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Suhrn

Vychodiskd: Proteiny HDM2 a HDMX su hlavné negativne regulatory tumorového supresoru
p53. Ich dlohou je udrziavat nizku hladinu proteinu p53 za normélnych podmienok. V streso-
vych podmienkach je viak tdto negativna regulacia prerusend, o umozni aktivaciu p53 drahy.
V mnohych ludskych nadoroch, ktoré si zachovavaju wild type p53, bola ndjdena nadmerna ex-
presia proteinov HDM2 a HDMX, ako napr. v sarkéme. A tak okrem inaktivujicej mutécie v géne
pre protein p53, modulacia expresie proteinov HDM2 a HDMX predstavuje alternativny me-
chanizmus inaktivacie signalnej drahy p53. Ciel* V tomto zhrnuti stru¢ne predstavime funkciu
proteinov HDM2 a HDMX, zhrnieme informacie o zvysenom vyskyte proteinov HDM2 a HDMX
v fudskych nddoroch, jeho mozné pric¢iny a predstavime rozne pristupy k potencidlnej liecbe
nadorov zalozenej na cieleni na proteiny HDM2 a HDMX. Zdver: HDM2 a HDMX sa stali zaujima-
vymi cielmi protinddorovej terapie, kedy prerusenie negativnej regulacie p53 pomocou latok,
ako napr. nutlinov, méze viest k reaktivacii p53 odpovede a k potlaceniu rakovinového bujenia.
Nové poznatky o funkcii a Strukture proteinov HDM2, HDMX a p53 umoznuju navrh novych
druhov terapeutik, ¢o méze prispiet k Specifickej liecbe a efektivnejsej odpovedi pacientov.
Mnohé z latok su uz testované v ramci klinickych studii faze |, Il a lll.

Klacové slova
HDM2 - HDMX - signdlna draha p53 - onkogény - MDM2 - MDMX

Summary

Background: HDM2 and HDMX proteins are key negative regulators of the tumor suppressor
p53. Under normal conditions, p53 protein expression is maintained at a low level, whereas
under stress conditions, this negative regulation is alleviated to increase the p53 level. HDM2
and HDMX are overexpressed in many cancer types, mainly in tumors with wild type p53, such
as sarcomas. In addition to an inactivating mutation in the TP53 gene, HDM2 and HDMX ove-
rexpression represents another kind of p53 inactivation pathway. Aim: In this review, we first
briefly describe the roles of HDM2 and HDMX proteins and then the increased occurrence of
their overexpression and the possible causes of this overexpression in different human can-
cer types as well as therapeutic approaches targeting HDM2 and HDMX for the treatment of
human cancer. Conclusion: HDM2 and HDMX are important therapeutic targets. The interrup-
tion of their negative effect on p53 pathway by compounds such as nutlins, leads to the reacti-
vation of the p53 pathway. However, a deeper understanding of HDM2-HDMX-p53 structure
and function will enable the identification of new therapeutic strategies that could help to
provide more specific and more efficient therapies for cancer patients. Several small molecules
and peptides are the subject of clinical testing in phase |, Il and even Ill trials.
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PROTEINY HDM2 A HDMX V LUDSKYCH NADOROCH

Uvod

Proteiny HDM2 (human double minute
2 protein, nazyvany aj MDM2) a HDMX
(human double minute X protein, nazy-
vany aj MDMX, MDM4, HDM4) su para-
I6gne proteiny patriace do rodiny MDM
(mouse double minute). Obidva pro-
teiny hraju nezastupitelnd ulohu v re-
guldcii stability p53, ale podielaju sa
aj na mnohych inych procesoch, ako
napr. opravach poskodenej DNA, trans-
la¢nej reguldcii, reguldcii ribozomélneho
stresu [1]. Vyznamny vplyv proteinov
HDM2 a HDMX bol preukazany in vivo
na mysich modeloch. Mysi s MDM2-/-
a MDMX-/- vykazovali velmi skord em-
bryonalnu letalitu a zaroven bolo zis-
tené, Ze tejto letalite sa da zabranit,
pokial je vyradeny aj protein p53 [2,3].
Su to onkogénne proteiny, ktoré su
¢asto nadmerne exprimované, najma
v tumoroch s wild type p53. Pri nad-
mernej expresii su zodpovedné za nad-
merné odburavanie proteinu p53, ob-
medzenie jeho transkripcnej funkcie,
ale sp6sobuju aj genédmovu nestabilitu
a tym vietkym prispievaju ku vzniku na-
dorov. Dlhodoby vyskum v oblasti MDM
proteinov poukazuje na ich neprekryva-
juce sa, ale doplnujuce sa funkcie v regu-
lacii p53 signalnej drahy a inych. Vdaka
novym poznatkom su vyvijané lieciva,
ktoré Specificky cielia na obmedzenie
funkcie nie len HDM2 proteinu, ale aj
HDMX.

Funkcia proteinov HDM2 a HDMX
Najlepsie prestudovanou a pravdepo-
dobne aj najdolezitejSou ulohou pro-
teinov HDM2 a HDMX je ich regulacia
proteinu p53, a to skrz vplyv na stabi-
litu, ale aj transkripénu aktivitu proteinu
p53. Hladina proteinu p53 musi byt
prisne regulovand v zavislosti na pod-
mienkach. V normalnych podmienkach
je potrebné, aby bola hladina p53 nizka
a bunka mohla prechadzat bunko-
vym cyklom. V tomto pripade proteiny
HDM2 a HDMX interaguju s protei-
nom p53 a spésobuju jeho proteazo-
malnu degradéciu. Protein HDM2 svo-
jou E3-ligdzovou aktivitou v sucinnosti
s E2-ligdzou katalyzuje polyubikvitinaciu
proteinu p53 na lyzinoch v DNA-vdzbo-
vej a C-terminalnej doméne. Takto ozna-
¢eny protein p53 je odburany pomocou

proteazomu [4]. Protein HDMX nie je
funk¢nou E3 ligazou, ale svojou schop-
nostou tvorit heterodiméry s proteinom
HDM2 priamo zvysuje ucinnost ubikvi-
tinacie proteinu p53 [5,6]. Dalsi me-
chanizmus, akym méze HDM2 a HDMX
ovplyvnit funkciu p53, je skrz blokova-
nie transkripcnej aktivity p53. Protein
HDM2 aj HDMX sa viaZe do N-terminal-
nej transaktiva¢nej domény p53. Na-
viazanie proteinu HDM2 skrz transak-
tiva¢ni doménu p53 blokuje moznost
proteinu p53 viazat sa s transkrip¢nou
masinériou [7,8]. Aviak s vyuzitim mysich
modelov, ktoré exprimovali HDM2 s mu-
tovanou RING (really interesting new
gene) doménou bez schopnosti ubikvi-
tindcie, bolo preukazané, ze hlavny me-
chanizmus, akym HDM2 potlaca funk-
ciu p53, je skrz jeho odburavanie cez
proteazém, a nie cez blokovanie tran-
skrip¢nej aktivity [9]. Protein HDMX sa
viaze s proteinom p53 taktiez cez svoju
N-termindlnu doménu. Tejto vazbe bola
taktiez pripisovana schopnost blokovat
transkrip¢nu aktivitu proteinu p53 [10].
Neskor boli identifikované aj interak-
cie dalsich domén veducich k ovplyvne-
niu transkrip¢nej aktivity proteinu p53,
a to kyslej domény HDM2 a DNA-viéz-
bovej domény p53 [11,12] a taktiez kys-
lej domény HDMX a DNA-vazbovej do-
mény p53, ¢o vedie k inhibicii vazby
p53 k DNA [13]. Interakcia HDM2-HDMX-
-p53 je velmi komplexna a je zavisla na
alosterickych zmenach vsetkych troch
proteinov [14].

V pripade stresovych podmienok, ako
je napr. poskodenie DNA, je potrebné,
aby sa rychlo zvysila hladina proteinu
p53 a ten mohol vykonat svoju funk-
ciu (zastavenie bunkového cyklu v pri-
pade mensieho poskodenia alebo vy-
volanie apoptézy v pripade vacsieho
poskodenia). V tomto pripade je nevy-
hnutné, aby bola interakcia p53 s pro-
teinmi HDM2 a HDMX prerudena. V pri-
pade poskodenia DNA je aktivovana
ATM kinaza (ataxia-telangiectasia mu-
tated), ktord vedie k fosforylacii pro-
teinu p53 na Ser15 a proteinov HDM2 na
Ser395 a HDMX na Ser403. Proteiny
HDM2 a HDMX su po fosforylacii
schopné efektivnejsie viazat p53 mRNA
a prerusuje sa interakcia s proteinom
p53 [15-17]. Ubikvitina¢na aktivita pro-

teinu HDM2 je presmerovana na sa-
motny protein HDM2 a HDMX, ¢im do-
chdadza k ich odburavaniu [18].

Po odpovedi p53 je nutné, aby sa hla-
dina proteinu p53 opat zniZila. K tomu
je potrebné, aby bola obnovena dosta-
to¢na hladina proteinov HDM2 a HDMX.
To je zabezpecené spatno-vazbo-
vou reguldciou, kedy zvysend hladina
p53 vedie k aktivacii transkripéného
programu p53. Dochadza k prepisu
génov HDM2 a HDMX a novo vznik-
nuté proteiny HDM2 a HDMX sa mézu
opat podielat na odburani proteinu
p53 [19-21].

Interakcia proteinu p53 s HDM2 a HDMX
je regulovand mnohymi protein-protei-
novymi interakciami. Protein HDM2 in-
teraguje s plejadou réznych proteinov,
ktoré maju dopad na funkciu proteinu
p53. Napriklad protein ARF (alterante
reading frame protein) sa viaze do kys-
lej domény HDM2, blokuje E3-ligdzovu
aktivitu HDM2 voci p53 a blokuje ex-
port proteinu p53 z jadra zavisly na
HDM2 [22]. HDMX taktiez interaguje
s proteinom ARF, ¢im ovplyvnuje stabi-
litu proteinu HDM2 [23,24]. Medzi dal-
Sie interagujlce proteiny patria ribozo-
malne proteiny, ako napr. RPL5, RPL11,
RPL23, ktoré taktiez limituju E3-ligazovu
funkciu HDM2 [25]; protein p300, ktory
tvori komplex s HDM2 aj HDMX a umoz-
nuje aktivaciu p53 v stresovych pod-
mienkach [26,27] a mnohé iné.

Okrem vplyvu proteinov HDM2 a HDMX
na aktivaciu p53 odpovede bola popisana
aj ich funkcia nezavisla na proteine p53.
Obidva proteiny inhibuju opravu posko-
denia DNA skrz ich asociéciu s DNA-re-
paracnym komplexom MRN tvorenym
proteinmi MRE11/RAD50/NBS1 (meio-
tic recombination 11 homolog 1/DNA
repair protein RAD50/DNA repair and
telomere maintenance protein NBST1).
HDM2 aj HDMX su viazané ku komplexu
skrz protein NBS1 a spésobuju spomale-
nie oprav DNA. Takymto sp6sobom obi-
dva proteiny mézu prispievat ku gené-
movej nestabilite a tumorigenéze [28].
TaktieZ bola popisana ich ucast v kon-
trole translacie urcitych proteinov skrz
ich vazbu k mRNA. V pripade HDM2 tak
bol popisany okrem kontroly transla-
cie proteinu p53 [16] aj vplyv na transla-
ciu proteinov XIAP (X-linked inhibitor of
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HDM2

homoldgia (29 %)

HDMX
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ACIDIC ZINC RING
237 288 /|289 33 436 482491
50 % 33% 72 %
ACIDICH ZINC RING
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Obr. 1. Schématické znazornenie struktury proteinov HDM2 a HDMX a ich homoldgie.
p53BD - p53 vdzbovd doména, ACIDIC - kysla doména, ZINC — doména zinkového prstu, RING - RING doména, NLS - jadrovy lokalizacny
signal, NES - signal pre export z jadra, WW - autoregulac¢ny motiv

apoptosis protein) [29], SLUG (taktiez
nazyvany SNAI2 - protein snail homo-
log 2) [30], MYCN (N-myc proto-onco-
gene protein) [31], VEGF (vascular endo-
thelial growth factor) [32].

Struktara proteinov

HDM2 a HDMX

Proteiny HDM2 a HDMX su paralégne
proteiny zhodné na 30 % svojou sek-
venciou. Obidva proteiny su zlozené zo
4 usporiadanych domén, medzi ktorymi
sa nachdadzaju velké useky vnutorne
neusporiadanych casti (obr. 1).

Na N-terminalnom konci obidvoch
proteinov sa nachadza p53 vazbova
doména, ktord je v proteinoch zhodna
271 % a je zodpovedna za vazbu a regu-
laciu proteinu p53. Aminokyseliny, ktoré
sU nevyhnutné pre vazbu s proteinom
p53, su konzervované u obidvoch pro-
teinov [10] a taktiez protein p53 vyuziva
na vazbu k obidvom proteinom rovnaké
aminokyseliny [33]. Avsak dokladnd
rontgenova Struktdrna analyza odha-
lila rozdiely v usporiadani p53 vazobnej
kapsy u proteinu HDM2 a HDMX. V pri-
pade proteinu HDMX postranné retazce
dvoch aminokyselin sp6ésobuju uza-
vretejsiu konformaciu hydrofébnej str-
biny, ktord sa viaze k p53 [34].

Za N-terminalnou doménou sa nacha-
dzaju neusporiadané casti proteinov.
Protein HDM2 obsahuje sekvenciu nazy-
vanu jadrovy lokaliza¢ny signél (nuclear
localization signal — NLS), ktord umoz-
nuje premiestenie proteinu do jadra. Za
fou sa nachédza sekvencia nazyvana sig-
nal pre export z jadra (nuclear export sig-

nal — NES), umozZnujuca naopak export
proteinu z jadra do cytoplazmy. Protein
HDMX tieto signdly neobsahuje. Je pri-
marne lokalizovany v cytoplazme bunky,
avsak na zaklade interakcii s inymi pro-
teinmi, ako napr. s HDM2, méze byt pre-
miestneny do jadra a spat [35]. Protein
HDMX naviac obsahuje za N-terminal-
nou doménou autoregula¢ny sekvencny
motiv (aminokyseliny TRP200 a TRP201)
nazyvany aj WW motiv. Ten sa viaze
k p53 vazbovej doméne na N-terminal-
nom konci samotného HDMX a tym blo-
kuje schopnost proteinu viazat sa k p53.
Strata tohto motivu vedie az k 32-nédsob-
nému navyseniu vazby HDMX s protei-
nom p53 [36].

V centrélnej asti proteinov sa nacha-
dza kysld doména (ACIDIC), kde je pri-
tomnych viacero kyslych aminokyselin.
V proteine HDM2 hrd tdto doména po-
mocnu uUlohu pri degraddcii proteinu
p53 [37,38]. Najnovsie poznatky uka-
zuju, ze kysla doména proteinu HDMX
je taktiez dolezita pri reguldcii p53, a to
cez vazbu kyslej domény HDMX k cen-
trdlnej DNA vazbovej doméne pro-
teinu p53, ¢im dochadza k zablokova-
niu funkcie proteinu p53 [13,39]. Za
kyslou doménou sa nachadza doména
zinkového prstu. Tvori miesto pre inter-
akciu s mnohymi proteinmi, napr. s in-
hibitorom proteinu HDM2, proteinom
ARF [40]. Tato doména je taktiez klucova
pri vdzbe s ribozomalnymi proteinmi
RPL5, RPL11, RPL23. Mutécie v zinko-
vom prste (najmad v jednom z cysteinov,
ktoré tvoria Struktdru C4 zinkového
prstu) narusaju spravnu funkciu pro-

teinu HDM2 a su spajané s predispozi-
ciou vzniku rakoviny [41].

Na C-konci proteinov HDM2 a HDMX
sa nachddza RING doména, ktora je
opat velmi konzervovana. RING doména
proteinu HDM2 je priamo zodpo-
vednd za degradaciu p53, a to svojou
E3-ubikvitin ligdzovou aktivitou. Na-
priek velkej sekven¢nej homolégii RING
domény (72 %), HDMX nie je funk¢nou
E3 ligdzou. RING doména obidvoch pro-
teinov sluzi aj k protein-proteinovym in-
terakciam s inymi RING-obsahujucimi
proteinmi. Dochadza najma k interak-
cii medzi proteinmi HDM2 a HDMX, tzv.
heterodimerizacii, ktord zvysuje stabi-
litu proteinov HDM2 a HMDX [42]. Pro-
tein HDM2 vytvéara cez RING doménu
aj homodiméry. Tato vlastnost ne-
bola u HDMX pozorovana. Obidva pro-
teiny obsahuju v svojej RING doméne
P-slu¢ku, ktord umoziuje vazbu mo-
lekul adenosintriphosphate (adenozin-
trifosfatu — ATP) [43,44]. RING doméne je
pripisovana aj schopnost viazat sa $pe-
cificky k urcitému typu RNA, ako napr.
k p53 mRNA [15,17], k XIAP mRNA [45].

Proteiny HDM2 a HDMX maju v plnej
dizke 491 a 490 aminokyselin. Skrz al-
ternativny zostrih su v bunkdach pri-
tomné aj rozne izoformy proteinov,
¢o predstavuje dalsiu rovinu reguldcie
nie len ich moznej Struktury, ale aj ich
funkcie [46].

Hladina proteinov HDM2 a HDMX
v nadoroch

Protein MDM2 (mouse double mi-
nute 2, mysi homoldég fudského proteinu
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Obr. 2. Frekvencia alteracie a vyskyt alteracie génov TP53, HDM2 a HDMX u vybranych

typov karcinémov.
A. Percentualne znazornenie alteracie pre

TP53, HDM2 a HDMX. B. Viyskyt alteracie pre

TP53, HDM2 a HDMX v typoch karcinémov, kde bolo evaluovanych 500 a viac vzoriek [65].

HDM2) bol prvykrat objaveny v mysich
bunkach 3T3-DM na zaklade zvyseného
vyskytu amplifikacie génu MDM?2 [47].
Neskor bola popisana jeho asociacia
s proteinom p53 a bol pozorovany re-
presivny vplyv proteinu MDM2 na tran-
skrip¢nt aktivitu proteinu p53 [48]. Uz
v roku 1992 Oliner et al pozorovali zvy-
$enu hladinu proteinu HDM2 u priblizne

jednej tretiny pripadov ludského sar-
kému. Zaujimavou skuto¢nostou je, ze
tieto pripady sarkdmu si zachovavali
wild type formu proteinu p53 [49]. Ne-
skorsie Studie na vacsom pocte vzoriek
potvrdili amplifikdciu HDM2 v mnohych
podtypoch sarkému, ako napr. v osteo-
sarkome, liposarkdéme, lipéme [50-54].
Zvysena hladina HDM2 bola pozoro-

vana na urovni proteinu aj na urovni
MRNA. Mnohé $tudie preukazali zvy-
$enu hladinu proteinu HDM2 v réznych
typoch rakoviny, ako napr. v malignom
gliome [55], v rakovine prsnika [56,571],
v rakovine pluc [58].

Protein HDMX bol objaveny ako dalsi
reguldtor p53 na zdklade svojej podob-
nosti na protein HDM2 a svojej schop-
nosti priamo interagovat s proteinom
p53 [10]. Tak ako HDM2, aj HDMX je nad-
merne exprimovany v niektorych ty-
poch rakoviny. Jeho zvyseny vyskyt bol
pozorovany u podobnych typov rako-
viny ako v pripade HDM2, napr. v glio-
blastome [59], v sarkome [60] a v rakovine
prsnika [61,62]. Naviac bol pozorovany
zvyseny vyskyt proteinu HDMX aj v reti-
noblastome, kde mdze zohravat hlavnu
Ulohu v inaktivacii signalnej drahy
p53 v RB1-deficientnych bunkéch (reti-
noblastoma protein 1 —RB1) [63].

Stanovenie hladiny proteinov HDM2
a HMDX odhalilo, Ze proteiny su expri-
mované rozne v zavislosti na type tka-
niva a podmienok. Avsak porovnanim
normalnych a rakovinovych buniek sa
preukazala nadmernd expresia tychto
onkoproteinov takmer vo vietkych ty-
poch nadorov a méze byt sposobena
skrz génovu alteraciu amplifikaciou
génov, alebo nadmernou transkripénou
aktivaciou, translaciou a post-translac-
nymi modifikaciami.

Z hladiska génovej alteracie proteiny
HDM2 a HDMX, na rozdiel od ich hlav-
ného interak¢ného partnera p53, su
mutované len vynimocne. NajcastejSou
alterdciou je uz zmienena génova am-
plifikacia. V roku 2016 Oliner et al ana-
lyzovali dostupné déta tykajuce sa al-
teracie génu HDM?2 z databazy The
Cancer Genome Atlas. Kritérium pre re-
levantni HDM2 amplifikaciu autori na-
stavili ako vzdjomnu vyhradnost s mu-
taciou proteinu p53. To znamena, ze za
amplifikédciu HDM2 bol povazovany taky
pocet képii génu, kedy zvysena hladina
HDM2 a mutdcia p53 sa nevyskytovali
zaroven v tej istej vzorke. Takto bola sta-
novend amplifikdcia HDM2 u 1,2 % vzo-
riek primarnych tumorov, avsak distri-
bucia medzi typmi tumorov bola velmi
rozdielna s najcastejsim vyskytom v sar-
kéme (18,7 %), glioblastome (7,2 %)
a urotelidlnom karcindme (2,9 %) [64].
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Podla portalu cbioportal.org [65] su
gény HDM2 a HDMX spolu s génom
TP53 (kédujucim protein p53) altero-
vané az v 43 % skumanych vzoriek.
TP53 je alterovany v 39 % skumanych
vzoriek, s najéastejsim vyskytom muta-
cii. V 3 % vzoriek bola najdena alteracia
HDM?2 a v 4 % vzoriek bola najdena altera-
cia HDMX (obr. 2A). Zastupenie danych al-
terdcii sa vyrazne |isi podla typu rakoviny
(obr. 2B). Gén TP53 je alterovany vyrazne
v mnohych typoch rakoviny najma skrz
mutdcie, s najvyssim vyskytom v ovarial-
nom a cervikdlnom karcinéme. V pripade
cervikalneho karcindmu mézeme pozo-
rovat, ze amplifikacia HDM2 a HDMX je
takmer vynimoc¢na. Najvyraznejsia am-
plifikdcia HDM2 sa vyskytuje v sarkéme
makkych tkaniv (takmer 20 %). HDMX je
amplifikovany najcastejsie v karcinéme
prsnika (takmer 14 %).

Dalou pri¢inou zvysenej hladiny pro-
teinov HDM2 a HDMX moze byt aj po-
lymorfizmus jedného nukleotidu (sin-
gle nucleotide polymorphism — SNP).
V géne HDM2 bol dbékladne sku-
many polymorfizmus na dvoch mies-
tach, SNP309 a SNP285. Polymorfizmus
v mieste 309 sa nachadza v prvom in-
trone promdétora HDM2 P2. Promdtor
P2 vo variante SNP309 G/G vykazuje
2x vyssiu afinitu pre transkripcny faktor
Sp1 a vedie k efektivnejsej transkripcii
génu v porovnani s formou promdtora
SNP309 T/T [66]. Variant alel SNP309 G/G
bol spojovany s vy$Sou pravdepodobno-
stou nadorovych ochoreni [66,67], avsak
mnohé Studie na réznych typoch rako-
viny poukazuju na nejednoznacnu spo-
jitost polymorfizmu SNP309 s nado-
rovymi ochoreniami [68-71]. Naopak
polymorfizmus SNP285 je spajany s niz-
$im vyskytom rakoviny. Pritomnost alely
SNP285C potlaca zvysenu afinitu Sp1 vy-
volanu variantou SNP309G [72]. Av3ak
tato suvislost nebola pozorovana napr.
v karcinéme pluc [73]. Novsie Studie na-
znacuju, Ze vzajomné porovnanie vy-
skytu jedného a druhého polymorfizmu
v konkrétnych tkanivach a vztiahnutie
vysledkov na konkrétny typ populacie
moze prispiet k jednoznacnejsim vysled-
kom [74]. V géne HDMX boli taktiez sle-
dované polymorfizmy jedného nukleo-
tidu spéjané s inaktivaciou proteinu p53,
ato SNP1, SNP7, SNP9 a SNP12 [75]. Dal-

$im Studovanym polymorfizmom HDMX
je SNP34091 A > C, avsak jednoznacné
spojenie s vyskytom v urcitych typoch ra-
koviny zatial nebolo preukazané [76,77].

Regulacia hladiny proteinov
HDM2 a HDMX

Hladina proteinov HDM2 a HDMX je regu-
lovana na urovni transkripcie, translacie
a posttransla¢nych procesov. Medzi tran-
skripéné procesy veduce k nadmernej ex-
presii proteinov HDM2 a HDMX patri sig-
nalizécia skrz drdhu Ras, ktora aktivuje
transkrip¢ny faktor ETS, a ten vedie k pre-
pisu génov HDM2 a HDMX [78,79]. Na
transkripénej regulacii génu pre HMD2 sa
podiela aj hlavny interak¢ny partner, pro-
tein p53. Aktivacia proteinu p53 vedie
k spusteniu transkripcie génu HDM2,
a tak dochéadza k spatnovazbovej regula-
cii. HDM2 méze opat ubikvitinovat p53,
¢im znizi jeho hladinu.V pripade proteinu
HDMX dlho nebol pozorovany priamy
vplyv proteinu p53 na transkripciu tohto
génu. Neskor bola aj u HDMX, tak ako
predtym u HDM2, popisana transkripcna
aktivacia proteinom p53 z miesta dru-
hého prométora, na rozdiel od bazalnej
transkripcie zacinajucej z prvého promo-
tora [20,21]. Boli popisané aj dalSie tran-
skripcné faktory podielajuce sa na regu-
lacii transkripcie HDM2, ako napr. IRF8,
Sp1 [80].

Ako jednym z posttranskripénych pro-
cesov ovplyvnujucich hladinu protei-
nov HDM2 a HDMX boli popisané rézne
mikroRNA. Napriklad mir-192, mir-194
a mir-215, ktoré su ovplyviiované protei-
nom p53, znizuju hladinu HDM2 [81].
mir-34a sa viaze do miesta SNP34091
v mRNA pre HDMX a vedie k znize-
nej hladine proteinu HDMX [82]. Vplyv
tychto interakcii vSak nebol zatial potvr-
deny v in vivo experimentoch, a preto
su dalsie studie nutné k objasneniu vy-
zZnamu a moznému vyuzitiu [83].

Posttranslacné modifikacie tvoria vy-
znamny mechanizmus regulécie pro-
teinov HDM2 a HDMX skrz vplyv na ich
stabilitu a funkciu. Dolezitd ulohu zohra-
vaju mnohé kinazy veduce k fosforyla-
cii na Specifickych miestach proteinov.
Medzi kindzy, ktoré vyvoldvaju zvy-
Senu stabilitu proteinov HMD2 a HDMX
a naslednu inaktivaciu p53, patria najma
Akt kindzy (thymomas of AKR mice)

HDM2 je fosforylovany Akt kindzou
na Ser166 a Ser186 [84], HDMX na
Ser367 [85]. ATM kinaza naopak repre-
zentuje fosforyla¢ny enzym veduci k od-
buravaniu proteinov HDM2 a HDMX.
Protein HDM2 je primdarne fosfory-
lovany na Ser395 [86] a HDMX na
Ser403 [87]. Takto fosforylované proteiny
HDM2 a HDMX majua zvysenu afinitu
voci p53 mRNA [15,17,88]. Fosforylacia
a zaroven vazba s p53 mRNA znemoznia
ich schopnost viazat p53 protein, a tak
dochddza k aktivacii p53 drahy [18]. Fos-
forylacia taktiez meni ubikvitinac¢nu ak-
tivitu proteinu HDM2, pretoze namiesto
ubikvitinacie p53, protein HDM2 ubikvi-
tinuje sam seba a protein HDMX [18].
Fosforylacie v tychto miestach boli sku-
mané aj na mysich modeloch a bolo uka-
zané, Ze skutocne hraju ulohu v odpo-
vedi na poskodenie DNA [89,90].

Z uvedenych prikladov je zrejmé, ze
hladina proteinov HDM2 a HDMKX je re-
gulovand na viacerych urovniach. Na-
rusenie spravnej regulacie moze viest
k nadmernej expresii HDM2 a HDMX.
Avsak zatial nie je Uplne zname, akym
podielom sa mézu ré6zne mechanizmy
ucastnit na onkogénnom pdsobeni
HDM2 a HDMX.

Vyuzitie HDM2 a HDMX v lie¢be

fudskych nadorov

Proteiny HDM2 a HDMX su kltuc¢ové re-

gulatory proteinu p53 s neprekryvaju-

cou sa funkciou. Zasah do regulacnej osy

proteinu p53 cez tieto dva negativne re-

guldtory je tak prirodzenou moznostou,

ako potenciovat protein p53 k vykona-

vaniu jeho protinddorovej aktivity. Vdaka

dékladnému poznaniu Struktary a funk-

cie proteinov HDM2 a HDMX bolo navrh-

nutych viacero liecebnych pristupov:

1. cielenie na protein-proteinovu inter-
akciu medzi HDM2-p53 a HDMX-p53;

2. cielenie na zmenu transkripénej akti-
vity pre gény HDM2 a HDMX;

3. cielenie na ubikvitina¢nu funkciu RING
domény;

4. cielenie na heterodimerizaciu protei-
nov HDM2 s HDMX;

5. cielenie na transla¢nu kontrolu spros-
tredkovanu proteinom HDM2.

Jeden z prvych pristupov aktivujucich
p53 drahu skrz inhibiciu protein-protei-
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novej interakcie medzi HDM2 bol popi-
sany uz v roku 2004 Vassilevom et al za
pouzitia nizkomolekularnych latok, nut-
linov [91]. Nutliny sa Specificky viazu do
hydrofébnej kapsy proteinu HDM2, a tak
znemozfuju naviazanie proteinu p53.
Tym dochddza k akumuldcii proteinu
p53, aktivacii drahy p53, zastave bunko-
vého cyklu a apoptéze. Tieto latky presli
aj do klinickych studii fazy | pod nazvom
RG7112 alebo RO5045337 (klinické
studie ¢. NCT01677780, NCT01164033,
NCT01605526, NCT01143740, NCT0062
3870, NCT00559533, NCT01635296).
Boli testované na réznych solidnych tu-
moroch, leukémii a i. ako monoterapia,
ale aj v kombinacii s lie¢ivami ako do-
xorubicin ¢i cytarabin. Avsak bola za-
znamenana vysoka hematologicka toxi-
cita tejto latky [92]. Neskor boli vyvinuté
nutliny druhej generécie s vyssou ucin-
nostou a mensimi vedlajsimi efektmi,
ako napr. idasanutlin [93]. Tieto latky
boli testované ako monoterapia, ale aj
ako kombinovana lie¢ba s inymi lieci-
vami, napr. s cisplatinou, s Poly (ADP-ri-
béza) polymerdzou (PARP) inhibitormi
v preklinickych studiach [94,95]. Pod na-
zvom RG7388 alebo RO5503781 su za-
radené aj v klinickych studiach fazy I a ll
opat ako monoterapia alebo v kombina-
cii s lie¢ivami, ako napr. obinutuzumab,
idarubicin a i. (faza | - NCT01462175,
NCT01773408, NCT01901172, NCT033
62723, NCT02828930, NCT02624986,
NCT02633059; faza Il - NCT03287245,
NCT02624986, NCT02633059). Napri-
klad v pripade akutnej myeolidnej leu-
kémie (AML) pacientov bola pozorovana
dobra znésanlivost lie¢by sprevadzana
klinickou odpovedou aj ako monote-
rapie, ale aj v kombinacii s cytarabi-
nom [96]. Idasanutlin sa dostal aj do kli-
nickych testov faze Il pre pacientov
s AML v kombindcii s cytarabinom (NCT
02545283).

Mnohé dalsie lie¢iva vyuzivaju straté-
giu blokovania p53 vazby s proteinom
HDM2. Patria sem nizkomolekuldrne
latky z rady spiro-oxindolov ako MI-
7730, imidazothiazolov ako DS-3032b,
piperidinonov ako AMG232 a mnohé
dalsie [97]. Okrem nizkolmolekular-
nych latok sa ako inhibitory HDM2 vy-
uzivaju aj peptidy, ktoré mimikuju tri
hlavné aminokyseliny p53 interaguj-

Uce s HDM2 (Phe19,Trp23,Leu26). Takyto
peptid sa Specificky viaze do hydrofob-
nej kapsy p53-vazbovej domény. Na roz-
diel od malych molekul ponuka moz-
nost blokovat nielen interakciu s HDM2,
ale zaroven aj s HDMX [98,99]. Peptid
s ndzvom ALRN-6924 vstupil aj do klinic-
kych studii zameranych na solidné tu-
mory, lymfémy a AML (NCT02909972,
NCT02264613).

Iné pristupy aktivacie p53 drdhy
skrz HMD2 a HDMX boli zatial uka-
zané v predklinickych studiach. Na blo-
kovanie transkripcie génov boli po-
pisané latky ucinkujuce na expresiu
HDM2 [100,101] alebo na HDMX [102].
Blokatory ubikvitina¢nej aktivity pro-
teinu HDM2 boli najdené pomocou
screeningu latok ubikvitinacnym testom
v bunkdch a bol ukazany ich synergis-
ticky efekt na apoptézu s DNA-poskod-
zujucimi latkami [103]. KedZze HDM2 di-
merizacia s HDMX stabilizuje protein
HDM2 a tym zvysuje jeho ucinnost
v ubikvitinacii p53, narusenie tejto inter-
akcie pomocou mimikujucich peptidov
ponuka alternativu k aktivacii signélnej
drahy p53 [104]. Schopnost HDM2 viazat
mRNA XIAP bola tiez vyuzita pri navrhu
liec¢iv. HDM2 sa za normalnych podmie-
nok viaze k mRNA XIAP, inhibitoru apo-
ptdzy, a zvysuje jeho translaciu. Pésobe-
nim latky MX69, ktord blokuje interakciu
HDM2 s mRNA XIAP, sa znizi hladina pro-
teinu HDM2 a taktieZ translacia proteinu
XIAP, stabilizuje sa protein p53 a docha-
dza k zastave bunkového cyklu [105].

Zaver

Proteiny HDM2 a HDMX patria medzi
onkogénne proteiny.V normalnych pod-
mienkach su délezitymi regulatormi hla-
diny proteinu p53, ale hraju aj vyznamnu
Ulohu v opravach poskodenej DNA. Pri
nadmernej expresii HDM2 alebo HDMX
dochéadza k nadmernému blokovaniu
odpovede skrz p53 signélnu dréhu, ¢o
vedie k vzniku nadorov. Zvysena hladina
proteinov HDM2 a HDMX bola pozoro-
vana takmer u vsetkych typoch nadorov
a je spojovana s inaktivaciou signalnej
drahy p53 v nadoroch, ktoré si zacho-
vavaju wild type p53. Hladina protei-
nov HDM2 a HDMX je zvy3ena najma
skrz génovu amplifikaciu, ale bol popi-
sany aj vplyv polymorfizmov jedného

nukleotidu, prip. zmeny v reguldcii tran-
skripcie, posttranskripénych procesov,
translacie a posttranslacnych procesov.
Vyskum v oblasti $truktiry proteinov
HDM2 a HDMYX, ich interakcie s protei-
nom p53 a poznanie funkcie jednotli-
vych domén dovolil vzniknadt mnohym
pristupom k ovplyvneniu p53 drahy.
Niektoré latky vstupili do klinickych
studii fazy |, Il a lll a predstavuju slubnd
moznost lie¢by urcitych typov rakoviny,
ako napr. AML.

Literatura

1. Karni-Schmidt O, Lokshin M, Prives C. The Roles of
MDM2 and MDMX in Cancer. Annu Rev Pathol 2016;
11: 617-644. doi: 10.1146/annurev-pathol-012414-040
349,

2. Jones SN, Roe AE, Donehower LA et al. Rescue of
embryonic lethality in Mdm2-deficient mice by ab-
sence of p53. Nature 1995; 378(6553): 206-208. doi:
10.1038/378206a0.

3. Parant J, Chavez-Reyes A, Little NA et al. Rescue of em-
bryonic lethality in Mdm4-null mice by loss of Trp53 su-
ggests a nonoverlapping pathway with MDM2 to regu-
late p53. Nat Genet 2001; 29(1): 92-95. doi: 10.1038/ng
714.

4. Brooks CL, Gu W. p53 regulation by ubiquitin. FEBS
Lett 2011; 585(18): 2803-2809. doi: 10.1016/j.feb-
slet.2011.05.022.

5. Wang X. p53 regulation: teamwork between RING
domains of Mdm2 and MdmX. Cell Cycle 2011; 10(24):
4225-4229. doi: 104161/cc.10.24.18662.

6. \Wang X, Wang J, Jiang X. MdmX protein is essential for
Mdm2 protein-mediated p53 polyubiquitination. J Biol
Chem 2011; 286(27): 23725-23734. doi: 10.1074/jbc.
M110.213868.

7. Chen J, Lin J, Levine AJ. Regulation of transcription
functions of the p53 tumor suppressor by the mdm-2 on-
cogene. Mol Med 1995; 1(2): 142-152.

8. Thut CJ, Goodrich JA, Tjian R. Repression of p53-me-
diated transcription by MDM2: a dual mechanism. Genes
Dev 1997; 11(15): 1974-1986.

9. ltahana K, Mao H, Jin A et al. Targeted inactivation
of Mdm2 RING finger E3 ubiquitin ligase activity in the
mouse reveals mechanistic insights into p53 regula-
tion. Cancer Cell 2007; 12(4): 355-366. doi: 10.1016/j.
¢cr.2007.09.007.

10. Shvarts A, Steegenga WT, Riteco N et al. MDMX:
a novel p53-binding protein with some functional pro-
perties of MDM2. EMBO J 1996; 15(19): 5349-5357.

11. Shimizu H, Burch LR, Smith AJ et al. The conformatio-
nally flexible S9-S10 linker region in the core domain of
p53 contains a novel MDM2 binding site whose muta-
tion increases ubiquitination of p53 in vivo. J Biol Chem
2002; 277(32): 28446-28458. doi: 10.1074/jbc.M202296
200.

12. Yu GW, Rudiger S, Veprintsev D et al. The central re-
gion of HDM2 provides a second binding site for p53.
Proc Natl Acad Sci U S A 2006; 103(5): 1227-1232. doi:
10.1073/pnas.0510343103.

13. Wei X, Wu S, Song T et al. Secondary interaction be-
tween MDMX and p53 core domain inhibits p53 DNA bin-
ding. Proc Natl Acad Sci U S A 2016; 113(19): E2558-E2563.
doi: 10.1073/pnas.1603838113.

14. Medina-Medina |, Martinez-Sanchez M, Hernandez-
-Monge J et al. p53 promotes its own polyubiquitination
by enhancing the HDM2 and HDMX interaction. Protein
Sci 2018; 27(5): 976-986. doi: 10.1002/pro.3405.

2568

Klin Onkol 2018; 31 (Suppl 2): 2563-2570




PROTE

NY HDM2 A HDMX V LUDSKYCH NADOROCH

15. Malbert-Colas L, Ponnuswamy A, Olivares-lllana
Vet al. HDMX folds the nascent p53 mRNA following acti-
vation by the ATM kinase. Mol Cell 2014; 54(3): 500-511.
doi: 10.1016/j.molcel.2014.02.035.

16. Candeias MM, Malbert-Colas L, Powell DJ et al.
P53 mRNA controls p53 activity by managing Mdm2 func-
tions. Nat Cell Biol 2008; 10(9): 1098-1105. doi: 10.1038/
nch1770.

17. Gajjar M, Candeias MM, Malbert-Colas L et al. The
p53 MRNA-Mdm2 interaction controls Mdm2 nuclear
trafficking and is required for p53 activation follow-
ing DNA damage. Cancer Cell 2012; 21(1): 25-35. doi:
10.1016/j.ccr2011.11.016.

18. Medina-Medina |, Garcia-Beltran P, de la Mora-de
la Mora | et al. Allosteric interactions by p53 mRNA go-
vern HDM2 E3 ubiquitin ligase specificity unde different
conditions. Mol Cell Biol 2016; 36(16): 2195-2205. doi:
10.1128/MCB.00113-16.

19. Ponnuswamy A, Hupp T, Fahraeus R. Concepts
in MDM2 signaling: allosteric regulation and feed-
back loops. Genes Cancer 2012; 3(3-4): 291-297. doi:
10.1177/1947601912454140.

20. Phillips A, Teunisse A, Lam S et al. HDMX-L is expres-
sed from a functional p53-responsive promoter in the
first intron of the HDMX gene and participates in an au-
toregulatory feedback loop to control p53 activity. J Biol
Chem 2010; 285(38): 29111-29127. doi: 10.1074/jbc.
M110.129726.

21. Barak Y, Gottlieb E, Juven-Gershon T et al. Regulation
of mdm2 expression by p53: alternative promoters pro-
duce transcripts with nonidentical translation potential.
Genes Dev 1994; 8(15): 1739-1749.

22. Zhang Y, Xiong Y. Control of p53 ubiquitination and
nuclear export by MDM2 and ARF. Cell Growth Differ
2001; 12(4):175-186.

23. Ghosh M, Weghorst K, Berberich SJ. MdmX inhibits
ARF mediated Mdm2 sumoylation. Cell Cycle 2005; 4(4):
604-608.

24. Jackson MW, Lindstrom MS, Berberich SJ. MdmX
binding to ARF affects Mdm2 protein stability and
p53 transactivation. J Biol Chem 2001; 276(27):
25336-25341. doi: 10.1074/jbc.M010685200.

25. Nag S, Qin J, Srivenugopal KS et al. The MDM2-
-p53 pathway revisited. J Biomed Res 2013; 27(4):
254-271. doi: 10.7555/JBR.27.20130030.

26. Ferreon JC, Lee CW, Arai M et al. Cooperative regula-
tion of p53 by modulation of ternary complex formation
with CBP/p300 and HDM2. Proc Natl Acad Sci U S A 2009;
106(16): 6591-6596. doi: 10.1073/pnas.0811023106.

27. Sabbatini P, McCormick F. MDMX inhibits the
p300/CBP-mediated acetylation of p53. DNA Cell Biol
2002; 21(7): 519-525. doi: 10.1089/104454902320219077.
28. Eischen CM. Role of Mdm2 and Mdmx in
DNA repair. J Mol Cell Biol 2017; 9(1): 69-73. doi:
10.1093/jmcb/mjw052.

29.Gu L, Zhu N, Zhang H et al. Regulation of XIAP transla-
tion and induction by MDM2 following irradiation. Cancer
Cell 2009; 15(5): 363-375. doi: 10.1016/.ccr.2009.03.002.
30. Jung CH, Kim J, Park JK et al. Mdm?2 increases cel-
lular invasiveness by binding to and stabilizing the Slug
mMRNA. Cancer Lett 2013; 335(2): 270-277. doi: 10.1016/].
canlet.2013.02.035.

31. Gu L, Zhang H, He J et al. MDM2 regulates MYCN
MRNA stabilization and translation in human neuroblas-
toma cells. Oncogene 2012; 31(11): 1342-1353. doi:
10.1038/0nc.2011.343.

32. Zhou S, Gu L, He J et al. MDM2 regulates vascu-
lar endothelial growth factor mRNA stabilization in
hypoxia. Mol Cell Biol 2011; 31(24): 4928-4937. doi:
10.1128/MCB.06085-11.

33. Bottger V, Bottger A, Garcia-Echeverria C et al. Com-
parative study of the p53-mdm2 and p53-MDMX inter-
faces. Oncogene 1999; 18(1): 189-199. doi: 10.1038/sj.
onc.1202281.

34. Popowicz GM, Czarna A, Holak TA. Structure of the
human Mdmx protein bound to the p53 tumor suppres-
sor transactivation domain. Cell Cycle 2008; 7(15):
2441-2443.doi: 104161/cc.6365.

35. Miller KR, Kelley K, Tuttle R et al. HdmX overexpres-
sion inhibits oncogene induced cellular senescence. Cell
Cycle 2010; 9(16): 3376-3382. doi: 10.4161/cc.9.16.12779.
36. Bista M, Petrovich M, Fersht AR. MDMX con-
tains an autoinhibitory sequence element. Proc Natl
Acad Sci U S A 2013; 110(44): 17814-17819. doi:
10.1073/pnas.1317398110.

37. Kawai H, Wiederschain D, Yuan ZM. Critical contribu-
tion of the MDM2 acidic domain to p53 ubiquitination.
Mol Cell Biol 2003; 23(14): 4939-4947.

38. Meulmeester E, Frenk R, Stad R et al. Critical role for
a central part of Mdm?2 in the ubiquitylation of p53. Mol
Cell Biol 2003; 23(14): 4929-4938.

39.Huang Q,Chen L, Yang L et al. MDMX acidic domain in-
hibits p53 DNA binding in vivo and regulates tumorigene-
sis. Proc Natl Acad Sci U S A 2018; 115(15): E3368-E3377.
doi: 10.1073/pnas.1719090115.

40. Manfredi JJ. The Mdm2-p53 relationship evolves:
Mdm2 swings both ways as an oncogene and a tumor
suppressor. Genes Dev 2010; 24(15): 1580-1589. doi:
10.1101/gad.1941710.

41. Lindstrom MS, Deisenroth C, Zhang Y. Putting a fin-
ger on growth surveillance: insight into MDM2 zinc fin-
ger-ribosomal protein interactions. Cell Cycle 2007; 6(4):
434-437.doi: 104161/cc.6.4.3861.

42. Linares LK, Hengstermann A, Ciechanover A et al.
HdmX stimulates Hdm2-mediated ubiquitination and de-
gradation of p53. Proc Natl Acad Sci U S A 2003; 100(21):
12009-12014. doi: 10.1073/pnas.2030930100.

43. Stevens C, Pettersson S, Wawrzynow B et al. ATP sti-
mulates MDM2-mediated inhibition of the DNA-binding
function of E2F1. FEBS J 2008; 275(19): 4875-4886. doi:
10.1111/).1742-4658.2008.06627 x.

44. Priest C, Prives C, Poyurovsky MV. Deconstruct-
ing nucleotide binding activity of the Mdm2 RING do-
main. Nucleic Acids Res 2010; 38(21): 7587-7598. doi:
10.1093/nar/gkg669.

45. Liu T, Zhang H, Xiong J et al. Inhibition of MDM2 ho-
modimerization by XIAP IRES stabilizes MDM2, influenc-
ing cancer cell survival. Mol Cancer 2015; 14: 65. doi:
10.1186/512943-015-0334-0.

46. Jacob AG, Singh RK, Comiskey DF Jr. et al. Stress-
induced alternative splice forms of MDM2 and MDMX
modulate the p53-pathway in distinct ways. PLoS One
2014; 9(8): €104444. doi: 10.1371/journal.pone.0104444.
47. Cahilly-Snyder L, Yang-Feng T, Francke U et al. Mole-
cular analysis and chromosomal mapping of amplified
genes isolated from a transformed mouse 3T3 cell line.
Somat Cell Mol Genet 1987; 13(3): 235-244.

48. Momand J, Zambetti GP, Olson DC et al. The
mdm-2 oncogene product forms a complex with the
p53 protein and inhibits p53-mediated transactivation.
Cell 1992; 69(7): 1237-1245.

49. Oliner JD, Kinzler KW, Meltzer PS et al. Amplifica-
tion of a gene encoding a p53-associated protein in
human sarcomas. Nature 1992; 358(6381): 80-83. doi:
10.1038/358080a0.

50. Forus A, Florenes VA, Maelandsmo GM et al. Mapp-
ing of amplification units in the q13-14 region of chro-
mosome 12 in human sarcomas: some amplica do not
include MDM2. Cell Growth Differ 1993;4(12): 1065-1070.
51.Ladanyi M, Cha C, Lewis R et al. MDM2 gene amplifica-
tion in metastatic osteosarcoma. Cancer Res 1993; 53(1):
16-18.

52. Leach FS, Tokino T, Meltzer P et al. p53 Mutation and
MDM2 ampilification in human soft tissue sarcomas. Can-
cer Res 1993; 53(Suppl 10): 2231-2234.

53. Miller CW, Aslo A, Won A et al. Alterations of the p53,
Rb and MDM2 genes in osteosarcoma. J Cancer Res Clin
Oncol 1996; 122(9): 559-565.

54. Patterson H, Barnes D, Gill S et al. Amplification
and over-expression of the MDM2 gene in human
soft tissue tumours. Sarcoma 1997; 1(1): 17-22. doi:
10.1080/13577149778434.

55. Reifenberger G, Liu L, Ichimura K et al. Amplification
and overexpression of the MDM2 gene in a subset of
human malignant gliomas without p53 mutations. Can-
cer Res 1993; 53(12): 2736-2739.

56. Quesnel B, Preudhomme C, Fournier J et al
MDM2 gene amplification in human breast cancer. Eur
J Cancer 1994; 30A(7): 982-984.

57. Marchetti A, Buttitta F, Girlando S et al. mdm2 gene
alterations and mdm2 protein expression in breast car-
cinomas. J Pathol 1995; 175(1): 31-38. doi: 10.1002/path.
1711750106.

58. Marchetti A, Buttitta F, Pellegrini S et al. Mdm2 gene
amplification and overexpression in non-small cell lung
carcinomas with accumulation of the p53 protein in the
absence of p53 gene mutations. Diagn Mol Pathol 1995;
4(2): 93-97.

59. Riemenschneider MJ, Buschges R, Wolter M et al. Am-
plification and overexpression of the MDM4 (MDMX)
gene from 1932 in a subset of malignant gliomas without
TP53 mutation or MDM2 amplification. Cancer Res 1999;
59(24): 6091-6096.

60. Bartel F, Schulz J, Bohnke A et al. Significance of
HDMX-S (or MDM4) mRNA splice variant overexpression
and HDMX gene amplification on primary soft tissue sar-
coma prognosis. Int J Cancer 2005; 117(3): 469-475. doi:
10.1002/ijc.21206.

61. Haupt S, Vijayakumaran R, Miranda PJ et al. The role
of MDM2 and MDM4 in breast cancer development
and prevention. J Mol Cell Biol 2017; 9(1): 53-61. doi:
10.1093/jmcb/mjx007.

62. Miranda PJ, Buckley D, Raghu D et al. MDM4 is a ra-
tional target for treating breast cancers with mutant p53.
J Pathol 2017; 241(5): 661-670. doi: 10.1002/path.4877.
63. Laurie NA, Donovan SL, Shih CS et al. Inactivation
of the p53 pathway in retinoblastoma. Nature 2006;
444(7115): 61-66. doi: 10.1038/nature05194.

64. Oliner JD, Saiki AY, Caenepeel S.The role of MDM2 am-
plification and overexpression in tumorigenesis. Cold
Spring Harb Perspect Med 2016; 6(6): pii: a026336. doi:
10.1101/cshperspect.a026336.

65. Cerami E, Gao J, Dogrusoz U et al. The cBio cancer ge-
nomics portal: an open platform for exploring multidi-
mensional cancer genomics data. Cancer Discov 2012;
2(5): 401-404. doi: 10.1158/2159-8290.CD-12-0095.

66. Bond GL, Hu W, Bond EE et al. A single nucleotide
polymorphism in the MDM2 promoter attenuates the
p53 tumor suppressor pathway and accelerates tumor
formation in humans. Cell 2004; 119(5): 591-602. doi:
10.1016/j.cell.2004.11.022.

67. Hu Z, Jin G, Wang L et al. MDM2 promoter poly-
morphism SNP309 contributes to tumor susceptibi-
lity: evidence from 21 case-control studies. Cancer Epi-
demiol Biomarkers Prev 2007; 16(12): 2717-2723. doi:
10.1158/1055-9965 EPI-07-0634.

68. Economopoulos KP, Sergentanis TN. Differential ef-
fects of MDM2 SNP309 polymorphism on breast cancer
risk along with race: a meta-analysis. Breast Cancer Res
Treat 2010; 120(1): 211-216. doi: 10.1007/510549-009-
0467-1.

69. Wilkening S, Bermejo JL, Hemminki K. MDM2 SNP309
and cancer risk: a combined analysis. Carcinogene-
sis 2007; 28(11): 2262-2267. doi: 10.1093/carcin/bgm
191.

70. Krekac D, Brozkova K, Knoflickova D et al. MDM2S
NP309 does not associate with elevated MDM2 protein
expression or breast cancer risk. Oncology 2008; 74(1-2):
84-87.doi: 10.1159/000139135.

71. Wilkening S, Hemminki K, Rudnai P et al. No as-
sociation between MDM2 SNP309 promoter polymor-
phism and basal cell carcinoma of the skin. Br J Dermatol

Klin Onkol 2018; 31 (Suppl 2): 2563-2570

2569




PROTE

NY HDM2 A HDMX V LUDSKYCH NADOROCH

2007; 157(2): 375-377. doi: 10.1111/}.1365-2133.2007.079
94.x

72. Knappskog S, Bjornslett M, Myklebust LM et al. The
MDM2 promoter SNP285C/309G haplotype diminishes
Sp1 transcription factor binding and reduces risk for
breast and ovarian cancer in Caucasians. Cancer Cell 2011;
19(2): 273-282. doi: 10.1016/j.ccr.2010.12.019.

73. Ryan BM, Calhoun KM, Pine SR et al. MDM2 SNP285
does not antagonize the effect of SNP309 in lung cancer.
Int J Cancer 2012; 131(11): 2710-2716.

74. Wang P, Wang M, Li S et al. Association of the
MDM2 SNP285 polymorphism with cancer susceptibi-
lity: a meta-analysis. Dis Markers 2016; 2016: 4585484. doi:
10.1155/2016/4585484.

75. Atwal GS, Kirchhoff T, Bond EE et al. Altered
tumor formation and evolutionary selection of ge-
netic variants in the human MDM4 oncogene. Proc
Natl Acad Sci U S A 2009; 106(25): 10236-10241. doi:
10.1073/pnas.0901298106.

76. Gansmo LB, Romundstad P, Birkeland E et al.
MDM4 SNP34091 (rs4245739) and its effect on breast-,
colon-, lung-, and prostate cancer risk. Cancer Med 2015;
4(12): 1901-1907. doi: 10.1002/cam4.555.

77. Gansmo LB, Bjornslett M, Halle MK et al. The
MDM4 SNP34091 (rs4245739) C-allele is associated
with increased risk of ovarian-but not endometrial
cancer. Tumour Biol 2016; 37(8): 10697-10702. doi:
10.1007/513277-016-4940-2.

78.Gilkes DM, PanY, Coppola D et al. Regulation of MDMX
expression by mitogenic signaling. Mol Cell Biol 2008;
28(6): 1999-2010. doi: 10.1128/MCB.01633-07.

79. Ries S, Biederer C, Woods D et al. Opposing effects of
Ras on p53: transcriptional activation of mdm2 and in-
duction of p19ARF. Cell 2000; 103(2): 321-330.

80. Wade M, Li YC, Wahl GM. MDM2, MDMX and p53 in
oncogenesis and cancer therapy. Nat Rev Cancer 2013;
13(2): 83-96. doi: 10.1038/nrc3430.

81. Pichiorri F, Suh SS, Rocci A et al. Downregulation of
p53-inducible microRNAs 192, 194, and 215 impairs the
p53/MDM2 autoregulatory loop in multiple myeloma
development. Cancer Cell 2010; 18(4): 367-381. doi:
10.1016/j.ccr2010.09.005.

82. Mandke P, Wyatt N, Fraser J et al. MicroRNA-34a modu-
lates MDM4 expression via a target site in the open read-
ing frame. PLoS One 2012; 7(8): €42034. doi: 10.1371/jour-
nal.pone.0042034.

83. Concepcion CP, Han YC, Mu P et al. Intact p53-de-
pendent responses in miR-34-deficient mice. PLoS Genet
2012; 8(7): €1002797. doi: 10.1371/journal.pgen.1002797.

84. Mayo LD, Donner DB. A phosphatidylinosi-
tol 3-kinase/Akt pathway promotes translocation
of Mdm2 from the cytoplasm to the nucleus. Proc
Natl Acad Sci U S A 2001; 98(20): 11598-11603. doi:
10.1073/pnas.181181198.

85. Lopez-Pajares V, Kim MM, Yuan ZM. Phosphoryla-
tion of MDMX mediated by Akt leads to stabilization
and induces 14-3-3 binding. J Biol Chem 2008; 283(20):
13707-13713.doi: 10.1074/jbc.M710030200.

86. Maya R, Balass M, Kim ST et al. ATM-dependent phos-
phorylation of Mdm?2 on serine 395: role in p53 activation
by DNA damage. Genes Dev 2001; 15(9): 1067-1077. doi:
10.1101/9ad.886901.

87. Chen L, Gilkes DM, Pan Y et al. ATM and Chk2-depen-
dent phosphorylation of MDMX contribute to p53 activa-
tion after DNA damage. EMBO J 2005; 24(19): 3411-3422.
doi: 10.1038/sj.emboj.7600812.

88. Naski N, Gajjar M, Bourougaa K et al. The p53 mRNA-
-Mdm2 interaction. Cell Cycle 2009; 8(1): 31-34. doi:
104161/cc.8.1.7326.

89. Gannon HS, Woda BA, Jones SN. ATM phosphorylation
of Mdm?2 Ser394 regulates the amplitude and duration
of the DNA damage response in mice. Cancer Cell 2012;
21(5): 668-679. doi: 10.1016/j.ccr2012.04.011.

90. Wang YV, Leblanc M, Wade M et al. Increased radiore-
sistance and accelerated B cell lymphomas in mice with
Mdmx mutations that prevent modifications by DNA-da-
mage-activated kinases. Cancer Cell 2009; 16(1): 33-43.
doi: 10.1016/j.ccr.2009.05.008.

91. Vassilev LT, Vu BT, Graves B et al. In vivo activa-
tion of the p53 pathway by small-molecule antago-
nists of MDM2. Science 2004; 303(5659): 844-848. doi:
10.1126/science.1092472.

92. Ray-Coquard |, Blay JY, Italiano A et al. Effect of the
MDM2 antagonist RG7112 on the P53 pathway in pa-
tients with MDM2-amplified, well-differentiated or dedif-
ferentiated liposarcoma: an exploratory proof-of-mecha-
nism study. Lancet Oncol 2012; 13(11): 1133-1140. doi:
10.1016/S1470-2045(12)70474-6.

93. Ding Q Zhang Z, Liu JJ et al. Discovery of RG7388,
a potent and selective p53-MDM2 inhibitor in clinical de-
velopment. J Med Chem 2013; 56(14): 5979-5983. doi:
10.1021/jm400487c.

94. Zanjirband M, Curtin N, Edmondson RJ et al. Combi-
nation treatment with rucaparib (Rubraca) and MDM2 in-
hibitors, Nutlin-3 and RG7388, has synergistic and dose
reduction potential in ovarian cancer. Oncotarget
2017; 8(41): 69779-69796. doi: 10.18632/oncotarget.19
266.

95. Zanjirband M, Edmondson RJ, Lunec J. Pre-clinical
efficacy and synergistic potential of the MDM2-p53 an-
tagonists, Nutlin-3 and RG7388, as single agents and in
combined treatment with cisplatin in ovarian cancer. On-
cotarget 2016; 7(26): 40115-40134. doi: 10.18632/onco-
target.9499.

96. Reis B, Jukofsky L, Chen G et al. Acute myeloid leu-
kemia patients’ clinical response to idasanutlin (RG7388)
is associated with pre-treatment MDM2 protein expres-
sion in leukemic blasts. Haematologica 2016; 101(5):
e185-e188. doi: 10.3324/haematol.2015.139717.

97. Burgess A, Chia KM, Haupt S et al. Clinical overview of
MDM2/X-targeted therapies. Front Oncol 2016; 6: 7. doi:
10.3389/fonc.2016.00007.

98. Chang YS, Graves B, Guerlavais V et al. Stapled alpha-
helical peptide drug development: a potent dual inhibi-
tor of MDM2 and MDMX for p53-dependent cancer ther-
apy. Proc Natl Acad Sci U S A 2013; 110(36): E3445-E3454.
doi: 10.1073/pnas.1303002110.

99. Madden MM, Muppidi A, Li Z et al. Synthesis of cell-
permeable stapled peptide dual inhibitors of the p53-
Mdm2/Mdmx interactions via photoinduced cycloaddi-
tion. Bioorg Med Chem Lett 2011; 21(5): 1472-1475. doi:
10.1016/j.bmcl.2011.01.004.

100. Huang M, Zhang H, Liu T et al. Triptolide inhibits
MDM2 and induces apoptosis in acute lymphoblas-
tic leukemia cells through a p53-independent pathway.
Mol Cancer Ther 2013; 12(2): 184-194. doi: 10.1158/1535-
7163.MCT-12-0425.

101.Qin JJ,Wang W, Voruganti S et al. Inhibiting NFAT1 for
breast cancer therapy: New insights into the mechanism
of action of MDM2 inhibitor JapA. Oncotarget 2015; 6(32):
33106-33119. doi: 10.18632/oncotarget.5851.

102. Wang H, Ma X, Ren S et al. A small-molecule inhibi-
tor of MDMX activates p53 and induces apoptosis. Mol
Cancer Ther 2011; 10(1): 69-79. doi: 10.1158/1535-7163.
MCT-10-0581.

103. Herman AG, Hayano M, Poyurovsky MV et al. Dis-
covery of Mdm2-MdmX E3 ligase inhibitors using a cell-
based ubiquitination assay. Cancer Discov 2011; 1(4):
312-325.doi: 10.1158/2159-8290.CD-11-0104.

104. Pellegrino M, Mancini F, Luca R et al. Targeting
the MDM2/MDM4 interaction interface as a promis-
ing approach for p53 reactivation therapy. Cancer Res
2015; 75(21): 4560-4572. doi: 10.1158/0008-5472.CAN-
15-0439.

105. Gu L, Zhang H, Liu T et al. Discovery of dual inhibi-
tors of MDM2 and XIAP for cancer treatment. Cancer Cell
2016; 30(4): 623-636. doi: 10.1016/j.ccell.2016.08.015.

2570

Klin Onkol 2018; 31 (Suppl 2): 2563-2570




