stability assay, parallel artificial membrane
permeability assay

These experiments were performed in the same way as in our earlier
work [53] and according to the lit [34]. he detailed description is in the
supporting information file.
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4.7.3. Protein plasma binding

The assay is based on rapid equilibrium dialysis (RED) [54]. The
plate inserts (Thermo Scientific™, Rockford, USA) for RED consist of
two chambers (red and white) separated by a semi-permeable mem-
brane. The 300 pL solution of each test compound (10 pM concentration)
in 10% human plasma was transferred into the red chamber and white
chamber was filled with 500 pL PBS buffer, pH 7.4. After the 4-h incu-
bation, the equal volumes of the solutions from either compartment
were transferred into the plate. 10% plasma or PBS buffer, pH 7.4 was
added in order all the samples had the same matrix. The reactions were
stopped by the addition of CH3CN: methanol (2:1). Following centrifu-
gation, the supernatants were lyophilized. The samples were dissolved
in the mobile phase containing internal standard and are analyzed by the
RF-MS.

4.7.4. Cell cultures
Cell cultures are fully described in the supporting information file.

4.7.5. Transport studies

MDR1-MCDK differentiated monolayers in Transwell® (96-well)
plates [27] were used only if they were intact, as confirmed by Lucifer
Yellow Rejection Assay. Prior to the experiment, the cells were washed
twice with Hank’s balanced buffer solution (HBBS) (Gibco, Waltham,
USA) and pre-equilibrated for 1 h with HBSS buffered at pH 7.4. After
removing the medium, the cells were treated with test compounds (at
10 pM in HBSS pH 7.4) for 1 h. After the incubation, the samples were
lyophilized, dissolved in the mobile phase containing internal standard
and analyzed on the RF-MS.

All experiments were done in duplicate. The apparent permeability
coefficient was calculated as Pupp = (dQ/dt)/(Co x A), where dQ/dt is
the rate of permeation of the drug across the cell monolayer, Cy is the
donor compartment concentration at time t = 0 and A is the area of the
cell monolayer. Efflux ratio R was defined as ratio Pga/Pap Where Pgy
and /P 5p represent the apparent permeability of test compound from the
basal to apical and apical to basal side of cell monolayer, respectively.
The compounds with the efflux ratio of 2 or higher were considered as
potential P-gp substrates.

4.7.6. Cell death evaluation using Annexin V

Cell death in CCRF-CEM cells was evaluated using Annexin V/pro-
pidium iodide combine staining. Cells were treated by 1b, 8, 21, 22, 23,
and 24 at 1 x ICsg or 5 x ICso concentrations for 24 h. Then, cells
harvested by centrifugation (600xg, 5 min, room temperature) were
washed by ice-cold PBS and centrifuged again. The pellet was resus-
pended in annexin V binding buffer (10 mM HEPES/NaOH - pH 7.4,
140 mM NacCl, 2.5 mM CaCl,) and density was adjusted to a final con-
centration of 5 x 10° cells per mL. The aliquot of 100 pL was stained by
adding 5 pL of FITC conjugated Annexin V and 5 pL of propidium iodide
solution (0.1 mg/mL). The samples were gently vortexed and incubated
for 15 min at room temperature in the dark. Finally, cells were centri-
fuged, resuspended in 100 pL of annexin binding buffer and analyzed by
FACSAria II (Becton Dickinson) flow cytometer. At least 10 000 cells per
sample were acquired.

4.7.7. Western blot

CCRF-CEM cells were treated with derivatives 1b, 8, 21, 22, 23, and
24 at 1 x ICsg and 5 x ICsq concentrations for 24 h. Cell pellets were
washed with ice cold PBS and lysed in RIPA buffer (50 mM Tris-HCl pH
8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1
mM EDTA and cOmplete™ Protease Inhibitor Cocktail (Roche)). Protein
concentrations were determined using the Pierce™ BCA Protein Assay
Kit (Thermo Scientific). In total, 10 pg of cellular proteins were dena-
tured in Laemmli buffer (10% p-mercaptoethanol, 0.06% bromophenol
blue, 47% glycerol, 12% SDS, 0.5 M Tris pH 6.8), separated by SDS-
polyacrylamide gel electrophoresis, and transferred onto a nitrocellu-
lose membrane using the Trans-Blot® Turbo™ Transfer System (Bio-
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Rad). The membranes were then incubated with primary antibodies
against Bax (Cell Signaling Technology), Bid (Abcam), Bim (Cell
Signaling Technology), caspase-3 (Cell Signaling Technology), caspase-
7 (Cell Signaling Technology), c-Myc (Abcam), Noxa (Abcam), PARP
(Cell Signaling Technology), and B-actin (Sigma Aldrich) overnight at
4 °C, followed by incubation with an appropriate peroxidase-linked
secondary antibody (Sigma Aldrich). Chemiluminescence signals were
visualized using the ChemiDoc MP Documentation system (Bio-Rad).

4.7.8. Fluorescence microscopy

CCRF-CEM cultured as suspension or HeLa cells cultured on cover-
slips (12 mm in diameter) in a Petri dish were incubated with or without
10 pM 1b or 8 for 4 h. After incubation, cells were fixed with 2%
formaldehyde (10 min, room temperature), washed, permeabilised with
0.2% Triton X-100 and washed again. Then, samples were incubated
with the primary anti-MT-CO2 antibody (1:100, 30 min, room temper-
ature, Abcam) diluted in 1 x PBS followed by secondary antibody in-
cubation (AlexaFluor 488 or DyLight 649 anti-mouse antibody, 1 : 100,
30 min, room temperature, Jackson ImmunoResearch) and DAPI (10
uM, ThermoFisher Scientific) diluted in 25 mM Tris-HCl, pH = 7.5 and
150 mM NacCl.

In the case of CCRF-CEM cells, cells were processed before antibody
labelling as follows: 2 mL of cell suspension was transferred from the
Petri dishes into 15-mL centrifuge tubes, 12 mL of 1 x PBS was added,
and cells were centrifuged 10 min at 150 xg. Supernatant was removed
except for 1 mL, cells were resuspended, 14 mL of buffer was added, and
cells were centrifuged 10 min at 150 x g. This step was repeated one more
time. Supernatant was removed except for 1 mL, samples were put on ice
and processed using the CytoTrap and wet centrifugation according to
the lit [55]. Briefly, 0.5 mL of 1 x PBS and 0.25 mL of cell suspension
was added per one CytoTrap, and cells were centrifuged 10 min at
150xg. Next, following solutions were gradually added to the samples,
each addition was followed by centrifugation step: 1 mL of 2% formal-
dehyde (10 min at 150xg), 1 mL of 150 mM NaCl (5 min at 150xg), 1 mL
of 20 mM CuSO4 and 150 mM NaCl (10 min at 150xg), 1 mL of 150 mM
NaCl (5 min at 150xg), 1 mL of 150 mM NaCl (5 min at 150xg), 1 mL of
0.2% Triton X-100 (10 min at 150xg), and 1 mL of 1 x PBS (10 min at
150xg). After centrifugation, samples were removed from the CytoTraps
and the antibody staining was performed on the drops of solutions as
described above.

When the click reaction detection was performed, cells were pro-
cessed similarly as in the case of MT-CO2 detection with these modifi-
cations: cells were incubated in the secondary antibody solution
(DyLight 649 anti-mouse) without DAPI addition. After short washing
with the 1 x PBS buffer, samples were post-fixed with 2% formaldehyde
(10 min, room temperature), washed, and incubated in the click-
reaction solution containing 5-FAM azide (30 min, room temperature
[56]). Then, samples were washed with 25 mM Tris-HCL, pH = 7.5 and
150 mM NaCl and stained with DAPI (10 pM, 30 min, room
temperature).

The samples were viewed using an Olympus IX83 microscope
(UPLSAPO O objective 100x, NA 1.4). Images were taken by a Zyla
camera (Andor) with a resolution of 2048 x 2048 or 1024 x 1024 pixels
using CellSense Dimension acquisition software (Olympus).

4.7.9. Electron microscopy

CCRF-CEM cells were cultivated in corning 75 cm? plastic tissue
culture flasks. The next day, 10 pM solution of 1b was added to one
culture flask, the second one serves as a control. After 4-h incubation,
cells were washed with the 1 x PBS buffer and fixed with 2.5% glutar-
aldehyde and 2% formaldehyde in 100 mM cacodylate buffer supple-
mented with 2 mM CaCl, (2 h, room temperature). After incubation,
samples were washed with 100 mM cacodylate buffer supplemented
with 2 mM CaCl,, followed by incubation with 1% osmium tetroxide and
1.5% potassium ferrocyanide in deionized water (1 h, room tempera-
ture), washing in deionized water, and staining with 1% uranyl acetate
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(1 h, room temperature). Subsequently, samples were washed again,
scratched off by cell scraper, and centrifugated (14 000xg, 5 min, room
temperature). Supernatant was removed, 200 pL of 10% gelatine
warmed to 37-40 °C was added, cells were resuspended and cen-
trifugated (14 000xg, 5 min, room temperature). The excess of gelatine
was removed, samples were placed on ice for 10 min, and then, post-
fixed with 2.5% glutaraldehyde and 2% formaldehyde in 0.2 M PIPES
(overnight, 4 °C). The next day, samples were washed with deionized
water and cut into small pieces (to < 1 mm®). Samples were dehydrated
in ethanol series (30%, 50%, 70%, and 90% — each 30 min; 100%-2 x
30 min) and propylene oxide (2 x 30 min), infiltrated in the mixture of
propylene oxide and Epon (1 : 1, 60 min and 1 : 3, overnight, 4 °C).
Finally, samples were incubated in Epon resin for 2 h, embedded in
freshly prepared Epon resin and polymerised at 60 °C for 48 h. Ultrathin,
70-nm, epon sections were cut on Leica UltraCut microtome (Leica
Microsystems) with a diamond knife (Diatome Ltd.). The sections were
post-stained with 3% uranyl acetate and viewed using electron micro-
scope Morgagni (at 80 kV; FEI Company, Eindhoven, The Netherlands)
equipped with MegaView III camera.

4.7.9.1. Spheroid culture and drug screening. Spheroids of colorectal
HCT116 and cervical HeLa cancer cell lines were established as
described previously [57]. Six-day-old spheroids were treated with
compounds at 0.1-10 pM concentrations for 3 days and imaged using a
fully automated CellVoyager High-Content Imaging System (Model
CV7000; Yokogawa Electric Corporation, Tokyo, Japan) described
before [57]. Acquired images were analyzed using an in-house algo-
rithm developed in MatLab R2013b (MathWorks, Inc., Natick, MA) [57].
The effect of the compound on spheroid size was calculated as a per-
centage of untreated controls post 3-day treatment, and data were
analyzed using GraphPad Prism software (GraphPad Prism, San Diego,
CA). Statistical differences were considered significant at p < 0.05. All
drug treatments were done in triplicates, and the experiments were
repeated at 3 independent times [58].
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Diamond-Blackfan anemia (DBA) is predominantly underlined by mutations in genes encoding ribosomal pro-
teins (RP); however, its etiology remains unexplained in approximately 25 % of patients.

We previously reported a novel heterozygous RPS7 mutation hg38 chr2:g.3,580,153G > T p.V134F in one
female patient and two asymptomatic family members, in whom mild anemia and increased erythrocyte aden-
osine deaminase (eADA) activity were detected. We observed that altered erythrocyte metabolism and oxidative
stress which may negatively affect the lifespan of erythrocytes distinguishes the patient from her asymptomatic

RPS7 family members. Pathogenicity of the RPS7 p.V134F mutation was extensively validated including molecular
e-Mye defects in protein translational activity and ribosomal stress activation in the cellular model of this variant.
CRISPR/Cas9

1. Introduction

Diamond-Blackfan anemia (DBA) is a rare congenital red cell aplasia
with causative mutations in genes encoding ribosomal proteins (RPs),
which involve small ribosomal subunit genes (RPS19, RPS26, RPS7,
RPS24, RPS17,RPS10, RPS15A) or large ribosomal subunit genes (RPL5,
RPL11 and RPL35A) [1-3]. These mutations affect translational effi-
ciency [4], ribosome biogenesis [5] and oncogene signaling [6]. It was
also shown that ribosomal insufficiency increases oxidative stress in
erythrocytes of DBA patients [7]. Despite intensive research, the

etiology of DBA remains unexplained in approximately 25 % of patients.

DBA mostly manifests during the first year after birth, but its
phenotype is highly variable from silent carriers over mild (typically
macrocytic) anemia to severe transfusion dependency accompanied by
short stature with skeletal abnormalities [8], mental retardation [9,10]
and increased risk of tumor development [11]. DBA phenotype is mainly
attributed to RP haploinsufficiency, but several dominant-negative
phenotypes when mutated mRNA is stable were described as well
[4,12]. Another rather interesting feature of DBA is incomplete pene-
trance and variable expressivity. It is common that family members
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sharing the same mutation manifest variable severity of phenotype [13].
These observations point towards disease-modifying genes at play.
However, up today no such gene has been described.

Using a massive parallel sequencing (MPS) of RP gene panel by se-
lective capture hybridization we found a novel RPS7 p.V134F mutation
in three female members of one family showing increased erythrocyte
adenosine deaminase (eADA) activity [14]. To assess the causality of
RPS7 p.V134F mutation, we developed and extensively analyzed a
cellular model of this variant.

2. Patients and methods
2.1. Clinical report

The patient was an 18-year-old female born in term from second
uncomplicated pregnancy with a birth weight of 2600 g. She had no
congenital malformations and presented with severe anemia during the
first month of life. Bone marrow aspirate showed a severe isolated
erythroid aplasia and the diagnosis of DBA was established. The patient
was transfusion dependent during the first year of life and required
irregular red blood cell transfusions until 3 years of age. She was treated
with a small dose of prednisolone on alternate days since 3 years of age,
responded well to steroid therapy and is currently in remission with
hemoglobin (Hb) 101 g/1 and mean corpuscular volume (MCV) 112 fl.
Her body height is normal.

The patient‘s mother and older sister are both asymptomatic and
their past medical history is insignificant. They harbor no somatic
malformations. Normal Hb levels (120 g/1 and 127 g/1, respectively) and
mild macrocytosis (MCV of 97 fl and 96 fl, respectively) were detected
on laboratory examination. Other family members are healthy. Clinical
case was partially reported in our previous publications [14,15].

2.2. DNA extraction, RNA extraction and cDNA preparation from patient
blood samples

DNA was extracted from peripheral blood by Genomic DNA Whole
Blood Kit (Qiagen, Germany) using MagCore HF116 robotic station
(RBC Bioscience Corp., Taiwan) according to manufacturer's protocol.
RNA isolation was performed from blood samples stored in Tempus
Blood RNA Tubes using Tempus Spin RNA Isolation kit (Thermo Fisher
Scientific, MA, USA). RNA integrity and concentration were checked by
Agilent Bioanalyzer (Agilent Technologies, CA, USA) and Nanodrop ND
1000 (Thermo Scientific, USA).

For reverse transcription, we pre-incubated 3 pg of total RNA with
0.3 pg of Random Primers (Promega, USA) at 70 °C for 5 min, and
immediately placed the mixture on ice. Then 6 pl of RevertAid 5x RT
buffer (Fermentas, Lithuania), 3 pl of 10 mM deoxyribonucleotide tri-
phosphates (ANTPs), 0.75 pl of 40 U/pl RNAsin ribonuclease inhibitor
(Promega, USA), and DEPC treated water (Ambion, USA) up to a final
volume of 30 pl were added, and the mixture was incubated for 5 min at
room temperature. During the final step, 150 U of RevertAid Moloney
Murine Leukemia Virus reverse transcriptase (Fermentas, Lithuania)
were added to each tube and the samples were incubated at room
temperature for 10 min. Finally, samples were incubated at 42 °C for 60
min and then 70 °C for 10 min.

RPS7 wild-type (RPS7-WT) vs. RPS7 p.V134F (RPS7-mut) allele ratio
was estimated using RPS7 cDNA sequencing. Amplicon for target cDNA
RPS7 was obtained by PCR using primers specifically designed to 5" and
3‘UTR regions of the gene (tctcgegagatttgggtetett,
ttacaattgaaactctgggaattcaaaat).

2.3. Library preparation and sequencing
2.3.1. RP panel

RP gene panel sequencing was performed as described previously
and it revealed RPS7 hg38 chr2:g.3,580,153G > T mutation, which was
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subsequently confirmed by Sanger sequencing [14]. DNA was amplified
by PCR with the following primers targeting exon 6 of RPS7 (catttt-
gacttaaagaggtgc;  cactaaaatccactctcactg). Results from  Sanger
sequencing were edited and visualized in Unipro UGENE [16].

2.4. Enzyme assays

The activity of enzymes involved in anaerobic glycolysis, oxidative
defense and nucleotide metabolism, particularly pyruvate kinase (PK),
hexokinase (HK), glucose-6-phosphate dehydrogenase (G6PD) and
eADA, was determined according to the methods recommended by the
International Committee for Standardization in Haematology [17], with
the use of leukocyte- and platelet-free erythrocyte lysates as previously
described [18,19]. Briefly, the enzyme reaction was pre-incubated for
10 min at 37 °C, thereafter the substrate was added. Absorbance was
measured at 340 nm (for eADA at 265 nm) in 1 min intervals for 20 min
at 37 °C (Spectrophotometer Infinite 200 Nanoquant; Tecan,
Switzerland) and specific enzyme activity was calculated using the
Lambert-Beer law. All chemicals and purified enzymes were purchased
from Sigma Aldrich (Germany).

2.5. Measurement of glutathione and ATP

Freshly prepared erythrocyte lysates, extracted with 5 % trichloro-
acetic acid (Sigma-Aldrich, Germany), were used for the measurements
of reduced glutathione (GSH) and ATP levels by high-performance
liquid chromatography-mass spectrometry (HPLC-MS) (HPLC Dionex
Ultimate 3000 MS, Thermo Scientific, USA; LC/MS/MS System MDS API
3200, Applied Biosystems, USA) as previously published [18,20].

2.6. Oxidative stress and Annexin V binding

Peripheral blood erythrocytes (2 x 107/ml) were incubated with 0.4
mM 2',7’-dichlorofluorescein diacetate (DCF; Sigma-Aldrich, Germany)
for 15 min at 37 °C as previously described [20,21]. For positive control,
erythrocytes were exposed to 2 mM HyO; for 10 min before DCF la-
beling. The levels of reactive oxygen species (ROS) were determined
based on the DCF-dependent intensity of fluorescence measured by
FACS Calibur (FACS Calibur, BD Biosciences, New Jersey, USA).

Annexin V binding to erythrocyte membrane was analyzed using
Annexin V/FITC kit (BD Biosciences, New Jersey, USA) following
manufacturer's instructions. Fluorescence intensity was also measured
by FACS Calibur [21].

2.7. Cell culture and MTS viability assay

U20S cell line (HTB-96, ATCC, USA) is derived from osteosarcoma,
which is one of the most common cancer types of DBA patients, there-
fore it was chosen for the development of the cellular model for this
disease. Cells were maintained in 75 cm? plastic tissue culture flasks and
cultured in McCoy's 5A Medium w/ 1-Glutamine (BE12-688F, Lonza,
UK) supplemented by 100 U/ml penicillin, 100 pg/ml streptomycin
(D910, Diagnovum, Netherlands) and 10 % fetal calf serum (10270,
Gibco, Australia).

Proliferation activity was measured by MTS assay. Cells were seeded
by automatic pipettor Multidrop Combi (ThermoFisher Scientific, USA)
into 384 well microtiter plates (PerkinElmer, USA) at a density of 800
cells per well. They were incubated for 72 h at 37 °C, in a 5 % CO;, at-
mosphere at 100 % humidity. At the end of the incubation period, 5 pl of
the MTS solution (G1111, Promega, USA) was added and measurement
of the optical density (OD) at 490 nm with an Envision reader (Perkin
Elmer, USA) followed after incubation for 1.5 h. Cell survival (CS) was
calculated by using the following equation: CS = (mean OD RPS7-mut
cell line/mean OD RPS7-WT cell line) x 100 %.
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2.8. CRISPR/Cas9 cell line model preparation

CRISPR/Cas9 system was used for genome editing and introduction
of mutation in the RPS7 gene into U208 cell line. Cas9 endonuclease was
directed to create a cut between bases hg38 chr2:g.3,580,178-3,580,179
by synthetic gRNA consisting of specifically designed crRNA and uni-
versal tractrRNA. The mutation was then inserted by homology directed
repair according to the ssODN donor template. The donor template was
designed to prevent the recutting of the edited gene by disrupting the
gRNA PAM sequence. Alt-R® CRISPR-Cas9 crRNAs, Alt-R® CRISPR-
Cas9 tracrRNA ATTO™ (#1075928), Ultramer DNA Oligo (ssODN
template) and Alt-R® S.p HiFi Cas9 nuclease V3 (#1081061) were
purchased from Integrated DNA Technologies, USA. crRNA/tracrRNA
hybridization and ribonucleoprotein (RNP) complex formation was
done according to the manufacturer's instructions. Electroporation of
RNP complexes into cells was done by Neon™ Transfection System
(1230 V, 10 ms, 4 pulses; Invitrogen™, MPK5000, USA). Monoclonal
cell lines were isolated by limiting dilution. The primary screen of
monoclonal cell lines, for the desired mutation, was done by comparison
of RPS7-WT and RPS7-mut amplicons restriction spectra. Specific re-
striction site of endonuclease PfIFI (R0595S, New England Biolabs, UK)
is invalidated in clonal cell lines carrying RPS7 p.V134F SNV. The
candidate cell lines were sequenced by Sanger sequencing of PCR
amplicons. This was performed to validate the accuracy of CRISPR/Cas9
insertion of SNV into the genomic locus of the RPS7 gene. PCR ampli-
fication for restriction spectra analysis and Sanger sequencing was car-
ried out by Phusion® High-Fidelity DNA Polymerase (M0530L, New
England Biolabs, UK) and specific primers: RPS7_F 5-ACTGG-
CAGTTCTGTGATGCTAA-3 RPS7_ R 5-CAGTCACCCACATGGTTATGTC-
3’ (Generi Biotech, Czech Republic).

2.9. RNA isolation from cell lines, mRNA quantification and Sanger
sequencing

Total RNA was isolated using a commercially available TRIzol re-
agent (Invitrogen, USA) following the manufacturer's instructions.
Three micrograms of total RNA were reverse transcribed using random
primers (C1181, Promega, USA) and RevertAid H Minus Reverse Tran-
scriptase (EP0451, Thermo Scientific™, USA). Two microliters of cDNA
reaction were PCR-amplified on a LightCycler® Instrument 480 11/96
(05015278001, Roche, Switzerland) using the Phusion® High-Fidelity
DNA Polymerase (MO0530L, New England Biolabs, UK) with Eva-
Green® dye (#31000-T, Biotium, USA). Sequences of primers used for
the evaluation of mRNA levels of RPS7 are: RPS7 F 5’-GTGGGAAG-
CATGTCGTCTTT-3/, RPS7 R 5'-ATTAACATCCTTGCCCGTGA-3/,
GAPDH F 5’-GAAGATGGTGATGGGATTTC-3', GAPD R 5’-GAAGGT-
GAAGGTCGGAGT-3' (Generi Biotech, Czech Republic). GAPDH was
used as an internal control. Delta-delta Ct values were used to determine
relative expression as a fold change. PCR amplification for Sanger
sequencing of cDNA was carried out by the same primers but without
EvaGreen® dye.

2.10. Cell cycle analysis

RPS7-WT and RPS7-mut cell lines were seeded at a density of 0.5 x
10° cells per 22.1 cm? tissue culture dish and after 48 h harvested and
collected together with the floating cells. Cell pellets were washed with
cold 1 x PBS and fixed in cold 70 % ethanol added dropwise and stored
overnight at —20 °C. Afterward, pellets were washed in 1 x citrate
buffer, then stained for 15 min in 50 pg/ml propidium iodide
(SLBH8362V, Sigma-Aldrich, USA) at 37 °C and treated for another 15
min by 0.5 mg/ml RNAse A (060M7000V, Sigma-Aldrich, USA). In order
to stabilize, samples were kept at 4 °C for 1 h prior to measurement by
488 argon laser-equipped flow cytometer (FACSCalibur) and data were
analyzed using CellQuest software version 3.3 (both Becton Dickinson,
USA).
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2.11. BrdU incorporation analysis

Cells were cultivated as previously described and 30 min before
harvesting 10 pM 5-bromo-2'-deoxyuridine (125H0932, Sigma-Aldrich,
USA) was added for pulse-labeling of newly synthesized DNA. The
attached cells were collected together with the floating cells. Cell pellets
were washed with cold 1 x PBS and fixed in cold 70 % ethanol added
dropwise and stored overnight at —20 °C. Samples were then incubated
at room temperature for 30 min in 2 M HCI containing 0.5 % Triton X-
100 to denature the DNA. Following neutralization with 0.1 M NayB407
(pH = 8.5), the cells were washed with 1 x PBS containing 0.5 % Tween-
20 and 0.1 % BSA. Staining with primary anti-BrdU antibody (clone
MoBu-1, 11-286-C100, Exbio, Czech Republic) for 30 min at room
temperature in the dark followed. Cells were then washed with 1 x PBS
containing 0.5 % Tween-20 and 0.1 % BSA and stained with secondary
anti-mouse IgG-FITC antibody (F2883, Sigma-Aldrich, USA) for 30 min
at room temperature. After another wash with 1 x PBS containing 0.5 %
Tween-20 and 0.1 % BSA and incubation with propidium iodide (50 pg/
ml, SLBH8362V, Sigma-Aldrich, USA) and RNase A (10 mg/ml,
060M7000V, Sigma-Aldrich, USA) for 30 min at room temperature in
the dark, samples were stabilized in 4 °C for 30 min prior measurement
by 488 argon laser-equipped flow cytometer (FACSCalibur; Becton
Dickinson, USA). Data were analyzed using CellQuest software version
3.3 (Becton Dickinson, USA).

2.12. BrU incorporation analysis

Cells were cultivated as previously described and 30 min before
harvesting 1 mM 5-bromouridine (850187, Sigma-Aldrich, USA) was
added for pulse-labeling of newly synthesized RNA. The attached cells
were collected together with the floating cells. Cell pellets were washed
with cold 1 x PBS and fixed in cold 1 x PBS containing 1 % formaldehyde
and 0.05 % NP-40 added dropwise at room temperature for 15 min and
then stored overnight at 4 °C. Before measurement, cells were firstly
washed with 1 % glycine in 1 x PBS, then with 1 x PBS and stained with
primary anti-BrdU antibody cross-reacting to BrU (clone MoBu-1,
11-286-C100, Exbio, Czech Reublic) for 45 min at room temperature
in the dark. Afterward, samples were washed with 1 x PBS containing
0.1 % NP-40 and 0.1 % BSA and stained with secondary anti-mouse
IgG-FITC antibody (F2883, Sigma-Aldrich, USA) for 30 min at room
temperature. Then another washing step followed with 1 x PBS con-
taining 0.1 % NP-40 and 0.1 % BSA, fixation in 1 x PBS containing 1 %
formaldehyde and 0.05 % NP-40 at room temperature for 15 min with
another incubation for 1 h at 4 °C and washing in 1 % glycine in 1 x PBS.
Before analysis, samples were incubated with propidium iodide (50 pg/
ml, SLBH8362V, Sigma-Aldrich, USA) and RNase A (10 mg/ml,
060M7000V, Sigma-Aldrich, USA) for 30 min at room temperature in
the dark and measured by 488 argon laser-equipped flow cytometer
(FACSCalibur; Becton Dickinson, USA). Data were analyzed using Cell-
Quest software version 3.3 (Becton Dickinson, USA).

2.13. Protein synthesis analysis

To investigate the inhibition of global protein biosynthesis in RPS7-
WT versus RPS7-mut cell lines Click-iT™ AHA Alexa Fluor™ 488 Pro-
tein Synthesis HCS Assay kit (C10289, Invitrogen, USA) was used. Cells
were seeded at a density of 1.5 x 10° cells per 60 cm? tissue culture dish
and after 48 h harvested and collected together with the floating cells.
After washing with 1 x PBS, the cells were incubated for 1 h in a
methionine-free medium to deplete methionine reserves. Then L-azi-
dohomoalanine was added to the methionine-free media in a final
concentration 142.9 pM for 1 h. L-azidohomoalanine, an amino acid
analog of L-methionine containing an azido moiety, was incorporated
into newly synthesized proteins. Afterward, the cells were washed with
1 x PBS, fixed in 1 x PBS containing 4 % formaldehyde for 15 min at
room temperature, permeabilized with 0.25 % Triton X-100 in PBS for
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15 min and washed in 3 % BSA in 1 x PBS. The cells were then incubated
with Click-iT® reaction cocktail for 30 min, at room temperature and
protected from light. The cocktail contained AlexaFluor 488 conjugated
alkyne in final concentration 19.4 nM which is reactive with azides via a
copper-catalyzed click reaction. The resulting fluorescence signal of
newly synthesized proteins was measured by 488 argon laser-equipped
flow cytometer (FACSCalibur, Becton Dickinson, USA) and data were
analyzed using CellQuest software version 3.3 (Becton Dickinson, USA).
The antibiotic cycloheximide (01810, Sigma-Aldrich, USA), a known
potent inhibitor of protein synthesis, was used as a positive control and
added to cells in a methionine-free medium at a final concentration 80
pg/ml for 2 h [22].

2.14. Western blotting

RPS7-WT and RPS7-mut cell lines were seeded and collected under
the same conditions as for flow cytometry analysis. Cell pellets were
washed with cold 1 x PBS, and lysed in RIPA buffer (50 mM Tris-HCl pH
8.0, 150 mM NacCl, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1 % SDS, 1
mM EDTA and cOmplete™ Protease Inhibitor Cocktail (04693116001,
Roche, Switzerland)). Protein concentration was determined by Pierce™
BCA Protein Assay Kit (23225, Thermo Scientific, USA). In total, 30 pg of
cellular proteins were denatured in Laemmli buffer (10 % p-mercap-
toethanol, 0.06 % bromophenol blue, 47 % glycerol, 12 % SDS, 0.5 M
Tris pH 6.8), separated on SDS-polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membrane by Trans-Blot® Turbo™
Transfer System (1704150, Bio-Rad, USA). Membranes were incubated
with primary antibodies against c-Myc (ab32072, Abcam, UK), cyclin D1
(2978, Cell Signaling Technology, USA), E2F1 (ab179445, Abcam, UK),
BCCIP (ab97577, Abcam, UK), MDM2 (ab16895, Abcam, UK), p-catenin
(ab32572, Abcam, UK), nucleolin (ab22758, Abcam, UK), p21 (2947,
Cell Signaling Technology, USA), p53 (ab1101, Abcam, UK), ubiquitin
(3933, Cell Signaling Technology, USA), RPS7 (ab57637, Abcam, UK),
B-actin (A2228, Sigma Aldrich, USA) overnight at 4 °C followed by in-
cubation with appropriate peroxidase-linked secondary antibody (A-
2304 or A-0545, Sigma Aldrich, USA). Chemiluminescence signals were
visualized by the ChemiDoc MP Documentation system (Bio-Rad, USA).

2.15. Immunofluorescence analysis

RPS7-WT and RPS7-mut cell lines were seeded 24 h before the
experiment to 96-well plate (CellCarrier-96 Black, Perkin-Elmer, USA)
at a density of 1 x 10 cells per well. Grown cells were washed twice
with 1 x PBS, fixed by 4 % paraformaldehyde/1 x PBS for 15 min at room
temperature and permeabilized by 0.3 % Triton X-100/1 x PBS for 15
min. Afterward, cells were incubated in blocking buffer for 1 h (5 %
FCSi, 0.1 % Tween 20, 1 x PBS) and stained with nucleolin antibody
(ab22758, Abcam, UK) overnight at 4 °C. Primary antibody was detected
with species-specific secondary antibody labeled by Alexa Fluor 488
(Life Technologies, USA) in 5 % FCSi/1 x PBS for 1 h at room temper-
ature. Thereafter cells were washed in 1 x PBS three times and stained
with Hoechst 33342 (62249, Thermo Scientific™, USA). Localization
and level of nucleolin expression were examined using CV7000 Voyager
Cell High throughput cellular imaging and discovery system (Yokogawa,
USA) with water objective in 60x magnification. Image quantification
was calculated as a corrected spot intensity in the nucleolus using Co-
lumbus software version 2.7.1 (Perkin-Elmer, USA).

2.16. rRNA fluorescence in situ hybridization

Cells were seeded and fixed as described above and permeabilized
by 70 % ethanol at —20 °C overnight. Cells were washed twice in wash
buffer (2 xSSC, 10 % formamide), followed by hybridization at 37 °C
for 4 h in hybridization buffer (10 % formamide, 2 xSSC, 0.5 mg/ml
tRNA, 10 % dextran sulphate, 250 pg/ml BSA, 10mM ribonucleoside
vanadyl complexes and 0.5ng/pl 5°ITS1 probe: CCTCGCCCTCCG
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GGCTCCGTTAATGATC conjugated with cy5). Afterward, samples
were washed twice in preheated wash buffer at 37 °C and stained with
Hoechst 33342 (62249, Thermo Scientific™, USA). The cells were
examined using CV7000 Voyager Cell High throughput cellular im-
aging and discovery system (Yokogawa, USA). Image quantification
was calculated as a corrected spot intensity in the nucleolus by Co-
lumbus software version 2.7.1 (Perkin-Elmer, USA).

2.17. Northern blotting

Pre-rRNA species were analyzed by northern blotting. 10 pg of total
RNA were mixed with 1 volume of loading buffer (50 % formamide,
0.06 % formaldehyde, 10 % glycerol, 0.05 % bromophenol blue in 1x
MOPS buffer) and separated on a 2 % agarose gel in the presence of
MOPS buffer (20 mM MOPS, 5 mM sodium acetate, 2 mM EDTA, pH 7.0)
containing 2 % formaldehyde, and run in 1 x MOPS buffer at 23 V
overnight at 4 °C. RNAs were then transferred to a nylon membrane
(Amersham Hybond-N+, GE Healthcare, USA). After fixation by UV-
crosslinking, the membranes were pre-hybridized for 1 h at 45 °C in
DIG Easy Hyb (DIG Northern Starter Kit, Roche, Switzerland). The
digoxigenin-labeled oligodeoxynucleotide probe was then added and
incubated overnight at 45 °C. The probes used in this study were: 5ITS1
(5“CCTCGCCCTCCGGGCTCCGTTAATGATC-3'), ITS2b (5-CTGCGAGG-
GAACCCCCAGCCGCGCA-3'), 1ITS2d/e (5-GCGCGACGGCGGACGA-
CACCGCGGCGTC-3') (Generi Biotech, Czech Republic) [23]. For
detection of ITS2, probes ITS2b and ITS2d/e were mixed in equal
amounts. After probes hybridization took place, the stringency washes
followed. Firstly, two times for 5 min at room temperature in 2 x SSC
(0.15 M NaCl, 15 mM sodium citrate, pH 7.0) containing 0.1 % SDS and
twice for 15 min in 0.25 x SSC with SDS 0.1 %. Before the blocking step,
the membranes were briefly washed in washing buffer (0.1 M Maleic
acid, 0.15 M NaCl, 0.3 % Tween 20, pH 7.5), then blocked in blocking
solution for 30 min and incubated with the anti-digoxigenin-AP anti-
body (both DIG Northern Starter Kit, Roche, Switzerland) for 1 h at room
temperature. Unbound antibodies were removed by two washing steps
for 15 min in a washing buffer. Before measurement of the chem-
iluminescence signal, membranes were equilibrated for 5 min at
detection buffer (0.1 M Tris-HCl, 0.1 M NaCl, pH 9.5), then the CDP-Star
substrate was added and the signals were acquired by the ChemiDoc MP
Documentation system (Bio-Rad, USA).

2.18. Statistical analysis

All data are presented as mean + SEM from at least three biological
replicates. The statistical significance of differences was examined using
one-sample t-test, p < 0.05 was considered statistically significant
(GraphPad Prism version 8.0).

3. Results

The Czech and Slovak DBA registry currently includes 62 patients.
Previously, causative mutations were identified in 50 out of 62 patients
(81 %) in genes encoding for RPS19, RPS26, RPL5, RPL11 and RPS17
using massive parallel sequencing [14,15].

A novel nonsynonymous germline heterozygous transversion hg38
chr2:2.3,580,153G > T resulting in amino acid substitution p.V134F was
identified by MPS in exon 6 of the RPS7 gene in one female patient with
DBA and in two of her asymptomatic relatives [14]. The mutation was
subsequently confirmed by cDNA sequencing (Fig. 1). Ultra-deep cDNA
sequencing (average coverage 78,285x) revealed that expression of the
mutated allele is in concordance with genotype (proband: 55 % RPS7-
WT / 45 % RPS7-mut, mother: 58 % RPS7-WT / 42 % RPS7-mut, sister:
63 % RPS7-WT / 37 % RPS7-mut).

Valine 134 is highly conserved in RPS7 and substitution by phenyl-
alanine in this position is considered possibly damaging by Polyphen2
(score 0.965). In silico protein stability predictors I-Mutant and MUpro
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Fig. 1. RPS7 mutation in the patient with DBA and two of her family members. The confirmation of hg38 chr2:g.3,580,153G > T heterozygous mutation in RPS7 by
Sanger sequencing technique in the patient panel (A). The mutation has been previously identified by MPS sequencing of genomic DNA (G). The mutation was later
detected in patient's cDNA C1 as well as in her mother (C2) and sister (C3). Panel (B) visualizes alignments in the last two RPS7 exons by IGV in comparison of RP
panel gene sequencing and cDNA sequencing. Panel (C) shows the position of the mutation in exon 6 of RPS7 in detail.

evaluated the substitution as decreasing RPS7 protein stability (I-Mutant
reliability index 9, MUpro scores were — 0.97 by Neural Network
method and — 1 by Support Vector Machine method). Although this
variant was reported in a recent update of the Czech and Slovak DBA
registry [14], there was no other RPS7 SNV described before and thus we
decided to proceed with an extended evaluation of its pathogenicity and
underlying disease mechanisms using a genetically modified cellular
model.

3.1. Validation of CRISPR/Cas9 cellular model, translational activity,
nucleolar morphology, pre-rRNA processing, RPS7 protein stability and
TP53 signaling pathway

While the DBA phenotype is usually expressed in erythroid lineage,
the ribosomal stress induced by an aberration of RPs is present in many
patient's tissues leading to multiple structural, signaling and metabolic
abnormalities. For that reason, we selected the U20S osteosarcoma cell
line which is of the same embryonal origin as hematopoietic cells, is
frequently used for mechanistic studies in DBA and has been routinely
used as a cellular model for ribosomal stress, especially when nucleoli
morphology was studied [24-27]. We designed and established cellular
model carrying the heterozygous mutation in the RPS7 gene (genomic
coordinates: hg38 chr2:g.3,580,153G > T p.V134F) by CRISPR/Cas9
mediated editing of genomic DNA in the human U20S cell line. We
obtained one monoclonal cell line carrying only the desired non-
synonymous variant (Suppl. Fig. 1 A, B). The presence of RPS7 mutation
at mRNA level was verified by Sanger sequencing (Suppl. Fig. 2A).
Subsequently, we did qRT-PCR to measure the level of total RPS7 mRNA
expression. We did not find any significant changes in RPS7 mRNA level
in RPS7-mut cell line compared to RPS7-WT cells (Suppl. Fig. 2B).

Overall aberrant protein synthesis is one of the hallmarks of DBA.
Therefore we have analyzed cellular uptake of L-azidohomoalanine
which was incorporated into newly synthesized proteins instead of
methionine. The global protein synthesis was significantly reduced in
RPS7-mut cell line compared to the control RPS7-WT cells (13.63 %)
(Fig. 3), thus indicating RPS7 V134F leads to ribosome malfunction

which is possibly leading to DBA phenotype.

Next, we examined impact of RPS7 V134F variant on cell growth.
The proliferation capacity of RPS7-mut cells was reduced by 31.6 %
compared with RPS7-WT (Fig. 4A). Furthermore, cell cycle analysis
revealed slight Go/G; block in RPS7-mut cells (11.43 %) which was
associated with decrease in the cell count in both S phase by 4.46 % (p <
0.02) and G,-M phase by 5.53 % (p < 0.0003) compared with RPS7-WT
cell line (Fig. 4 B). Moreover, changes in total DNA and RNA synthesis
were detected in mutant versus wild-type cells. More specifficaly, we
detected mild increase in DNA sythesis (Fig. 4 C), while overall RNA
synthesis was decreased by 18.65 % in RPS7-mut cells (Fig. 4 D).

To better understand the phenotype of RPS7-mut cells, we also
investigated protein levels deregulated in DBA. Firstly, we focused on
the TP53 signaling pathway. This pathway is known to control stress
response, cell cycle, apoptosis and plays a major role in ribosomal stress
(Fig. 5A). In RPS7-mut cells significant decrease in MDM2 levels (30 %)
and a parallel 68 % increase in p21 levels were observed, while p53
levels remained unchanged. Furthermore, other DBA associated path-
ways were deregulated in RPS7-mut compared to RPS7-WT cellular
models. We also observed reduction of c-Myc and E2F1 transcription
factors levels together with decrease in cyclin D1 expression (Figs. 4 B, 5
A). Moreover, level of BCCIP protein, directly involved in incorporation
of RPS7 to small ribosomal subunit, showed significant 62 % increase in
RPS7-mut cells. Recently a new compensatory mechanism, canonical
Wnt pathway, for ribosomal stress was described by Dannheisig et al
[28]. Therefore, we tested the effect of RPS7 V134F mutation on
B-catenin expression. Indeed, B-catenin level was increased by 75 % in
RPS7-mut compared to RPS7-WT cell line (Fig. 5 A).

We have also examined the RPS7 protein level in both cellular
models and comparable levels were detected (Fig. 5 A). However,
important difference in RPS7 p.V134F protein stability was noted (Fig. 5
B). Interestingly, protein p21 also exhibited lower stability in RPS7-mut
versus RPS7-WT cell lines (Fig. 5 B). Furthermore, we performed an
immunodetection of total ubiquitinylated proteins (Fig. 5 C). An
apparent extra band was detected in RPS7-mut compared to RPS7-WT
with a molecular weight of approximately 25 kDa corresponding to
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the ubiquitinylated form of RPS7 protein. We suppose that altered
protein translation and/or incorporation of RPS7 V134F protein into
ribosome activates targeted ubiquitinylation and degradation of the
protein, which results in decreased cellular concentration and may
further aggravate RPS7 deficiency.

Additionally, we performed an indirect immunofluorescence assay
with an antibody against the nucleolus marker nucleolin to analyze
nucleolar morphology. Nucleolar morphology was not affected in RPS7-
mut cells. However, detailed analysis revealed a higher accumulation of
this protein in nucleoli of RPS7-mut cells (Fig. 6), although the total
amount of nucleolin in the cells was not altered (Fig. 6C).

Finally, we analyzed the maturation of pre-rRNA precursors in
nucleolus, which is often affected by mutations in ribosomal proteins
[29]. We identified a 10 % accumulation of pre-rRNA precursors con-
taining the ITS1 region in RPS7-mut cells (Fig. 7A, B). To clarify which
pre-ribosomal RNA processing step is affected, we performed Northern
blotting. Accumulation of 45S, 41S, 30S and 26S pre-rRNAs were
observed in RPS7-mut cell line (Fig. 7C). Additionally, we also detected
a decrease in the 21S and 21 S-C pre-rRNAs levels in RPS7-mut model
(Fig. 7C).

3.2. Erythrocyte metabolism and oxidative stress

Determination of eADA activity is considered as one of the confir-
matory tests for DBA [30]. Indeed, we detected increased eADA activity
not only in the affected patient but also in both of her asymptomatic
family members harboring the same RPS7 mutation (patient: 4.2 + 0.8
IU/g Hb; mother: 3.5 + 0.2 IU/g Hb; sister: 4.6 + 0.3 IU/g Hb; reference
range: 0.8-2.5 IU/g Hb) (Table 1) [14].

We previously reported that the extent of oxidative stress and al-
terations of erythrocytes' properties may contribute to the high hetero-
geneity of clinical symptoms in DBA patients [21]. In the following
experiments, we, therefore, performed analysis of the anti-oxidative
defense of mature erythrocytes and of the activity of their key meta-
bolic enzymes in the patient and her family members harboring the same
RPS7 p.V134F mutation but differing in the phenotype. As shown in
Fig. 2A, increased levels of ROS were detected only in the patient‘s
erythrocytes (mean fluorescence intensity - MFI: 19.2), but not in
erythrocytes of her asymptomatic mother (MFIL: 13.7) and sister (MFIL:
14.2; mean MFI for controls: 13.4 + 0.8). Consistently, only the patient
showed increased anti-oxidative defense parameters, particularly
significantly elevated levels of reduced glutathione (GSH) and signifi-
cantly increased activity of glucose 6-phosphate dehydrogenase (G6PD)
compared to her mother and sister and healthy controls (Table 1),
confirming ongoing oxidative stress and stimulated anti-oxidative
defense.

The concomitant significant increase in the activity of hexokinase
(HK; approximately 3.5x), pyruvate kinase (PK; approximately 2.5x)
and in the levels of ATP (approximately 3 x) in the patient‘s red blood
cells also differentiated the patient from healthy controls as well as from
asymptomatic family members harboring the same mutation (Table 1).
These changes in anaerobic glycolysis suggest increased demand for ATP

Table 1
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in patients with hypoxia caused by inadequate erythrocyte production.
Despite activated anti-oxidative defense and hyperactivated anaer-
obic glycolysis, flow cytometry of annexin V binding revealed increased
exposure of phosphatidylserines (PS) on the membrane of the patients
erythrocytes (MFL 1.18) compared to her family members (sister MFI:
0.903; mother MFI: 0.942) and controls (mean MFI 0.84 + 0.11) (Fig. 2B
and C). These results are consistent with our previously published data
on alterations of erythocytes properties in DBA patients (21) and may
indicate reduced capacity of patient‘s erythrocytes to cope with stress.

4. Discussion

Here we present detailed characterization of the first case of a
missense mutation in RPS7 as a cause of DBA in humans. To date, thirty
cases of RPS7 pathogenic mutations clinically associated with DBA have
been reported in Ensembl database. However, all of these sequence
variations were located at splice sites [29,31-34] (https://www.en
sembl.org).

We identified the RPS7 p.V134F substitution in the patient and her
mother and sister who have mild symptoms (Fig. 1). To validate the
causality of the mutation, we performed a number of functional tests.

As we observed in this study and also reported previously [14,15],
the phenotype of family members with identical mutation can be
different, including silent carriers. All family members of patients with
DBA should therefore be examined, even if asymptomatic and testing of
eADA activity (Table 1) could serve as a sensitive screening method for
such purpose.

We also showed that the antioxidant defense of patient's erythrocytes
(Table 1) is insufficient to cope with increased ROS production (Fig. 2
A), leading to alterations in erythrocytes' membrane properties (Fig. 2 B
and C). This may cause enhanced recognition and destruction of pa-
tients' red blood cells by reticuloendothelial macrophages in vivo and
account for the phenotypic dissimilarity between the patient and her
asymptomatic family members harboring the same RPS7 mutation.
Profound hypoxia in the patient may further limit the antioxidant
buffering capacity in her erythrocytes [35].

The functional assays were carried on a CRISPR-based cellular model
with a physiological expression of RPS7 at mRNA and protein levels
(Fig. S5A, Supp. Fig. 2 B). We focused on characteristic features
commonly linked to DBA, e.g. effect of the SNV on global protein syn-
thesis, proliferation, cell cycle alteration, TP53 signaling pathway, sta-
bility and degradation of RPS7 p.V134F protein compared with RPS7-
WT, nucleolar morphology and maturation of pre-rRNA precursors
[23,29,36-38].

The major hallmark of all ribosomopathies is impaired protein syn-
thesis due to alterations in ribosomal components [36]. Thus our
attention was firstly focused on the effect on global protein synthesis
because the determination of translational capacity can shed some light
on the extent of the negative effect of RPS7 p.V134F. We found that this
SNV causes a significant decrease in global protein synthesis (p<0.01)
and proliferation capacity of mutant cells (p < 0.001) (Figs. 3C, 4A). This
finding is likely due to the lesser ability of the BCCIP protein to

Activity of eADA and selected enzymes of anti-oxidative defense and anaerobic glycolysis (G6PD, PK, and HK) and levels of GSH and ATP in red blood cells. *eADA

activity was previously reported by Volejnikova et al., 2020 [14].

eADA G6PD PK HK GSH ATP

(IU/g Hb) (IU/g Hb) (IU/g Hb) (IU/g Hb) (uM) (pmol/1)
Reference range [0.8-2.5] [5.4-7.0] [5.12-5.78] [0.8-1.6] [1978-2888] [188-334]
Patient 4.2 + 0.8* 10.3 + 0.6 14.8 +£ 0.8 4.4 £+ 0.05 4356 + 44 775 + 96

P = 5.49E-05 P =7.73E-05 P =1.63E-03 P =7.75E-10 P = 2.03E-04 P = 3.96E-03
Mother 3.5+ 0.2*% 53+ 0.2 4.9 +£ 0.2 0.7 £+ 0.02 2125 205 + 32

P = 3.56E-07 NS P = 4.13E-03 P = 3.50E-03 NS
Sister 4.6 + 0.3 6.5+ 0.1 6.8 £ 0.5 0.9 +£0.13 2450 + 35 251 + 45

P = 2.14E-02 NS P =1.63E-03 NS NS NS
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Fig. 2. Determination of ROS levels and Annexin V binding assay. Representative plots and histograms showing elevated levels of ROS (A), increased phosphati-
dylserine (PS) exposure on erythrocyte membrane (B) and increased percentage of Annexin V-positive erythrocytes (C) in the DBA patient compared to her
asymptomatic family member and healthy control. In panel (A), DCF-dependent intensity of fluorescence is proportional to the concentration of ROS; erythrocytes of
a healthy control treated with H,O, served as a positive control for induced ROS formation. In panels (B) and (C), increased Annexin V-binding to RBC reflects

increased exposure of PS on the erythrocyte membrane.

incorporate RPS7 p.V134F protein into the ribosome as the BCCIP pro-
tein specifically binds to the central region (amino acids 59-134) of
RPS7 protein [39] (Fig. S5A). RPS7 mutant cell line also demonstrated a
slight block in the G; phase of the cell cycle most likely caused by
decreased protein levels of cyclin D1 and transcription factors c-Myc and
E2F1 (p< 0.05) (Figs. 4B, 5A). Significantly lower level of c-Myc, a well
known global transcription and translation regulator, most probably
stands beside the impaired RNA synthesis and modest block in G; phase
of the cell cycle [40,41] (Figs. 4B, D, 5A). Elevated oxidative stress in
patient erythrocytes can be linked to moderately increased DNA syn-
thesis, in the cellular model carrying RPS7 mutation, due to activated
DNA repair processes [42] (Figs. 2A, 4C).

As it was previously described, the RPS7 deficiency causes p53-
dependent ribosomal stress due to direct interaction with RPLS5,
RPL11, MDM2 and p53 [43]. Our question was whether a change in
single amino acid of RPS7 may impact the TP53 signaling pathway and
induce ribosomal stress. Therefore, we examined protein levels of p53
which, remained unchanged in RPS7-mut cell line, while p21 level was
significantly increased (p< 0.000001). Protein MDM2, a ubiquitin ligase
regulating the p53, level was significantly decreased (p< 0.0004)
(Fig. 5A). We suppose that the higher expression of p21 can be caused by
diminished ubiquitination activity of MDM2 and in turn decreased
degradation of p53 and other target proteins.

Interestingly, in silico protein stability predictors I-Mutant and
MUpro evaluated the p.V134F substitution potentially destabilizing
RPS7 protein and this fact was experimentally confirmed (Fig. 5B).

TP53 signaling pathway activation is one of the key attributes of
ribosomal stress, while others are linked to nucleolus, where

transcription and maturation of ribosomal RNA (rRNA) takes place [44].
As it was previously reported, the haploinsufficiency of RPS7 results in
impaired pre-rRNA processing during early stages [29]. Indeed, signif-
icantly increased (p < 0.05) abundance of pre-rRNA precursors detected
by ITS1 probe in the RPS7-mut cell line (Fig. 7B). More specifically, 458,
418, 30S and 26S pre-rRNA precursors were accumulated at the expense
of later stages pre-rRNA precursors 21S and 21 S-C (Fig. 7C). These
findings are consistent with Gazda et al. study [29]. Another interesting
finding linked to the maturation of pre-rRNAs is that nucleolin is pref-
erentially located in nucleoli of RPS7-mut cells (p<0.05) (Fig. 6). This
multifunctional protein is promoting pre-rRNA transcription and acts in
the early steps of pre-rRNA processing [44]. Our hypothesis is that
higher localization of nucleolin in nucleoli is a compensatory response to
insufficient levels of 218 and 21 S-C pre-rRNA precursors. However, a
more detailed study of the mechanism involved would certainly shed
more light on pathways regulating the maturation of pre-rRNAs in DBA.

To better understand compensatory mechanisms of the ribosomal
stress related to RPS7 alteration, we immunodetected the main tran-
scription factor of canonical Wnt pathway, B-catenin. This pathway was
recently reported to play an important role in reduction of nucleolar and
ribosomal stress by Dannheisig et al. [28]. In case of our CRISPR-based
cellular model of RPS7 deficiency, the level of f-catenin was signifi-
cantly induced (p< 0.000001) (Fig. 5A). This finding is in agreement
with Dannheisig et al. study [28].

Our results show that SNV in the RPS7 gene cause lower stability of
the RPS7 protein and probably its higher presence in ribosome-free form
due to negatively affected binding capacity to BCCIP protein, which
regulates the localization of RPS7 to ribosomes, under physiological
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Fig. 4. Results from analysis of cellular proliferation in RPS7-WT versus RPS7-mut cell lines. (A), cell cycle (B), DNA synthesis (C) and RNA synthesis (D); n = 3
biological replicates.

conditions [39]. This leads to ribosomal stress with remarkable impact and support pathogenicity of the mutation in DBA. Our case study
on protein synthesis, pre-rRNAs maturation and proliferation capacity. demonstrates that comprehensive analyses of larger patients cohorts and

In conclusion, the presented functional tests revealed multiple cellular model systems are needed to further elucidate the pathophysi-
cellular abnormalities associated with the novel RPS7 p.V134F variant ology of DBA and to better understand disease-modifying conditions,
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including oxidative stress, in symptomatic versus asymptomatic carriers.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.becmd.2022.102690.
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