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1 Uvod

Babdkova myelomova skupina (BMS) je vyzkumné tcleso, které se zabyva
vyzkumem monoklonalnich gamapatii. Tato skupina je zapojena do International Myeloma
Working Group, coz je poradni orgén slozeny z klinikl i z védct, ktery vydava doporuceni
na lé¢bu i dilezitych vyzkumnych témat. BMS je také zapojena v ramci Ceské republiky do
Ceské myelomové skupiny.

Jako skupina jsme se rozhodli zaméfit na nckolik témat. PredevSim se jednalo
ovyzkum MGUS (premaligniho stavu mnohocetného myelomu), zavedeni detekce
minimdlni residudlni choroby (MRD), vyzkum extrameduldrniho relapsu mnohocetného
myelomu a novych markerti onemocnéni, predevsim cirkulujicich mikroRNA.

Moje prace se v rdmci této skupiny rozvijela pravé témito smery. Jednak jsem se
zaméfila na vyzkum extramedularniho relapsu, kdy jsme se vénovali pfedevSim poznéani
problematiky zvySujici se incidence a komplexni biologie této formy onemocnéni. Dale jsme
se veénovali zavedeni metody detekce MRD pomoci qPCR, kterd je i nadale zlatym
standardem hodnoceni ucinnosti 1é€ebnych strategii u klinickych studii. V neposledni fadé
jsem se vénovala novym markerim onemocnéni, zejména cirkulujicim mikroRNA, které
maji potencial piekonat bolestivy postup stanoveni diagnézy mnohocetného myelomu, ktery
vyuziva invazivni odbér kostni dfené. Rovnéz by mohly slouzit jako prognostické ¢i
prediktivni markery a mit tak roli 1 v tzv. ,personalizované¢ medicin€*, coz je
u mnohocetného myelomu z diivodu jeho rozsahlé heterogenity velmi dilezité. Také se zda,
Ze tyto markery maji dulezitou roli v patogenezi onemocnéni.

Tato témata byla pod mym vedenim zpracovana rovnéz studenty bakalafskych,

magisterskych a doktorskych studijnich programi v rdmci jejich zavérecnych praci.



2 Problematika

2.1 Mnohocetny myelom

Mnohocetny myelom (MM) je zhoubné lymfoproliferativni onemocnéni které je
charakterizovano infiltraci a akumulaci patologickych klonalnich plazmatickych bunck (PB)
v kostni dieni (KD), osteolytickymi lozisky ve skeletu a ptitomnosti monoklonalniho
imunoglobulinu (M-Ig) v séru a/nebo moci (Héjek et al., 2012).

Jedna se o druhé nejéastéjsi hematoonkologické onemocnéni, které v Ceské republice
vykazuje incidenci okolo 4/100 000 obyvatel. V Evropé je ro¢né diagnostikovano vice nez
40 000 novych ptipadia (Adam et al., 2008; Hajek et al., 2012). Celkové MM predstavuje asi
10 % vSech hematologickych malignit, 1 az 2 % vSech nadorovych onemocnéni a zhruba
2 % vsech umrti v disledku nadorovych onemocnéni (Avet-Loiseau et al., 2007). MM
postihuje zejména starSi osoby, median véku pii stanoveni diagndzy se pohybuje kolem 65
let a je mirné Castéjs$i u muzi (Adam et al., 2008).

Dnes je prokazané, ze MM piedchdzi monoklonédlni gamapatie nejasného vyznamu
(MGUS), ackoliv okolnosti a divody zvratu benigntho MGUS do maligniho MM nejsou
dosud objasnény (Kyle et al., 2011).

Prvotni pfiina vzniku MM je dodnes nezndma a pribch u jednotlivych pacientt
velice heterogenni. I kdyZ se dafi prodluZzovat dobu remise, vétSina pacientil stale relabuje.
Skupina vysoce rizikovych pacientt (tvoii asi 10 az 15 % vSech MM pacienti) relabuje
obvykle do 12 mésicti od diagnozy (Shaughnessy et al., 2007). Zaroven je mozné za vysoce
rizikovy MM povazovat extrameduldrni myelom (EM), protoze tito pacienti maji také
vyrazné horsi pfeziti. Disledkem akumulace genetickych zmén u EM pacientl je autonomni
rast myelomovych bunék, ktery je nezadvisly na stromatu KD a umoziuje piechod
myelomovych bunék do extramedularni oblasti — nejcastéji do podkozi a mékkych tkani

(Usmanti et al., 2012).

2.2 Historie MM

Prvni fadné zdokumentovany piipad MM byl publikovan v roce 1844. Jednalo se
o ptipad 39-leté Zeny Sarah Newbury, u které se objevily pfiznaky Unavy a bolesti kosti v
diisledku mnohonasobnych zlomenin (Obr. 1). Teprve po jeji smrti, ktera nastala o 4 roky

pozdg¢ji, pitva prokazala vyrazné zmény KD (Solly, 1844).



Obrazek 1 Prvni popsany pacient s mnohocetnym myelomem — Sarah Newbury (z Kyle et Rajkumar, 2008).

A) Destrukce sterna B) Pacientka se zlomeninami C) Destrukce femuru

Nejznamngj$im piipadem MM té doby byl vSak Thomas Alexander McBean,
u kterého se ve véku 45 let objevily podobné piiznaky jako u Sarah Newbury — bolesti,
zlomeniny kosti. Ipfes veSkerou ,,moderni lé€bu té¢ doby, kterd zahrnovala napiiklad
pijavice, McBean zemfel (Macintyre, 1850). Vzorek jeho moce byl poslan Dr. Bence
Jonesovi, ktery popsal pfitomnost proteinu v moci. Tento protein se do dnesni doby nazyva
Bence-Jonesova bilkovina a stal se jednim ze zakladnich markerit MM (Jones, 1848).

Myelom byl také nazyvan Kahlerovou chorobou podle zndmého prazského 1€kare
Otty Kahlera, ktery popsal chorobu svého kolegy Dr. Loose. Pacient m¢l progradujici bolesti
kosti, proteinurii s typickou charakteristikou Bence-Jonesovy bilkoviny a v dobé¢ pitvy byly

nalezeny velké kulaté buniky konzistentni s buitkami MM (Kyle ef Rajkumar, 2008).

2.3 Patofyziologie MM

Patogeneze MM je komplexni multifaktoridlni proces vedouci k nadorové
transformaci populace B-lymfocyti sérii genetickych zmén (Hajek et al., 2011). Takto
pozménéné buiiky déle nekontrolovatelné proliferuji a diferencuji v buiiky plazmablastickeé,
které si zachovavaji schopnost migrace a proliferace. Zrala myelomové (plazmatickd) bunka
je termindlnim stadiem vznikajicim z pozménénych plazmablastii nahromadénych v KD, kde
preziva podstatné déle nez fyziologické PB, které¢ pfiblizné po dvou dnech produkce
ptirozenych imunoglobulini podléhaji apoptdze. Proto jsou myelomové builky oznacovany
za bunky dlouhoveké. Ackoliv se zda, ze builky v termindlnim stadiu se jiz ddle nemnozi,

nekontrolovatelnd proliferace v KD je hlavnim rozdilem mezi vyvojovou ftadou



myelomovych bun¢k a fyziologickym procesem maturace plazmablasti (Obr. 2) (Adam et

al., 2001; Shapiro-Shelef et Calame, 2004).

Obrazek 2 Srovnani poctu myelomovych PB (vlevo) oproti poctu fyziologickych PB (vpravo) (Maslak, 2009)

Studie provedené béhem posledniho desetileti pfinesly znaény posun v porozumeéni
biologickych a molekularnich mechanismt, které se patogeneze MM ucastni. Zasadni vliv
ma vhodné mikroprosttedi KD umoziiujici riist nadoru, coz uzce souvisi s novotvorbou cév
(angiogenezi), poruchou funkce imunitniho systému a interakci bunék myelomovych
s buitkami stromatu (Uchiyama et al., 1993; Hajek et al., 2011). Kooperace téchto procest
indukuje sekreci mnohych cytokini a aktivaci vnitrobunéénych signalnich drah (pro
proliferaci, pteziti, Iékovou rezistenci a nestabilitu genomu bun¢k MM). Ptikladem muze byt
interleukin-6 (IL-6), ktery aktivuje signdlni drahu JAK2/STAT3 a tim také geny stimulujici
rust a inhibujici apoptdézu myelomovych bunék (Shain et al., 2009).

Zaroven buiky MM vykazuji nestabilni genom a v pribéhu onemocnéni v ném dale
dochézi k ¢etnym mutacim a chromozomovym aberacim (CHA). Pomérn¢ Casto se jedna
o slozité komplexni zmény karyotypu (Hajek et al., 2011). BéZnym cytogenetickym nalezem
jsou aneuploidie, monozomie chromozomu 13, translokace zasahujici lokus pro tézky
fetézec imunoglobulinu (gen IGH, oblast 14q32), ztrata kratkého raménka chromozomu 17,
zisk dlouhého raménka chromozomu 1 a dal$i. Nékteré z téchto zmén jsou typické pro
vysokorizikovy MM a jsou zafazeny mezi nepfiznivé prognostické faktory (Sawyer, 2011).
MM typicky probihd v urcitych vyvojovych stadiich (Obr. 3), které je od sebe nutné odlisit

pomoci diagnostickych kritérii.
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Obrizek 3 Vicestupiiovy transformaéni proces MM (Spicka et al., 2005)

2.4 Mikroprostredi kostni direné u MM

Hlavnim zdrojem obtizi u MM je osidlovani KD myelomovymi buiikami, coz vede
k typickym znakiim MM, jako jsou osteolytické 1éze a patologické zlomeniny. V kostech
neustale probiha proces remodelace, kde resorpce nasleduje novotvorbu kostni tkané,
pfi¢emz jsou oba d&je v rovnovaze. U MM je tato rovnovéha poruSovana ve prospéch kostni
resorpce (Bataille et al.,, 1991). MM je vhodny model pro studovani interakci tumoru
a mikroprostiedi ze tfi divodi: na rozdil od normalnich bunék se maligni PB hromadi pouze
v KD, coz naznacuje, Ze stromalni builkky poskytuji jedine¢né mikroprostiedi pro rast
malignich bunék. Dal§im divodem je pfitomnost mnoha adhezivnich molekul na povrchu
myelomovych bun¢k (Uchiyama et al., 1992), normalni bunky povrchové markery témér
neprodukuji. Kone¢né tfetim divodem je rist heterogennich populaci adherentnich bunék
odebranych z KD pacienti s MM v podminkach in vitro (Caligaris-Cappio et al., 1991).
Dochazi zde k procesiim osidlovani (,,homing*) myelomovymi butikami, $iteni MM malymi
cévami avzniku rozpustnych faktort. Sekreci téchto faktorli (cytokiny, chemokiny)
a fyzickou interakci podporuji stromalni bunky rist, pfezivani, rezistenci k 1écbé a pohyby
myelomovych bunék (Uchiyama et al., 1992; Pellat-Deceunynck et al., 1995).
Mikroprostiedi KD je nejen radikalné ni¢eno ptitomnosti myelomovych bun€k a naopak také
meéni jejich chovani. Interakce MM bunék s proteiny mezibunééné hmoty a stromélnimi
bunikami KD je velmi duilezita pro patogenezi a rezistenci k 1é¢bé MM (Obr. 4).

Mikroprostiedi KD bylo zpracovano do ptehledové prace v cCasopise Klinicka

onkologie (FiSerova et al., 2012).
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Obrazek 4 Interakce mezi plazmatickymi buitkami a buikami KD u MM (Palumbo et Anderson, 2011;

upraveno)

2.5 Klinické projevy MM

Klinické projevy MM zahrnuji soubor typickych ptiznakl, z nichz ne vSechny se
projevi u kazdého pacienta. Jednd se o pfiznaky vyvolané produkovanym M-Ig
(hyperviskozita, poruchy srazeni krve, myelomova nefropatie, motoricka a senzitivni
polyneuropatie), poruchy imunitniho systému (Gnava, Casté infekce a horecky, celkova
slabost) dale bolesti kosti zplisobené osteolyzou a jiné méné Casté pfiznaky jako syndrom

zvySené kapilarni propustnosti, metabolické poruchy a kozni projevy (Adam et al., 2008).

2.6 Lécba mnohocetného myelomu

Mnohocetny myelom je obtizné IéCitelné, ale uz ne nevylécitelné onemocnéni.
Zatimco v 50. letech minulého stoleti byl medidn pfeziti pacientii se symptomatickym
myelomem méné nez 1 rok, v soucasnosti se vice nez ztrojnasobil, a to pfedev§im u osob
mlad$ich 65 let (Turesson et al., 2010). Cilem primolécby je dosazeni kompletni remise
a u relabujicich pacientd nejméné velmi dobré parcialni remise. U vétSiny pacientl stale

dochazi k relapsu po rizn¢ dlouhé a zkracujici se remisi (Hjek et al., 2011).
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Lécba MM zistavala dlouhou dobu bez vyrazného zlepSeni kvality a délky zivota
pacientii. Skute¢né vysledky piineslo az zavedeni klasickych chemoterapeutik melfalanu
a prednisonu v 60. letech (Alexanian et al., 1969). Melfalan s prednisonem se v ramci
kombinace s terapeutiky nové éry pouzivaji dodnes.

Lécebnou odpovéd a medidn preziti az o 12 mésict prodlouzila transplantace
multipotentnich hematopoetickych bunék. Prvni slibné vysledky pfinesla intraven6zni infuze
bunék KD provedend roku 1957 (Thomas et al., 1957). Prvni klasicka autologni
transplantace s vysokodavkovanou chemoterapii byla zdokumentovana McElwainem
a Powlesem (McElwain et Powles, 1983). Ackoliv transplantace zlistava vysoce efektivni
lécebnou strategii u MM, nelze ji aplikovat plosné€ kviili vysokému véku nemocnych. Navic
kazda transplantace musi byt kombinovana s G¢innymi terapeutiky, mezi nimiz stale vétsi
podil ziskavaji nové léky.

Inhibitory proteazomu (PI) a imunomodulacni Iéky (IMiDs) zacaly novou éru v 1é¢be
MM. Jsou to jediné léky proti myelomu s vysokou antimyelomovou aktivitu, jak
v monoterapii, kde dosahuji lécebné odpovédi u 1/3 predléCenych nemocnych, tak
v kombinaci s konven¢nimi chemoterapeutiky, kde dosahuji lé¢ebné odpovédi u 60 —
100 % nemocnych (Héjek et al., 2011). Na rozdil od cytotoxickych chemoterapeutik jsou
zalozeny na modulaci signalnich kaskdd a molekularnich interakci myelomovych bunck
s mikroprostfedim nadoru, ¢imz se zvySuje jejich Uc¢innost a specifita vi¢i myelomu.
V soucasnosti jsou v preklinickych a klinickych studiich hodnoceny tieti generace
imunomodulacnich agens a proteazomovych inhibitorti. Ocekavd se zvySeni efektivity

a pokles nezadoucich ucinki.

2.6.1 Chemoterapeutika

Konvenéni protinddorovad chemoterapie u myelomu je zaméfena na podavani
alkylacnich cytostatik a glukokortikoidi (Hajek et al., 2011). Principem pulisobeni
alkylujicich latek je zastaveni bunécného cyklu s naslednou smrti buiiky. Alkyla¢ni ¢inidla
pusobi na rychle proliferujici buniky a jsou nezavisla na fazi bunééného cyklu. Mechanismus
alkylace spoc¢iva v navazani alkylové skupiny na dusiky dvou guaninovych bazi sousednich
fetézc DNA. Mezi fetézci se vytvoii pevnd kovalentni vazba, kterd je pfi¢inou zastaveni
replikace, a tim 1 bunééného cyklu (Spanswick et al., 2002). Mezi nejvyznamnéjsi z nich
patii melfalan a cyklofosfamid (Hajek et al., 2011). Glukokortikoidy jsou steroidni hormony,

které mimo jiné zpusobuji apoptézu hematologickych bunc¢k pravdépodobné represi
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transkripce gent kritickych pro pteziti buniky (Greenstein et al., 2002). Mezi nejvyznamné;jsi

kortikosteroidy patii prednison a dexametazon (Héjek et al., 2011).

2.6.2 Transplantace hematopoetickych kmenovych bunék

V Ceské republice bylo v roce 2001 provedeno 330 autolognich transplantaci,
pfi¢emz 90 z nich pro nemocné s MM (Spicka et al., 2005). Prvni randomizovanou studii
srovnavajici autologni transplanta¢ni 1é€bu s kontrolni terapii byla analyza francouzské
skupiny, jejimz vysledkem bylo signifikantni zvySeni kompletnich remisi a velmi dobrych
parciadlnich remisi o vice nez polovinu. Median doby pieziti byl prodlouzen o 13 mésict
(Attal et al., 1996). Mnoho nasledujicich studii potvrdilo pozitivni piinos autologni
transplantace, a to i pfesto, Ze nevede k vyléceni MM, zlstava pro Ctvrtinu nemocnych
zpisobem, jak dosdhnout delSiho pieziti. Lécebny postup s nejveétsim kurativnim
potencialem predstavuje alogenni transplantace, kterd je vSak diky vysokym rizikiim
mortality a s tim spojenymi restrikénimi opatfenimi vhodnd pouze pro desetinu nemocnych
s MM (Reynolds et al., 2001). Podle toho, zda je pacient zplsobily pro transplantaci, byly
zavedeny dvé formy iniciadlni terapie. Klasickou pocatecni terapii pro pacienty pied
transplantaci pfedstavuje kombinace 1¢kii vinkristinu, doxorubicinu a dexametazonu (VAD).
Nemocni nezptisobili pro transplantaci jsou vétSinou 1éceni kombinaci melfalanu, prednisonu
(MP) a jednim z novych 1€ka (Alexanian et al., 1990; Palumbo et al., 2008; San Miguel et
al., 2008).

2.6.3 Nové 1éky

Imunomodulaéni léky

Mezi IMiDs patii thalidomid a jeho analogy, lenalidomid a pomalidomid.
Antimyelomové ucinky téchto 1€kli, jejichz mechanismy doposud nebyly uspokojivé
vysvétleny, jsou pleiotropniho charakteru a zahrnuji modulace imunitniho systému,
bunky, tak na jejich mikroprostfedi. Jednim z hlavnich mechanismi ptsobeni IMiDs je
modifikace vrozené a adaptivni imunity jedince prostfednictvim bunék imunitniho systému.
Bylo prokazano, ze IMiDs kostimuluji CD4+ a CD8+ T-lymfocyty, které za normalnich
okolnosti potiebuji ke své plné aktivaci signdl zajiStovany antigen prezentujici buitkou
prostiednictvim povrchové molekuly CD28. Aktivace T-lymfocyti mé za nasledek jejich
zvySenou proliferaci a produkci prozéanétlivych cytokinii tfidy Th-1, mezi néz patii

interleukin-2 (IL-2) a interferon-y (IFNy) (Haslet er al., 1998). ZvySend sekrece IL-2
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nasledné zpisobi aktivaci NK bunc¢k. NK buiiky jsou zakladni slozkou vrozené imunity
amaji schopnost zabijet nddorové bunky (Obr. 5). Bunécna cytotoxicita mize byt
indukovana bud' zavisle (ADCC), anebo nezavisle na protilatkdch (Davies et al., 2001).
Antiangiogenni vlastnosti IMiDs jsou dany inhibici chemotaktickych faktorti podilejicich se
na migraci endotelovych bun¢k formujicich nové cévy. Mezi takové faktory patii zejména
tumor nekrotizujici faktor a (TNFa), vaskularni endotelidlni ristovy faktor (VEGF)
a bazicky fibroblastovy rtstovy faktor (bFGF) sekretované stromalnimi buiitkami KD
1 inhibice enzymu cyklooxygenazy 2 (COX-2). COX-2 hraje roli v transformaci kyseliny
arachidonové v prostaglandiny. Produkce enzymu je indukovana fadou prozéanétlivych
stimulii, jako jsou lipopolysacharidy (LPS), TNFa a interleukin-1B (IL-1p), pfes signalni
drahu jaderného faktoru «B (NFxB). Protizanétlivy efekt IMiDs je zprostiedkovan
interleukinem 10 (IL-10) (Payvandi et al., 2004).

Molekularni podstata ¢inku IMiDs byla zpracovéana do piehledové prace v Casopise

Leukemia Research (Sedlatikova et al, 2012).

Treg bunky
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kostimulace

/'AA

bunééna cytotoxicita zavisla
na protilatkach (ADCC)

- stromalni buriky
b - - kostni diené

anligen prezentujici

burika . -

Obrazek 5 Pleiotropni u¢inek IMiDs u MM (Sedlatikova et al., 2012)
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Inhibitory proteazomu

PI se ukazaly byt velice dulezitou soucésti 1écby pacienti s MM. Prvnim PI
schvalenym pro 1écbu MM se stal bortezomib, ktery vykazoval silné antimyelomové uéinky
(Obr. 6) (Hajek et al., 2011). Bohuzel, navzdory jeho vysoké uc¢innosti se u velkého procenta
pacienti s MM po cCase objevuje rezistence k tomuto léku. Mechanizmus inhibice
proteazomu bortezomibem spoc¢iva v jeho kovalentni vazbé na B5 podjednotku proteazomu,
ptipadné LMP7 podjednotku imunoproteazomu. S niZsi afinitou se bortezomib vaZe také na
podjednotky B1 a P2 (Berkers et al., 2005). Samotna inhibice je zprostiedkovana
farmokoforovou skupinou, v tomto pfipad¢ zbytkem kyseliny borité (Groll et al., 2006).
Jelikoz je proteazom zapojen do obratu intracelularnich proteinti, patii mezi primarni
disledky jeho inhibice hromadéni nefunkénich proteind a chyby v signalnich drahach, které
vyustuji v naruseni adheze myelomovych buné€k, potlateni novotvorby cév, zastaveni
bunééného cyklu, omezeni odpovédi na poSkozeni DNA a indukci apoptézy MM bunék

(Richardson et al., 2005).

Naruseni mechanizmu degradace
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MM bunék bunécnych cytokind

Snizeni anti-apoptotickych
protein(i rodiny BCL-2,
stabilizace pro-apoptotickych
¢lend rodiny BCL-2

Obrazek 6 U¢inek bortezomibu u MM (Kubiczkova et al., 2012)

Uspéch bortezomibu vzbudil obrovsky zajem o proteazomové inhibitory.
Optimalizace davek a kombinace bortezomibu s jinymi protinddorovymi terapeutiky sice
omezily jeho vedlejsi ucinky a ¢astecné potlacily rezistenci, je vSak jasné, ze druhd generace
PI muze ptinést daleko lepsi vysledky. Carfilzomib, Marizomib a MLN9708 reprezentuji

druhou generaci PI a nabizeji fadu vyhod v podobé¢ zvySené tc¢innosti, bezpecnosti 1ékového
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profilu a prekondni rezistence k bortezomibu diky své odlisné chemické struktute,
uzivani (Lonial et Boise, 2011). Poskytuji tak nové moznosti pacientim, ktefi se stali
rezistentnimi k bortezomibu.

Molekularni drdhy a plisobeni inhibitori proteazomu byly zpracovany do
ptehledovych praci v ¢asopise Klinickd onkologie (Kubiczkova et al., 2013a) a v Casopise

Journal of Cell and Molecular Medicine (Kubiczkova ef al., 2014).

2.7 Diagnostika MM

Diagn6éza se stanovuje na zakladé¢ srovnani biochemickych, cytologickych,
rentgenologickych a histologickych nalezii pomoci vSeobecné uznavanych diagnostickych
kritérii publikovanych skupinou International Myeloma Working Group (IMWG) v roce
2003. K diagnoze symptomatického myelomu pak postaci ptitomnost M-Ig, klonadlnich PB
a kritéria CRAB (Hajek et al., 2011) (Tab. 1 a 2).

Tabulka 1 Diagnosticka kritéria MM (IMWG, 2003; upraveno)

Je ptitomen M-Ig v séru a/nebo v moci (bez specifikace koncentrace).
Symptomaticky V KD jsou ptitomny klonalni PB (> 10 %)).
MM Je ptitomno poSkozeni orgdni a tkani myelomem, tak, jak je

definovano v nize uvedené tabulce ,,CRAB*.

Neni obvykle pfitomny M-Ig, jen zcela vyjimecné v nizké koncentraci.
Extrameduldarni | Prokadzané solitarni extramedularni loZisko klonalnich PB.

MM Normalni KD, neni pfitomna infiltrace PB.

Neni pritomna dysfunkce organu ¢i tkané zptiisobend myelomem.

Tabulka 2 CRAB — kritéria poSkozeni organi ¢i tkani myelomem (IMWG, 2003)

Kritérium dysfunkce organu

C — calcium Hyperkalcémie, kalcium > 2,75 mmol/l nebo o 0,25 nad normalni limit

R —renal Selhani ledvin, kreatinin > 176,8 umol/l

A — anemia Hemoglobin < 100 g/l nebo 20 g/l pod dolni limit

B — bone Kostni zmény, osteolyticka loziska nebo osteopor6za s kompresivnimi
frakturami
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Relaps onemocnéni je diagnostikovan po splnéni jednoho ¢i vice nésledujicich kritérii:

I) znovuobjeveni M-Ig v moci nebo v séru;

II) pocet malignich PB v KD dosahne ¢i piesahne 5 %)

IIT) vznikaji nova osteolyticka loziska nebo se zvétSuji loziska stavajici;

IV) hyperkalcémie, pokles hemoglobinu, vzestup sérového kreatininu (bez jinych moznych

pfic¢in nez znovuobnovené aktivity MM) (Adam et al., 2001; Hajek et al., 2012).

2.8 Prognéza MM

2.8.1 Prognostické systémy

S vyuzitim nejnovéjSich 1éCebnych protokoll se nadale zvysuje celkové pieziti (OS)
pacientil (5 let u 80 % pacienttl, vice nez 10 let u 30-40 % pacienttl). Pritbé¢h onemocnéni je
u jednotlivych pacientii vysoce variabilni — napf. vysoce rizikovi pacienti s MM maji natolik
negativni prognozu, 7e 1 pies vyuziti novych strategii se predpokladana délka Zivota
pohybuje mezi 2 az maximaln¢ 5 roky (Hajek et al., 2011). Z tohoto divodu musel byt
kromé& diagnostickych kritérii zaveden také systém pro stanoveni pokrocilosti onemocnéni
a rozdéleni pacientli do skupin podle klinického stadia a prognézy.

Prvnim byl prognosticky systém dle Durieho a Salmona (DS) (1975) se tfemi stadii,
kterd se vyznacuji odliSnymi hodnotami vybranych klinickych parametri odrazejicich
velikost nadorové masy. Prognosticky vyznam tohoto systému v éfe novych ¢kl se stale
zvazuje, je vSak nadale pouzitelny pro urceni pokrocilosti nadoru a doporucuje se uvadét
itoto stddium u diagnoézy vzhledem k moznosti srovnani vysledktl 1écby s diive
diagnostikovanymi ptipady MM (Tuchman et Lonial, 2011; Hajek ef al., 2012).

V soucasné dobé se vedle DS systému pouZzivd mezinirodni prognosticky systém
navrzeny IMWG nazvany International Staging System (ISS) (Greipp et al., 2005), ktery
v dob¢ diagnodzy sleduje pouze dva jednoduché a lehce méfitelné laboratorni ukazatele,
sérové koncentrace albuminu a f2-mikroglobulinu (Tab. 3). ISS poskytuje dobry zaklad pro
budouci pokrocilejsi studie, avSak pro vyhledavani vysokorizikovych pacientl ma urcita
omezeni. Identifikace pacientil s nejvétsim rizikem je zde dosazeno pouze u malé skupiny (5
- 9 %), presn€jsi vyhodnoceni vyzaduje dal$i cytogenetickou a molekularné-genetickou
analyzu. Je zaméfen na prognostiku na populacni urovni, ale nebere v potaz dalsi dilezité
prognostické parametry, jako je mira proliferace a abnormdalni genom. Jeho vyznam

auplatnéni v éfe novych 1€kii bude muset byt upfesnén (Avet-Loiseau, 2010). Vysoce
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rizikovi pacienti piestavuji v DS systému 1 ISS klinické stadium III, které je v DS systému
charakterizovano zejména poruchou funkce ledvin s hodnotou sérového kreatininu (> 2
mg/100 ml) (Durie et Salmon, 1975) a v ISS vysokou hladinou sérového f2-mikroglobulinu
(> 5,5 mg/l) (Greipp et al., 2005).

Tabulka 3 International Staging System (Greipp ef al., 2005; upraveno)

Klinické Kritéria Median
stadium preziti
I sérovy B2-mikroglobulin < 3,5 mg/I 62

sérovy albumin > 3,5 g/dl

A: sérovy B2-mikroglobulin < 3,5 mg/l a sérovy albumin <
I 3,5 g/dl 44
B: sérovy B2-mikroglobulin 3,5 — 5,5 mg/l bez ohledu na

hladinu sérového albuminu

111 sérovy B2-mikroglobulin > 5,5 mg/1 29

Idealni prognosticky systém by mél podle Avet-Loiseau (2010) kombinovat
sledovani hladiny sérového P2-mikroglobulinu (jakoZto odrazu nadorové masy), poruchy
funkce ledvin, obecného stavu pacienta, proliferace PB a genetickych zmén. Je vice nez
ziejmé, ze stavajici prognostické faktory nemohou byt povazovany za univerzalni, zejména
z divodu jiz zminéného nejistého uplatnéni a vyznamu v dob& novych léki. Identifikace
rizikovych skupin s vysokou prediktivni hodnotou by mohla pfispét k lepSimu vybéru

pacientll pro personalizovanou 1é€bu (Decaux et al., 2008).

2.8.2 Cytogenetika

Detekce cytogenetickych zmén u MM predstavuje vyznamny prognosticky faktor, at’
se jedna o pocetni odchylky ¢i strukturni piestavby chromozomil (ztraty, zmnoZzeni
1 ptemisténi genetického materialu). PB se v KD v rané f4zi onemocnéni vyskytuji v nizkych
poctech a maji nizkou proliferacni aktivitu. Vyuziti konvencnich cytogenetickych metod, pfi
kterych je zapotiebi analyzovat délici se buiky, je proto znatné¢ omezeno a nékteré
vyznamné zmény jimi neni mozné odhalit. Pomoci modernéjSich molekularné-
cytogenetickych metod (interfazni fluorescen¢ni in situ hybridizace — iFISH, komparativni
genomové hybridizace — CGH) bylo vsak prokazano, ze CHA je mozné nalézt u téméft vSech

MM pacientii (median 8 az 10 zmén karyotypu u jednoho pacienta v dob¢ diagnézy). Dnes
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se proto tyto metody rutinné vyuzivaji k detekci vSech vySettovanych aberaci (Kuglik et al.,

2008; Chen et al., 2007).

Pocetni chromozomové aberace
(aneuploidie) a s nimi spojené vyrazné rozdily v pfezivani pacientil. Jako hypodiploidni se
oznacuje karyotyp s mén¢ nez 46 chromozomy, ¢astymi monozomiemi a IGH translokacemi.
Hypodiploidie ma neptiznivy dopad na prognozu a predstavuje hlavni nezavisly faktor pro
vyhodnoceni OS (pouze 10 % pacienti piezivd dobu 5 let). Abnormalni hyperdiploidni
karyotyp se vyznacuje zmnoZenim jednoho ¢i vice chromozomd, a tudiz celkovym poctem
chromozom vy$§im nez 46. Hyperdiploidie a trizomie pfedstavuji pozitivni prognostické
nalezy a maji lepsi OS (median OS 33,8 mésici u hyperdiploidie vs. 12,6 u hypodiploidie)
(Smadja et al., 2001; Debes-Marun et al., 2003). Krom¢ uvedenych se u MM vzéicné
vyskytuje také pseudodiploidie a hypotetraploidie — souhrnné s hypodiploidii tyto stavy
oznacujeme jako nonhyperdiploidni karyotyp (Wuilleme ef al., 2005).

Caste¢né delece v oblasti 13q nebo monozomie chromozomu 13 jsou spojeny
s negativnim dopadem na progndzu i pfezivani. Na tomto chromozomu je v oblasti 13q14
lokalizovan tumor-supresorovy gen RBI, ktery koduje jaderny protein Rb regulujici bunéény
cyklus. RBI ma dutlezitou tlohu v patogenezi solidnich nador, a piestoze jeho role
v patogenezi MM neni dosud objasnéna, jeho delece je povazovana za vyznamny negativni

molekularni marker kvli ztraté kontroly bunééného cyklu (Avet-Loiseau et al., 2000).

Strukturni chromozomové piestavby

Hlavnim typem strukturnich aberaci jsou IGH translokace v oblasti 14q32, které jsou
Casto spojeny s nonhyperdiploidnim karyotypem. Transkripci genu /GH v oblasti 14q
reguluji tii zesilovace, které jsou v dusledku reciproké translokace pfemistény na partnersky
chromozom, kde zvySuji expresi ptitomnych onkogendt, jako napt. CCNDI (11q13), FGFR3
a MMSET (4pl6), c-MAF (16q23), MAFB (20q12) a CCND3 (6p21) (Mohamed et al.,
2007). Nejcastéjsi je translokace t(11;14)(q13;q32), kterd je pfitomna u 15-20 % pacientli
avede k nadmérné expresi cyklinu D1 (gen CCNDI). Na rozdil od ostatnich 14q32
pfestaveb je povazovédna spiSe za ptiznivy ¢i neutrdlni prognosticky faktor. U 10-15 %
pacientli je detekovana translokace t(4;14)(p16;q32) (Casto ve spojeni se cCastecnou
deleci/monozomii chromozomu 13), jejiz pritomnost méa negativni dopad na piezivani.

Dusledkem této piestavby je zvySeni exprese dvou gent, které jsou lokalizovany v oblasti
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4pl6 — FGFR3 a MMSET. Translokace t(14;16), kterd ovliviluje expresi transkripcniho
faktoru kédovaného genem c-MAF, je sledovana u 5 -7 % pacientd a ma negativni dopad na
progndzu a prezivani (Fonseca et al., 2003; Fonseca et al., 2009).

Zisk/amplifikace dlouhého raménka chromozomu 1 v oblasti 1g21 je nejCastéjsi
strukturni ptestavbou nachdzenou u MM (40 % nové diagnostikovanych a az 70 %
relabujicich pacientt). Casto je detekovana v asociaci s deleci genu RBI v oblasti 13q14
a jeji dopad na prognozu a OS je (stejné jako u této abnormality) neptiznivy. Jednim z gent
lokalizovanych v této oblasti je CKS/B (oblast 1g21.3, gen pro regulac¢ni podjednotku 1B
kindzy CDC28), jehoz zvySend exprese zrychluje proliferaci a hraje tak roli v progresi MM
(Némec et al., 2010; Zhan et al., 2007).

Delece na kratkém raménku chromozomu 17 v oblasti 17p13 je asociovéana s progresi
MM, zkracenim OS a celkové zhorSenou prognédzou v disledku delece supresorového genu
TP53. Ten koduje protein p53, ktery reguluje bunéény cyklus, iniciuje opravu DNA ¢i
apoptdézu buiky pfi neopravitelném poskozeni (Chang et al., 2005).

Vysokorizikovy MM je z hlediska cytogenetickych zmén charakterizovan nalezem
hypodiploidie, monozomie 13 nebo delece genu RBI, del(17)(pl3) a IGH translokace
zasahujici 4p16 nebo 16q23 (Tab. 4) (Fonseca et al., 2003). Decaux et al. (2008) v jejich
studii pozd&ji potvrdili, ze skupina vysoce rizikovych pacient méla Cast&jsi vyskyt delece
13q14, delece 17p13, zisku/amplifikace 1q21 a IGH translokace, zatimco karyotyp pacienta
s nizkym rizikem relapsu (low-risk) byl Casto hyperdiploidni. Pfestoze cytogenetické
analyzy jsou pro ureni progndzy stale vyznamné, genomické techniky vyuzivajici analyzu
genoveé exprese se pro identifikaci pacientli s vysokym rizikem ukézaly jako ucinnéjsi

(Sawyer, 2011).

Tabulka 4 Srovnani medianu OS pacienti rozdélenych podle pfitomnosti ¢i nepfitomnosti specifické

cytogenetické abnormality a vliv na prognézu (Fonseca et al., 2003; upraveno)

Cytogeneticka Median OS s nalezenou | Median OS bez nalezené Vliv na
abnormalita abnormalitou (mésice) abnormality (mésice) prognézu
t(11;14)(q13;q32 50 (37-60) 39 (36-44) poz.
t(4;14)(p16;q32) 26 (21-33) 45 (39-50) neg.
t(14;16)(q32;q23 16 (13-22) 41 (37-48) neg.
del(17)(p13) 23 (20-36) 44 (39-49) neg.
monozomie 13 35 (29-41) 51 (41-57) neg.
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2.8.3 Genomické analyzy

Zjistovani profilu genové exprese (GEP, z angl. gene expression profiling) umoznilo
analyzu raznych gent, které mohou byt zapojeny v patogenezi MM a tim mohou pfispivat
k prezivani pacienti. Prvnim molekuldrnim klasifikacnim systémem byla tzv. TC
klasifikace, kde T v ndzvu predstavuje translokace a C predstavuje cykliny D. Pacienti jsou
zde rozdéleni do osmi skupin na zékladé piitomnosti IGH translokace, specifické trizomie
a odlisné exprese cyklinii D. Timto zpisobem bylo zjiSténo, Ze nejhorsi prognézu maji
pacienti s IGH translokacemi zasahujicimi 4p16 nebo 16q32 a deregulovanou expresi
cyklinu D2 (Bergsagel ef al., 1996).

Zhan et al. (2006) vytvotili klasifikaci, kterd je zalozena na kombinaci GEP,
pfitomnosti translokace nebo hyperdiploidie. V tomto systému byly dvé ze sedmi skupin
spojeny se Spatnou prognozou a vysoce rizikovymi proménnymi — skupina PR vyznacujici
se zvySenou expresi gentl fidicich bunéfnou proliferaci a progresi bunécného cyklu
a skupina MS se zvySenou expresi gent MMSET a FGFR3 (4. translokace zasahujici 4p16).

Prvni validovany prognosticky GEP model byl vytvofen dle hypotézy, Ze extrémni
zmény v genoveé expresi urcité podmnoziny genli jsou spojeny s kratSim prezivanim
pacientli, a profil genové exprese téchto genti tak miize predstavovat vyznamny nezavisly
prognosticky znak. Skupina Dr. Shaughnessyho z University of Arkansas na zakladé této
hypotézy identifikovala panel 70 geni, jejichZ exprese je pozménéna (sniZena nebo zvysena)
pravé u skupiny pacientd s vysokorizikovym MM (zde 13-14 % vSech MM pacientl).
Zajimavym rysem tohoto modelu je vysoké zastoupeni genti lezicich na chromozomu 1 —
témet 50 % z 19 genll se sniZzenou expresi a 30 % z 51 genl vykazujicich jeji zvySeni.
V souladu s diive publikovanymi cytogenetickymi nélezy je poloha gend se zvySenou
expresi v oblasti dlouhého raménka chromozomu 1, tedy v oblasti s Castym vyskytem
amplifikace genetického materidlu, kterd je zaroven spojena s nepfiznivym dopadem na
progndzu a prezivani (Shaugnessy et al., 2007). Procento bunék s amplifikaci oblasti 1921
by podle nékterych studii mohlo byt spojeno s progresi onemocnéni (Hanamura et al., 2006).
Kromé¢ této spojitosti ma skupina vysokorizikovych pacienti souvislost s dal§imi znamymi
klinickymi a prognostickymi parametry — vysoka hladina sérového P2-mikroglobulinu
a kreatininu, delece chromozomu 13 a jiné cytogenetické abnormality s negativnim vlivem
indikujici kratSi pfezivani této skupiny pacientii. Zjednoduseny model vyuzivd pouze 17

genu z pavodnich 70 (s presnosti 97,7 %) (Shaughnessy et al., 2007).
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Model vyuzivajici pro predpovéd prezivani nové diagnostikovanych pacientl jen 15
gentl byl vytvoren francouzskou skupinou The Intergroupe Francophone du Myélome (IFM).
U pacientii s vysokym rizikem je sledovdno zvySeni exprese u genil ucastnicich se fizeni
rozlicnych fazi celého bunééného cyklu (napf. geny fidici kontrolu bunétného cyklu,
replikaci, opravu a sbalovani DNA, mitozu a vytvofeni déliciho vieténka). Ve spojeni
s dal$imi prognostickymi faktory (IGH translokace a sérovy P2-mikroglobulin) miize byt
vyuzit k identifikaci nejvice rizikové skupiny pacientti (Decaux ef al., 2008).

Sledovani homozygotnich deleci (ztrata obou alel) u genii zapojenych do patogeneze
MM miuze také slouzit k nalezeni specifickych GEP s prognostickym vyznamem. Na zakladé
hypotézy, Ze zmény na irovni DNA musi byt spojeny se zmé&nami na Grovni genové exprese,
bylo identifikovano celkem 97 genli spojenych s nepfiznivym dopadem na ptezivani
pacientll. Z tohoto seznamu byly vybrany tfi pary genti (BUBIB versus HDAC3, CDC2
versus FISI, RAD21 versus ITM2B), které jsou po vzajemném srovnani schopny odlisit
jedince s horsi prognozou (Dickens et al., 2010).

Moreaux et al. (2011) ziskali pomoci srovnani exprese geni v lidskych
myelomovych liniich (HMCL, z angl. human myeloma cell lines) a klasifikace do skupin dle
Zhan et al. (2006) sedm gend, jejichz pozménénd exprese by mohla byt znakem pro
negativni prognozu (TEADI, CLECI1IA, LRP12, MMSET, FGFR3, NUDTII a KIAA1671).
Tyto geny vyuZili k vytvofeni jednoduchého systému bodovani pacientii od 0 do 7 a jejich
rozdéleni do tfi skupin s odliSnym dopadem na piezivani. S nejhorsi progndzou je spojena
tieti skupina, ktera vykazuje zménu exprese u 5 nebo vice z téchto gent. AvSak Zadny z nich
nebyl v doposud publikovanych GEP modelech vyuzit. Celkové maji dodnes prezentované
modely pouze malo spoleénych genti (zejména kvili vysoké heterogenité onemocnéni
spojené s heterogenitou v expresi genll), coz pro presné urceni prognozy a rozdéleni pacientli
do skupin, které by byly navzajem srovnatelné, predstavuje znacnou komplikaci.

Doporuceni pro stavajici modely rozdé€lujici pacienty do odlisnych rizikovych skupin
je nasledujici: vySetfeni klinického stadia ISS dle sérového albuminu a f2-mikroglobulinu,
FISH vySetfeni cytogenetickych abnormalit t(4;14), t(14;16), del(17) a zisk/amplifikace
1g21, histologie a doplitkové vysetteni napi. GEP (Munshi et al., 2011). Dalsimi kritérii jsou
v ptipad¢ relabujicich pacienti typ odpovédi na terapii a délka bezptiznakového obdobi
(Hajek et al., 2012).

Tématika vysoce rizikového MM byla zpracovana do ptehledové prace v Casopise

Clinical Lymphoma, Myeloma and Leukemia (Paszekova et al., 2014).
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2.9 Flow cytometrie

Flow cytometrie u MM patifi mezi hlavni vySetfovaci metody a identifikace
imunofenotypu a stanoveni poctu PB se pouziva v diferencidlni diagnostice (Kovéaiova et al.,
2008). Své uplatnéni nachazi 1 pii stanoveni mnozstvi cirkulujicich PB u pacient s noveé
diagnostikovanym onemocnénim, tato hodnota je nezavislym prognostickym faktorem pro
celkové preziti (Nowakowski er al., 2005). Dale se uplatiuje také pii urcovani
pravdépodobnosti progrese asymptomatické monoklondlni gamapatie, v hodnoceni
minimalni residudlni nemoci nebo Uc¢innosti 1écby MM (Kovatova et al., 2008).

Vzhledem k tomu, ze vétSina MM pacienti relabuje 1 v soucasné dobé¢, jsou analyza
odpovédi na 1écbu a detekce minimalni residualni choroby velice dulezité. Zde se ukazuje
velka vyhoda vicebarevné flowcytometrie, kterd poskytuje rychlé a pfesné informace o stavu
pacienta (Silvennoinen et al., 2014).

PB jsou charakterizovany ptfedevSim expresi cytoplazmatického imunoglobulinu
a povrchovych membranovych antigent, jako jsou membranovy glykoprotein 1
plazmatickych bunék (PC-1), antigen 1 rakoviny prostaty (PCA-1), CD38 a CD138. Po
dlouhou dobu byl fenotyp myelomovych bunék povazovan za totozny s fenotypem
normalnich PB. Posléze se ovSem zafaly odhalovat odliSnosti v expresi nckterych
povrchovych znaki (Paiva ef al., 2010).

CDI138 (Syndekan-1) je transmembranovy heparan sulfatovy proteoglykan typicky
exprimovany na PB a je povaZovan za nejvice specificky marker pro PB (Lin et al., 2004).
K jeho expresi dochazi jak na fyziologickych PB, tak i patologickych, a to jiz ve stadiu
prekurzort. Pokud dojde ke ztraté exprese tohoto markeru a jeho uvolnéni do cytoplazmy,
dochazi k apoptoze PB (Kovéiova et al., 2008).

Dal8im zasadnim znakem pro identifikaci vSech typt PB je CD38. Tento marker je
nespecificky a muze byt detekovan na hematopoietickych kmenovych, T a B buikach.

Dal8im dualezitym markerem je CD45. Rané PB tento znak exprimuji, ale v pribéhu
diferenciace na zralé PB jej ztraci a stavaji se CD45- (Paiva et al., 2010).

Pro urceni rozdilu mezi patologickymi a normélnimi PB hraje klicovou roli exprese
markeru CD19 a CD56 (Kovarova et al., 2008). CD56 je adhezivni molekula, jejiz ztrata
muze fungovat jako transmigracni signal a umoznit uvolnéni malignich bunék z KD (Paiva

et al., 2010). Zatimco zralé MM builky jsou jasné odlisné od normélnich diky fenotypu

22



CDI19-CD56+, popiipadé v mensi mife se vyskytujici 1 CD19- CD54- a CDI19+56+,
normalni PB vykazuji fenotyp CD19+CD56- (Paiva et al., 2010).

Dalsi markery, jejichz exprese je omezena predevSim na maligni PB jsou B
lymfocytarni marker CD20, kostimula¢ni molekula T-lymfocyti CD28, CD117 a CD200.
Naopak markery spojované s fyziologickymi PB jsou CD81 a CD27, jejichZz exprese se poji
s lepsi prognézou pacientli (Kovéaiova et al., 2008).

Klonalni PB u MM tedy vykazuji zvysené hladiny CD56, CD86, CD126 a sniZzenou
hladinu u CD38 a CD40 (Pérez-Andrés et al., 2005). Analyza cytoplazmatické exprese
lehkych fetézcl k a A je potiebna k potvrzeni klonality PB (Kovatova et al., 2008).

2.10 Detekce minimalni rezidualni choroby

I kdyzZ je v soucasné dobé MM jiz léCitelnym onemocnénim, velkym problémem je
relaps onemocnéni, ke kterému dochdzi u velké vétSiny pacientd. Minimalni residudlni
choroba (MRD, minimal residual disease) je stav, kdy u pacientii v klinické remisi stéle
ptetrvavaji klonogenni buiiky, jejichz proliferace vede ke klinickému relapsu. Soucasné
pfistupy pro zhodnoceni piitomnosti nddorovych bunék jsou zaloZzeny na morfologickém
hodnoceni vzorku KD a elektroforetickych metodach, které¢ detekuji zmény v séru a hladiné
paraproteinu v moci. Citlivost téchto metod je velice limitovand. I u pacientl dosahujicich
kompletni remise nakonec dochézi k relapsu onemocnéni jako diisledku pfitomnosti MRD.
VétSinou standardnich metod jsou tyto klonogenni buiiky nezachytitelné, ale v€asny zachyt
by vSak mél ptimy vliv na pfeZivani pacienti.

V soucasné dobé se k detekci MRD vyuziva flow cytometrie a PCR, které maji
uplatnéni pro zjiSténi U€innosti 1é€by, porovnani efektivity riiznych lécebnych strategii,
monitorovani pacientli a relapsu onemocnéni. Flow cytometrie je jednodussi, rychlejsi,
levnéjsi, ale méné citlivd. PCR je citlivéjsi a umoZziuje provadét retrospektivni studie
s vyuzitim zamrazené DNA. Detekce MRD u MM pomoci PCR vyuziva amplifikace tumor-
specifického molekularniho markeru, ktery je detekovan v nadorovych ale ne ve zdravych
bunikach. U MM je takovymto markerem piestavba tézkého fetézce imunoglobulinu, ke které
dochazi v pre-B lymfocytech a déle je tato oblast modifikovand v termindlnich centrech
pomoci mechanismu somatické hypermutace. Pti detekci MRD pomoci PCR je vyuzivano
predevsim prave takto vzniklé hypervariabilni oblasti tézkého fetézce imunoglobulinu, jejiz
sekvence slouzi pro ndvrh primert a sond specifickych pro pacienty, které jsou pak

v nasledné PCR reakci schopny detekovat pfitomnost MRD s citlivosti az 10°. PCR produkt
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je pak mozné kvalitativné vyhodnotit jako pfitomnost residudlni choroby. VEasny zachyt
klonogennich bun€k a zvyseni citlivosti detekénich metod povede k lepSimu piezivani
pacientt, rychlejsi detekci relapsu a rychlejsSimu néastupu ucinku 1écby. Sledovani residualni
choroby na molekuldrni urovni pomoci PCR se v soucasné dob& vyuziva u leukémii
i riiznych typil lymfomu pro zjisténi progndézy onemocnéni a je rovnéz dulezitym faktorem
onemocnéni.

Z toho davodu se detekci MRD na bazi PCR prozatim podafilo zavést
a optimalizovat pouze na nékolika pracovistich. Nase skupina byla prvni skupinou v CR,
ktera zavedla detekci MRD na bazi PCR. V ramci studie byly zavedeny jednotlivé kroky
detekce MRD na bazi PCR u pacientli s MM, a to: kvalitativni PCR s vyuZzitim jiZ zndmych
rodin primeri a prace se sekvencemi a detekce specifickych ptestaveb IgH pomoci
bioinformatického nastroje IMGT/V-QUEST, kdy se podafilo stanovit nadorové specificky
marker u 80 % pacientd. Dale design ASO primerti pro nasledné kvalitativni zhodnoceni
pfitomné MRD. A identifikace a navrh specifickych sond pro kvantitativni zhodnoceni
pritomnosti myelomového klonu jednotlivych pacient v 50 % ptipada. Citlivost metody
dosahovala az 10°®.

Dalsi snahou optimalizace PCR detekce MRD u MM bude standardizace celého
postupu prace vzhledem k odbéru vzorki (pfi diagndze, mezi cykly terapie, u pacientl
v remisi), definice prognostick¢é hladiny MRD a zhodnoceni jeji prediktivni hodnoty pro
pteziti. Na zéklad¢ takto ziskanych informaci by bylo vhodné vyvinout databazi genetickych
map, primert, sond a protokolii pro detekci myelomovych klonit a MRD. Tato metoda by tak
méla velkou Sanci stit se nezavislym prognostickym faktorem s Sirokym vyuZzitim
v multicentrickych studiich.

Tato prace byla opublikovana v casopise Biomedical Papers (Sedlatikova et al.,

2014).
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3 Extramedularni forma mnohocetného myelomu

Extramedularni MM (EM) pfedstavuje agresivni formu tohoto onemocnéni s velmi
Spatnou progndzou (Varettoni ef al., 2010; Usmani et al., 2012, Pour et al., 2013). EM byva
diagnostikovan v dobé¢ stanoveni diagn6zy nebo v pribé¢hu MM (Varettoni et al., 2010). Zda
se, ze EM je spojen se sekundarnimi zménami v myelomovém klonu, progresi agresivniho
onemocnéni, Spatnymi prognostickymi faktory a rezistenci k 1é¢bé (Katodritou et al., 2009;
Sheth et al., 2009). 1 kdyZ je EM v soucasné dob¢ velice aktudlnim tématem, prvni zpravy
pochazeji ze 40. a 50. let minulého stoleti, kdy Churg et Gordon (1942) a Hayes (1952)
uvedli vyskyt EM u pacientli s MM. Z jejich poznatkl vyplyva, Ze EM byl pfitomen jesté

pted érou vysokodavkovanych cytostatik a neni tedy novou diagnézou.

3.1 Incidence EM

Existuji rtizné zpravy o incidenci EM. Prvnimi zminkami o tomto onemocnéni jsou
pitevni protokoly, které ukézaly, Ze piiblizné u 70 % pacientt s MM se vyskytovalo
extraskeletalni lozisko (Churg et Gordon, 1942; Hayes et al., 1952). Tyto nalezy byly
popsany jesté pred zavedenim chemoterapie, ale 1 tak se vyskyt EM zda byt velmi vysoky.
Thomas et al. (1957) uvadi 40% vyskyt EM v jatrech pii pitvé v sérii 64 pacienti s MM.

S vyvojem lepSich zobrazovacich systémii byl EM diagnostikovan v pribchu Zivota
a uvadény vyskyt nalezu byl mnohem niz§i. V nedavnych studiich byl vyskyt EM popsén u 6
— 20 % pacientl v pribéhu onemocnéni (Varretoni et al., 2010) a az 37 % u pacientli po
alogenni transplantaci (Perez-Simon et al., 2006), ale existuji 1 zpravy udavajici nizkou
incidenci a to kolem 9 - 14 % (Alegre et al., 2002). Nov¢jsi studie (Wu et al., 2009;
Varretoni ef al., 2010) uvadéeji, Zze EM se v 68 az 85 % objevuje pii diagnoze a vyskytuje se
jako infiltrace m&kkych tkani spojend s kostnimi lézemi.

Dalsi rozsahla studie, kterou zvefejnila skupina z University of Arkansas,
analyzovala pacienty mezi lety 2000 - 2010, kteti vykazovali EM v dobé diagn6zy MM nebo
pii progresi onemocnéni/relapsu. Vyzkumna skupina analyzovala 936 pacientd podle
protokolu ,.total therapy* (TT), 240 pacientli podle ,,non — TT* protokolu a 789 pacientii
lécenych mimo protokol (n = 1965). Celkové byl primarni EM (v dobé diagndzy)
zdokumentovan u 2,41 % TT pacientd, 4,35 % u non-TT pacientt a 4,5 % pacientt 1é¢enych
mimo protokol. Vyskyt sekundérniho (pii progresi onemocnéni/relapsu) EM u pacientii po 5

letech od transplantace autolognimi kmenovymi buiikami byl dokumentovan v ptipadé 3,43
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% TT pacientti, 5,2 % non — TT pacientd a 7,24 % pacientd léCenych mimo protokol

(Usmani et al., 2012).

3.2 Mista vyskytu a typy EM

Vétsina autorti rozliSuje dvé skupiny EM: prvni skupina je charakterizovana pfimym
rozSitenim extramedularniho néalezu z kosterniho nadoru, zatimco druha je vysledkem
hematogenniho Sifeni (Blade et al., 2011). EM muzZe ovlivnit jakoukoliv tkan, ale mezi
nejCastéji zasazené organy patii pohrudnice, lymfatické uzliny, mékké tkané, jatra, kiize,
plice, urogenitalni trakt, prsa a pankreas (Varettoni et al., 2010). Usmani et al. (2012) jako
primarni EM oznacuji extramedularni lozisko nalezené pti diagnéze MM a sekundérni jako
extramedularni lozisko diagnostikovano v dobé relapsu MM. Jako nejcastéjsi mista vyskytu
primarniho EM uvadi hrudni sténu, lymfatické uzliny, kizi, m€kké tkdné a paraspinalni

prostor, zatimco sekundarni EM byl nejcastéji nalezen v jatrech.

3.3 Prognoza EM

Ptitomnost EM je spojen s agresivnim typem onemocnéni, coZ vede ke zkraceni OS
a preziti bez progrese (PFS). Varretoni et al. (2010) ukazali zmény celkového pteziti u MM
pacientl v letech 1971 az 1999, které se ménilo ndsledovné: 32 mésicti v letech 1971-1993,
45 mésict v letech 1994-1999 a 54 mésict v letech 1994-1999. Nicméné pacienti s EM méli
kratSi PFS nez pacienti s MM bez EM relapsu (18 vs. 30 mésict, p = 0,003), ale median OS
nebyl statisticky vyznamné odlisny. Incidence EM meéla negativni prognosticky dopad na
OS a PFS i po tprave na veék, pohlavi a stupeni stadia nemoci (Varettoni et al., 2010).

Existuje stale vice dukazli, ze EM je spojen se sekundarnimi zménami, progresi
agresivniho onemocnéni, $patnymi prognostickymi faktory a rezistenci k 1écbé (Oriol, 2011).
Nova data také naznacuji, Ze EM piedstavuje subklon nadoru, ktery ziskal sekundarni
mutace, zejména delece genu TP53, coz zpusobilo, Ze se tento klon stal vice rezistentni
k 1é¢b¢ (Oriol, 2011).

Usmani poukdzal na kratsi OS u pacientii s primdrnim EM nez u pacientd s MM (31
% vs. 59 % po 5 letech, p < 0,001), jakoz i kratsi PFS ve vsech tfech 1écebnych skupinach
(50% vs. 21% po 5 letech, p < 0,001). Kumulativni incidence EM 5 let po transplantaci (kdy
data o primarnim a sekunddrnim EM byla spojena) byla zvySena u vysoce rizikovych
pacientti definovanych pomoci metody GEP (10,8 % vs. 2 %, p < 0,001) a u pacientt s pred
transplantacnimi cytogenetickymi abnormalitami (7 % vs. 4,1 %, p = 0,004). Nizka hladina
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hemoglobinu a trombocytl stanovena pied transplantaci byla spojena se zvySenym vyskytem

EM ve vSech tiech skupinach pacientt (8,9 % vs. 3,4 % a 8,6 % vs. 3,4 % , p <0,001).

3.4 Molekularni mechanismy EM relapsu

V soucasné dobé¢ existuje jen velmi malo publikaci, které¢ se snazi charakterizovat
molekuldrni mechanismy EM. VétSina védeckych pracovist’ publikuje své poznatky na
zaklad¢ testovani malého mnoZstvi vzorkl, z téchto divodi nejsou presné molekuldrni
mechanismy stale znamy.

Je zteymé, ze pti EM relapsu je vyrazné snizena zavislost PB na mikroprostiedi KD,
protoze PB jsou schopny ptfezivat i mimo KD. Na ptezivaini PB mimo KD se podileji
zejména zmény v signalni draze chemokinového CXC receptoru 4 (CXCR4), ktera je
dilezitd pro usidleni a expanzi bunék MM. Béhem adheze PB ke stromatu KD, dochézi
k expresi molekul very late antigen-4 (VLA-4), CD56 a CD44, které interaguji s receptory
na povrchu endotelovych bunék KD, jako napt. adhezivni molekula vaskularnich bunék 1
(VCAM-1). Existuje také n€kolik chemokinti a chemokinovych receptort, jako jsou CCRI1,
CCR2 a CXCR4, které jsou dilezité pro migraci a adhezi bunék MM. Zda se tedy, Ze
existuje nckolik mechanismi, které umoziuji extrameduldrni Sifeni PB, jako je sniZeni
exprese adhezivnich molekul, snizena regulace chemokinovych receptorti, zmény tykajici se
angiogeneze VEGF, matrixové metaloproteinazy (MMP-9) a dalSich faktorti a mutace v NF-
kB signalni draze (Blade et al., 2011). V posledni dobé bylo prokazano, ze thalidomid
indukuje snizenou regulaci CXCR4 a jeho ligandu, které jsou kritické pro usidleni bunck
MM - je tedy mozné, Ze thalidomid by mohl usnadnit extrameduldrni rast bunék MM
prostiednictvim ztraty stromalnich bunéénych interakci. Thalidomid také sniZuje regulaci
CDS56, dalsiho faktoru dilezitého pro usidleni MM bunék v KD (Ali et al., 2007).

EM je pravdépodobné dale spojen s biologickymi zménami v samotném klonu bun¢k
MM. Sheth et al. (2009) ukézali asociaci mezi expresi TP53, CD56 a Ki-67 a EM relapsem.
Inaktivace p53 je spojena s vice agresivnim onemocnénim, s rezistenci na chemoterapii
a hor§im OS pacientli s MM (Neri ef al., 1993) a navic byla popséna akumulace p53 v jadru
PB EM. CD56 je adhezivni molekula nervovych bunék, ktera hraje dileZitou roli v bunécné
adhezi a migraci. U EM byla zjisténa zvySena exprese Ki-67, snizena regulace CD56
a delece TP53 (Shethet et al., 2009). Také dalsi vyzkumna skupina potvrdila snizenou
regulaci CD56 ve vzorcich EM (Dahl et al., 2002), nicmén¢ v jiné studii byla CD56 spole¢né

s CCND1 nadmérné exprimovany v EM vzorcich ve srovnani s MM vzorky (Kremer et al.,
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2005). Dale lze ptedpokladat, ze aktivacni mutace genu RAS hraji roli v Sifeni EM nadori
(Rasmussen et al., 2005).

Ve velké studii 764 nové diagnostikovanych pacienti s MM byly identifikovany
komplexni genomové piestavby u 1,3 % pacientl a tito pacienti vykazovali medidn OS 12
mésici (Magrangeas et al., 2011). Zejména oblasti 1q a 16q mé&li nejvetsi pocet kopii
pfestaveb. K chromotrypsis (tfisténi chromozoému) dochdzi pii diagndze, coz u téchto
pacientll zna¢i Spatnou prognézu. Je mozné, ze pacienti s chromotrypsis pii diagnoze
pfedstavuji odliSnou biologickou entitu na rozdil od pacientl, ktefi pfeZiji vice nez 10 let
(Wirk et al., 2013).

Existuje pouze n¢kolik studii, které peclivé analyzovaly morfologii a cytogenetiku
PB v extrameduléarnich loziscich. VétSina ¢lankt ukazuje, ze tyto buiikky maji nezralou nebo
plasmablastickou morfologii (Katodritou et al., 2009). Jiné skupiny neukazaly Zadné rozdily
mezi cytogenetickymi abnormalitami nalezenymi v PB buitkdch KD a v extramedulérnich
loziscich (Rosinol et al., 2009).

Tématika extrameduldrniho relapsu byla zpracovana do prace Pour et al. (2013)
v Casopise Haematologica, ktery se zabyval incidenci, piezitim a aberacemi u pacienti s EM
relapsem. Piitomnost EM relapsu byla prospektivné hodnocena u vSech pacientd lé¢enych na
IHOK FN Brno pro relaps MM od roku 2005 do roku 2008. Z analyzy byli vylouceni vSichni
pacienti, kteti méli EM loziska nebo prokazanou infiltraci parenchymatoznich organi
klonalnimi PB jiz pfi stanoveni diagnozy MM. Celkem bylo hodnoceno 226 relabovanych
pacientii. Median véku cinil 60,8 let (27,9 - 83,5 let), median sledovani pacientt byl 3,7 let
(0,1 —22 let).

EM relaps byl verifikovan pomoci zobrazovacich metod (ultrazvuk, pocitacova
tomografie (CT), magneticka rezonance (MRI). Pokud se jednalo o loZisko dostupné odbéru
v lokalni anestezii, bylo provedeno i cytologické hodnoceni aspiratu z loziska nebo
histologické hodnoceni bioptického vzorku k prikazu klondlnich PB. Za EM relaps byl
povazovan nalez patologickych mékkotkanovych hmot na MRI ¢i CT nejcastéji v oblasti
souvisejici s osovym skeletem u pacientli s jinymi projevy relapsu/progrese MM, nebo nalez
klonalnich PB v cytologickém nebo histologickém hodnoceni vzorku z loziska.

Pacienti s EM relapsem byli rozd¢leni do dvou skupin: 1) EM-S (soft-tissue related)
- pacienti s EM relapsem, u nichz nebyla prokdzana souvislost mékkotkanovych lozisek
s kosterni tkéni ¢i difuzni infiltraci parenchymat6znich organd. 2) EM-B (bone-related) -

pacienti s EM relapsem s loziskem klonalnich PB, které vyrustalo ze skeletu.
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Zhodnoceno bylo celkové pieziti pacientl, doba vyskytu a lécba pfedchazejici EM
relapsu v obou skupinach pacientii. Lécba pacientll byla velice heterogenni, nicméné vSichni
pacienti byli v pribéhu choroby léceni thalidomidem nebo bortezomibem. Pro 1écbu EM
relapsu byl standardné pouzit 1écebny rezim, ktery obsahoval novy Iék, ktery nebyl dosud
pouzit standardn¢ v kombinaci s cytostatikem a kortikoidy. Pokud byl k dispozici §tép a stav
pacienta to umoznoval, byl podan vysokodavkovany melfalan. Pro 1écbu EM byly tedy
pouzity thalidomid (v 33 %), bortezomib (v 38 %) nebo lenalidomid (v 5 %) obsahujici
rezimy a u 42 % patient byl pouzit i vysokodavkovany melfalan s podporou autologniho
Stépu.

Hodnoceno bylo 226 relabovanych MM pacientli. EM relaps byl prokézan u celkem
24 % (55/226) nemocnych. U 58 % (32/55) z téchto pacient nebyla prokazana souvislost
EM s kosterni tkani. Zaznamenali jsme postizeni téméf vSech organu. Nejcastéji bylo
pozorovano solidni nddorové lozisko zasahujici do kiize a podkozi u 40 % (22/55) pacientt.
Celkem 42 % (23/55) pacienti mélo EM myelomova loziska souvisejici s kosterni tkani,
nejcastéji byla takto postiZzena patef a to u celkem 33% (18/55) pacientd.

EM relaps/progrese se vyskytl piekvapivé Casné v pribéhu choroby. V prvnim
relapsu bylo zaznamenano EM postiZeni u 53 % (29/55) pacientl, ve druhém relapsu u 33 %
(18/55). A pozdé&ji v pribéhu choroby pouze u 14 % (8/55) pacientd. Mezi skupinami EM-
S and EM-B nebyl pozorovan rozdil v dob¢, kdy se EM postizeni objevilo, p = 0,868.
U obou skupin bylo vice nez 50 % pacientli postizeno jiz v prvnim relapsu.

Pted vznikem EM relapsu/progrese bylo konven¢nimi chemoterapeutickymi rezimy
léceno 20 % (11/55) pacientli, reZim obsahujici thalidomid byl pouzit u 38 % (21/55)
pacienttl, rezim s bortezomibem melo 29 % (16/55) pacientli a vysokodavkovany melfalan
s autologni transplantaci perifernich kmenovych bunék byl pfed vznikem EM postizeni
pouzit jako 1é¢ebna varianta u celkem 53 % (29/55) pacientli. Ve skupiné pacienti EM-B
byly pozorované numerické rozdily v podaném typu 1é€by (konvencni terapie 26 % vs 16 %;
bortezomibem 22 % vs 34 %), rozdily vSak nebyly statisticky signifikantni (p = 0,669).

Medidn OS vsSech 226 pacientl ¢inil 89,5 mésict a rozdil mezi nemocnymi bez EM
relapsu/progrese (76 %; 171/226) a s EM relapsem (24 %; 55/226) byl statisticky vyznamny
(median 109 vs. 38 mésict; p < 0,001). Ve skupin€ 55 nemocnych s EM méla signifikantné
krat§i median OS podskupina nemocnych s EM-S (median 30 vs. 45 mésict, p = 0,002).

Median OS od stanoveni diagnézy EM relapsu/progrese ¢inil u vSech 55 pacientt 8
meésict a byl vyznamné nizsi v podskupiné nemocnych s EM-S (4 vs. 12 mésice, p = 0,006).

U pacientll s EM byla zaznamendna 1é¢ebnd odpovéd’ (ORR, z angl. overall response rate)
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pouze u 24 % (13/55) nemocnych, z toho kompletni remise u 5 % (3/55) a u 19 % (10/55)
parcidlni remise. Doba do progrese u téchto pacientl vSak cinila pouhych 5,4 mésict.
Lécebné vysledky nezavisi na podané 1€¢bé a jsou velmi Spatné, nebyl nalezen signifikantni
rozdil (p = 0,412), vypovédni hodnota je vSak limitovana velikosti souboru.

Dal$im tématem této casti byly mozné zmény v expresi 15 vybranych gent
u pacienti s EM relapsem ve srovnéni s pacienty s vysokorizikovym MM podle publikace
Dr. Shaughnessyho, ktera vychéazela z toho, ze EM relaps je mozbé povazovat za nejvice
rizikovou formu MM. Devét pacienti s EM relapsem, u kterych byl k dispozici jak nador
(TU) tak KD, a 9 pacientli s vysokorizikovym (HR) MM bylo zahrnuto do této ¢asti prace.
Jako vysokorizikovi byli identifikovani ti pacienti, ktefi prodélali relaps béhem 2 let od
zjisténi diagndzy. Pacienti s EM relapsem byli identifikovani v rdmci pfedchozi studie.

Statisticky vyznamné rozdily byly nalezeny mezi tfemi skupinami vzorkid — PB KD
u vysokorizikovych pacientti (HR) oproti PB KD u pacienti s EM, PB KD u HR pacientii
oproti PB TU u pacienti s EM a PB KD u pacientli s EM oproti PB TU u pacientii s EM.
V prvnim srovnani genové exprese PB KD u HR pacientl proti PB KD u pacientii s EM byl
vyznamny rozdil v expresi stanoven pouze u 4 gent. Ve druhém srovnani byly nalezeny také
4 geny se signifikantnimi zménami exprese mezi PB KD u HR pacienti oproti PB TU
u pacientll s EM. Tteti srovnani genové exprese mezi PB KD u pacientii s EM oproti PB TU
u pacienti s EM odhalilo nejvétsi podil statisticky vyznamnych rozdili a to hned u 9 z 15
gentl.

IkdyZ je tento soubor pacientil velice maly, ukazuje na rozdily v genové expresi mezi
skupinami myelomovych pacienti a s nimi souvisejici heterogenitu MM. EM relaps
pfedstavuje pokrocily stav maligni transformace onemocnéni a ztrata zavislosti na
mikroprostfedi KD znac¢i dal§i zmény genomu. Vzorky EM z TU nachazejici se mimo
prostiedi KD vykazuji odliSnou genovou expresi oproti vzorkiim ziskanym u EM pacientt
pfimo z KD, zejména z divodu vyssi agresivity tohoto ,.klonu* bunék. Jelikoz byl nalezen
pomérné velky pocet statisticky vyznamnych rozdilti v expresi mezi skupinami PB z KD
a PB z TU u pacientd s EM, zda se, ze se opravdu jedna o odlisné klony.

Tato &ast prace byla zpracovana v &lanku v ¢asopise Biomedical Papers (Sevéikova

etal., 2015).
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4 MikroRNA

MikroRNA (miRNA) jsou kratké, nekodujici, 21-25 nukleotidi dlouhé
jednotetézcové molekuly RNA, které reguluji genovou expresi u rostlin 1 zivocicht (Clarke
et al.,2007)

Aby mohla byt kratkda RNA oznacena za miRNA, musi spliiovat néasledujici kritéria:
musi byt jednozna¢né identifikovatelnd pomoci Northern blotu, musi se vyskytovat
v kmenové casti vlasenkoveé, asi 70 nukleotidii dlouhé prekurzorové struktury, sekvence
kratké RNA a jejiho prekurzoru musi byt fylogeneticky konzervovana a inhibice klicovych
ribonukleaz v biogenezi miRNA musi vést k poklesu hladin kratké RNA a k akumulaci jeji
prekurzorové struktury (Ambros, 2000; Slaby et Svoboda, 2012).

MiRNA jsou negativni regulatory a funguji dvéma zplsoby v zavislosti na stupni
komplementarity mezi miRNA a cilovou mRNA. Za prvé, miRNA se mohou vazat
s dokonalou nebo témé dokonalou komplementaritou k protein-kodujicim mRNA
sekvencim a tim indukuji RNA-zprostfedkovanou interferenéni (RNA1) drahu. Stru¢né
feCeno, mRNA transkripty jsou Stépeny ribonukledsami v multiproteinovych RNA-
indukovanych komplexech (miRISC), coz vede k degradaci cilovych mRNA. Tento
mechanismus miRNA-zprostfedkovaného uml€ovani exprese gent je béZzny u rostlin (Llave
et al., 2002), ale vyskytuje se 1 v sav¢ich bunikach (Yekta ef al., 2004). Nicméné u vétSiny
zivociSnych bun€k prevlada druhy mechanismus genové regulace, ktery nezahrnuje Stépeni
cilové mRNA, ale pouze jeji uml€eni. Tyto miRNA se vdZou s netiplnou komplementaritou
na 3' nepiekladané oblasti (UTRs) jejich mRNA cile a cilené potlacuji genovou expresi post-
transkripéné, zfejmé na urovni translace, prostfednictvim komplexu RISC, ktery je podobny
(nebo mozna totozny) s komplexem drahy RNAi (Olsen et Ambros, 1999). miRNA pak
vyuzitim tohoto mechanismu snizuji hladiny proteintt bez ovlivnéni hladiny mRNA.
Nicméné se ukazuje, Ze 1 neliplné komplementarni miRNA mohou také indukovat mRNA
degradaci (Bagga et al., 2005; Lim et al., 2005).

MiRNA byly objeveny u Caenorhabidtis elegans roku 1993 (Lee et al., 1993).
Mnozstvi popsanych miRNA u vSech organismii roste exponencidlné a jejich pocet je
obsazen v internetové datab4dzi miRBase. Doposud bylo popsano 28 645 miRNA (nejnovéjsi
verze 21, ¢erven 2014, www.mirbase.org).

Ptiblizn¢ polovina z anotovanych lidskych miRNA je mapovana do fragilnich mist
chromozomt, coz jsou oblasti genomu, které jsou spojeny s rtiznymi lidskymi néadory.

Nedavné dukazy naznaCuji, Ze miRNA mohou fungovat jako nddorové supresory
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a onkogeny, a proto jsou oznacovany jako "oncomirs". Faktory, které jsou potiebné pro
biogenezi miRNA, jsou rovnéZ spojovany s riznymi typy nadorti a mohou samy fungovat
jako nadorové supresory a onkogeny. Déle bylo zjisténo, Ze subtypizace a klasifikace nadora
do urcitych podskupin pomoci jejich miRNA profilti je pfesnéj$i nez pomoci expresnich
profild protein-kodujici genti. Praveé rozdily v expresi ur€itych miRNA v riiznych typech
nadort by se mohly stat velice uzite¢nym nastrojem pii diagnéze a 1écb¢ rakoviny. Genové
terapie vyuzivajici miRNA by mohly byt posléze vyuzity k zamezeni progrese nddoru.
Ptikladem slibnych kandidati pro 1é¢bu rakoviny mohou byt let-7, ktera negativné reguluje
Ras nebo miR-15 a miR-16, které negativné reguluji BCL-2 (Esquela-Kerscher et Slack,
2006).

V soucasnosti zacina byt vyznam miRNA plné docenovan, probiha klinické testovani
miRNA jako novych Iékii pro lécbu hepatitidy C (Miravirsen). Miravirsen je specificky
inhibitor miR-122, coz je specificka jaterni miRNA, kterd je nezbytné nutnd pro replikaci
viru hepatitidy C. Miravirsen tedy odstraniuje molekulu, kterou virus potiebuje k replikaci.
Ptredpoklada se, ze tato terapie zabrani vzniku resistence viru k tomuto novému typu terapie.

Virus hepatitidy C je zndmy vysokou rychlosti vzniku mutaci (www.santaris.com).

4.1 Biogeneze miRNA

MiRNA jsou pfevazné transkribovany pomoci RNA-polymerazy II jako pri-miRNA
(primarni miRNA), dlouhé prekurzory, které na koncich obsahuji ¢epicku a polyadenylovy
konec (Obr. 7). Pri-miRNA jsou zpracovany v jadie pomoci enzymu Drosha a proteinu
Pasha (také znamy jako DGCRS), do zhruba 70nukleotidovych pre-miRNA, které se sklada;ji
do nedokonalych struktur vlasenek se smyckou (Basyuk et al., 2003; Lee et al., 2003). Pre-
miRNA jsou pak exportovany do cytoplazmy pomoci GTPdependentniho transporterového
proteinu exportin 5 (Lund ef al., 2004; Yi et al., 2003) a podstupuji dalsi zpracovani. Béhem
dal$ich procest je z pre-miRNA odstranéna vlasenka pomoci enzymu Dicer a zlstava pouze
dvoutetézcova RNA o velikosti zhruba 22 nukleotidt (duplex 5p a 3p) (Ketting et al., 2001).
Nasledné je duplex miRNA:miRNA* za¢lenén do miRISC komplexu. Zraly fetézec (vedoucti
fetezec) miRNA je pfednostné udrzen ve funkénim miRISC komplexu a negativné reguluje
své cilové geny, kdezto druhy fetézec je uvolnén a degradovan (Esquela-Kerscher et Slack,
2006). O osudu fetézct rozhoduje stabilita parovani na 5° konci duplexu miRNA: miRNA*
(Slaby et Svoboda, 2012).
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4.2 Cirkulujici miRNA

Nova skupina cirkulujicich miRNA byla nalezena prakticky ve vSech lidskych télnich
tekutinach, jako je plazma, sérum, sliny, mo¢ aj. Tyto miRNA jsou vysoce stabilni a odolné
vici plusobeni RNaz. Je mozné, Ze se tyto extracelularni miRNA ucastni mezibunécné
komunikace, coz by znamenalo, ze miRNA mohou obsahovat specifickou informaci
a mohou byt exportovany dovnitt nebo ven z bunék jako odpovéd’ na biologické podnéty
(Wang et al., 2012). Hladiny specifickych cirkulujicich miRNA by mohly slouZzit jako
biomarkery riznych patologickych stavii, vcetné nadorovych onemocnéni, u kterych
specifické profily cirkulujicich miRNA jsou schopny odlisit zdravé jedince od pacientl
(Wittmann et Jack, 2010) nebo ptimo koreluji s progresi a stadiem nadoru (Menéndez et al.,
2012). Jako markery maji tyto cirkulujici miRNA n&kolik pfednosti: jsou jednoduché,
snadno dostupné a snadno méfitelné standardnimi laboratornimi metodami (Wang et al.,
2012). Zejména u solidnich nadorti byly cirkulujici miRNA popsany jako molekularni
marker nadorové diagnostiky i prognézy (Ng et al., 2009; Wittmann et Jack, 2010).

4.3 MikroRNA u mnohocetného myelomu

Prvni abstrakta zabyvajici se ulohou miRNA v patogenezi MM byla prezentovana

v roce 2005 na setkani Americké hematologické spolecnosti (ASH). Jako prvni byly popsany
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expresni profily miRNA u myelomovych linii a vzorkli pacientli a bylo zjisténo, ze jak
bunécné linie, tak maligni, CD138+ plazmatické buiky pacienti maji odliSnou expresi
nekterych miRNA (miR-125b, miR-133a, miR-1 nebo miR-124a) ve srovnani s PB zdravych
darcti (Masri et al., 2005). Dalsi prace, ve které byla pouzita kvantitativni PCR (qRT-PCR),
popisuje zvysenou expresi let-7a, miR-16, miR-17-5p a miR-19b a naopak snizenou expresi
miR-372, miR-143 a miR-155 u MM pacientli a bunéénych linii ve srovnani se zdravymi
kontrolami (Bakkus et al., 2007). Exprese miR-15 a miR-21 se v této studii vyznamné
neliSila mezi zdravymi darci a nemocnymi, coz je v rozporu s pozd¢jsi studii, ktera
identifikovala miR-21 jako onkogen s antiapoptotickou funkci (Loffler et al., 2007). Pomoci
chromatinové imunoprecipitace bylo zjisténo, ze se STAT3 podili na regulaci exprese miR-
21 v IL-6 zavislych PB po ptidavku IL-6. Zda se, Ze u téchto bunék je transkripce miR-21
kontrolovana pomoci IL-6 a zprostfedkovana aktivaci STAT3, coZ napomédha piezivani
malignich bun¢k. Navic ektopicka exprese miR-21 za nepiitomnosti IL-6 vedla ke sniZeni
apoptozy bunck, coz potvrzuje Gcast miR-21 v procesu apoptozy, kterd je zprostfedkovana
pomoci STAT3 (Loffler et al., 2007).

V pilotni studii, zabyvajici se ulohou miRNA v maligni transformaci PB, byla
pomoci miRNA mikroc¢ipl a nasledné qRT-PCR srovnavana exprese miRNA jak u zdravych
darci, tak u osob s MGUS, pacienti s MM a u bunéénych linii (Obr. §). Byly identifikovany
specifické profily miRNA popisuyjici PB v MM, MGUS a MM liniich, tak transformaci
zMGUS do MM. U MGUS bylo nalezeno 48 miRNA, u MM pacientii jiz 96 odlisn¢
exprimovanych miRNA ve srovnani se zdravymi darci. U obou skupin, MM 1 MGUS, byla
pozorovana zvySena exprese miR-21, klastru miR-106-25 a miR-181a/b, nicméné pouze
u MM byla stanovena zvysSena exprese miR-32 a klastru miR-17-92. Zda se tedy, Ze se tyto
miRNA podileji na progresi onemocnéni a napomahaji transformaci z MGUS do MM

(Pichiorri et al., 2008).
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vyznamné deregulované u jedinci s MGUS a MM ve srovnani se zdravymi jedinci. (Kubiczkova et al., 2012)

V navaznosti na ziskané poznatky byla provedena (u PB zdravych darci a MM
pacientil) srovnavaci analyza expresniho profilu miRNA a expresniho profilu kddujicich
genil (Gene Expression Profiling — GEP), ktera prokazala souvislost mezi globalni zvySenou
expresi miRNA a Spatnou prognézou high-risk MM pacientd (Zhou et al., 2010). Dalsi
studie by mohly podpofit tuto souvislost, jelikoZ bylo pozorovano, ze vyssi viabilita MM
bunék souvisi s vyfazenim z funkce Argonaut (EIF2C2/AGO2) komplexu, ktery je hlavnim
reguldtorem maturace a funkce miRNA a jehoz exprese je zvySend u high-risk MM
(Diederichs et Haber, 2007; Liu et al., 2004). EIF2C2/AGO2 se navic podili na diferenciaci
B-lymfocytti (O'Carroll et al., 2007) a je znam jako marker nadorové progrese u MM
(Shaughnessy et al., 2007). V této studii byla také navrzena hypotéza, ze miRNA mohou
plsobit synergisticky a tim vyznamné pfispivat k progresi MM.

Jind miRNA mikroc¢ipova srovnavaci studie odhalila zvySenou expresi klastru miR-
193b-365 u PB MM pacientti (Unno et al., 2009). Dale byly porovnany expresni miRNA
profily PB MM pacienti s profily normélnich PB a byla zji§téna vyznamné zvySena exprese
miR-222, miR-221, miR-382, miR-181a a miR-181b a sniZzend exprese miR-15a a miR-16
(Roccaro et al., 2009). Gutiérrez et al. (2010) ve své praci porovnali miRNA expresni profil
PB 60 MM pacientti s PB zdravych déarct a pozorovali snizenou expresi 11 miRNA (miR-
375, miR-650, miR-214, miR-135b, miR-196a, miR-155, miR-203, miR-95, miR-486, miR-
10 a miR-196b), z nichZ pouze miR-155 byla jiz diive popsdna v souvislosi s lymfoidnimi
buitkami.

Nedavno publikovana prace popisuje 40 miRNA se snizenou expresi v PB MM

pacientll ve srovnani se zdravymi darci, z nichz 6 miRNA (miR-214, miR-135b, miR-196a,
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miR-155, miR-203 a miR-486) se shoduje s miRNA publikovanymi skupinou Gutiérrez et
al.(2010). Navic vysledky klastrovaci analyzy 54 MM pacientl poukdzaly na 3 miRNA, a to
miR-296, miR-194 a let-71, jejichz zvySena exprese souvisi s lepSim prezivanim pacientl
(Corthals et al., 2011).

Stanovené expresni profily PB MM pacienti nejsou jednotné, nicméné nckteré

miRNA byly potvrzeny ve vice studiich.

4.4 Resistence na 1éky a miRNA u mnohocetného myelomu

Ptitomnost miRNA je také spojovana s rezistenci vic¢i nékterym lékiim. Jak bylo
vyse zminéné, bortezomib patii do skupiny inhibitor proteasomu. Jedna se o dipeptid
kyseliny borité vykazujici protinadorové ucinky (Adams et al., 1999). Bortezomib byl
schvélen k Ié€bé MM v relapsu i pro 1é€bu nové diagnostikovanych pacientti (Hajek, 2009).
V roce 2009 byly popsany expresni drahy miRNA, které souvisi s 1écebnou odpovédi
k bortezomibu. Srovnani expresnich profila linii rezistentnich a citlivych k bortezomibu
odhalilo 22 deregulovanych miRNA, z toho zvySenou expresi mély miR-155, miR-342-3p,
miR-181a, miR-181b, miR-128 a miR-20b, naopak snizena exprese byla pozorovana u let-
7b, let-71, let-7d, let-7c, miR-222, miR-221, miR-23a, miR-27a a miR-29a. Mezi
predikované cile téchto miRNA patii geny zapojené do bunéného cyklu, bunécného riistu,
apoptozy a ubikvitinace. Nasledné, pro stanoveni klinického vyznamu uvedenych miRNA,
byly korelovany expresni profily miRNA PB pacienti rezistentnich a citlivych
k bortezomibu s jejich odpovédi na 1écbu. Bylo zjisténo, ze pacienti citlivi k terapii
bortezomibem méli stejny profil deregulovanych miRNA jako linie citlivé k bortezomibu
a stejné tak profil pacientl rezistentnich k bortezomibu inklinoval k profilu stanovenému na
liniich (Neri et al., 2009).

V dalsi studii, zabyvajici se zménou expresnich profili miRNA béhem ziskané
I¢kové rezistence, byly srovnany modelové expresni profily miRNA mezi MM bunéénymi
liniemi (RPMI-8226 a U266) se ziskanou rezistenci k doxorubicinu a melfalanu a jejich
parentdlnimi liniemi. Vysledky expresni analyzy byly validovany pomoci qRT-PCR
a vyznamné zmény byly pozorovany u miR-21 a miR-181a a miR-181b. Exprese miR-21
byla zvySena u obou klont linii rezistentnich k melfalanu. Ptekvapivé bylo zjisténo, Ze
exprese miR-181a a miR-181b byla snizena u U266 doxorubicin rezistentni linie, ale
zvySena u RPMI-8226 doxorubicin rezistentni linie. Zda se, Ze zmény vedouci k l1ékové

rezistenci jsou ndhodné a efekt miRNA je zavisly na kontextu (Munker et al., 2010).
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4.5 Mechanismus deregulace miRNA u MM

Nové studie, navazujici na ptfedchozi objevy, Castecné vysvétluji mechanismus
deregulace miRNA u MM. Srovnévaci mikro¢ipova analyza miRNA a analyza poctu kopii
(Copy Number Variations — CNV) DNA nebo GEP MM linii objasnily deregulaci
16 miRNA, jejichz geny lezi v oblastech chromozomi, které jsou ¢asto ptredmétem riznych
alelovych zmén u MM. Mezi nejcastéjsi zmény patfily zisky chromozom. Bylo zjisténo, Ze
miR-548-1 se vyskytovala s nejvyssi Cetnosti (94 %) v oblastech zisku chromozomu,
zatimco miR-130b, miR-185, miR-648 a miR-649 (vSechny lezi v oblasti 22q11.21) jsou
zastoupeny v oblastech ztraty chromozomu. Mezi dalsi ¢asto deregulované miRNA pattily
miR-22 lezici v oblasti 17p13.3, miR-106b a miR-25 v oblasti 7q22.1, miR-15a v oblasti
13q14.3, miR-21 v oblasti 17¢23.1 a miR-92b, kterd se nachdzi v oblasti 1q22 (Lionetti et
al., 2009a). Klastr miR-15a/16-1 byl dale podrobngéji studovan a bylo zjiSténo, Ze u pacient
s deleci chromozomu 13 zcela chybi miR-15a a miR-16, nicméné u pacienti bez delece
chromozomu 13 byla exprese miR-15a a miR-16 také vyznamné sniZzend (Roccaro et al.,
2009).

Dalsi studie, srovnavajici CNV s Cipy mapujici jednonukleotidové polymorfismy
(Single Nucleotide Polymorphism — SNP) ukdazala, Ze exprese miR-15a a miR-16 neni
zavisla na statutu chromozomu 13, ale obecné je u MM pacientii exprese zminénych miRNA
zvySend oproti normalnim PB (Corthals et al., 2010).

Byla také nalezena korelace mezi Sesti intragenovymi miRNA a geny, uvnitt kterych
se miRNA nachazeji. Tyto geny jsou deregulovany u MM linii a pacientil, a nékteré jsou
dilezité v patogenezi MM, jako mesoderm specific transcript (MEST) a miR-335 nebo
Ena/vasodilator-stimulated phosphoprotein-like (EVL) a miR-342-3p (Ronchetti et al.,
2008). V jiné praci byla nalezena souvislost mezi 32 intragenovymi miRNA a geny, uvnitf
kterych lezi, n¢které z téchto gent jsou opét vyznamné deregulovany u MM pacientl. Studie
potvrdila jiz vySe zminéné korelace, navic byla zjisténa souvislost mezi genem coatomer
protein complex, subunit zeta 2 (COPZ2) a miR-152 (Lionetti et al., 2009a). Ziskané
vysledky naznacuji, Zze zména poctu kopii genu souvisi se zvySenou expresi jeho
intragenovych miRNA, coz by castetn¢ vysvétlovalo mechanismus zménéné exprese
miRNA u MM.

Jelikoz je myelom velmi heterogenni onemocnéni, pro které jsou charakteristické
komplexni cytogenetické aberace, je velmi pravdépodobné, ze tyto aberace ovliviiuji také

expresi miRNA. V neddavné studii bylo rozdéleno 60 MM pacienti do riznych
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cytogenetickych podskupin na zakladé¢ traslokacnich partnerti IgH genu a statutu RB genu
a tyto podskupiny pacientl byly srovnany s jejich expresi 365 miRNA. Vysledky klastrovaci
analyzy poukazaly na zvySenou expresi miR-1 a miR-133a, které souvisi s translokaci
t(14;16) (Gutiérrez et al., 2010). Zménéna exprese jinych miRNA byla dale popsana
v souvislosti s translokacemi t(4;14), t(11;14) nebo t(14;16) (Gutiérrez et al., 2010; Lionetti
et al., 2009b). Nové bylo popsano 5 miRNA, které byly zvySeny u pacientd s t(11;14) a to
miR-122a, miR-33, miR-489, miR-519 a miR-555 (Corthals et al., 2011).

Dalsi moznosti deregulace miRNA je zména v jejich zpracovani nebo maturaci. Jiz
diive zminéna studie EIF2C2/AGO2 komplexu uvadi, ze ubytek AGO2 souvisi se zastavou
ristu a apoptézou u MM bunék (Zhou et al., 2010). V souladu s tim bylo prokazano, ze
zménénad hladina enzymu Dicer, ale ne enzymu Drosha, miize souviset s progresi MM.
Autofi pozorovali podobnou hladinu enzymu Dicer u PB zdravych déarct a pacientl
s MGUS, ktera je vSak vyznamné zvySend oproti SMM (Smouldering MM) a MM
pacientim. Navic bylo pozorovéno, Ze skupina pacientli s vyssi hladinou enzymu Dicer méla
delsi dobu do progrese (Sarasquete et al., 2011).

Zminéné vysledky jsou vSak v rozporu s neddvno provedenou studii, ve které¢ nizsi
exprese genu DICERI1 u skupiny MM pacientii souvisi s del§i dobou do progrese nemoci
(Corthals et al., 2011). Zda se tedy, Ze regulacni mechanismy ovliviujici jak miRNA
maturaci tak jejich funkci se mohou podilet na zménéné expresi miRNA, dalsi studie urcité

pomohou objasnit zminéné nesrovnalosti.

4.6 miRNA ovliviiujici kritické geny u MM

Mnoho védeckych skupin se zabyvalo otazkami, jak dilezité jsou z funkcniho
hlediska zmény v expresi miRNA a jak tyto zmény souvisi s patogenezi MM. Pro
zodpovézeni téchto otazek jsou vyuZzivany rizné piistupy od predikce cilovych genli pomoci
in silico modell az po pokusy s transgennimi zvifaty.

Je znamo, ze kodujici geny, které se podileji na procesu kancerogeneze u MM, jsou
cilem pro deregulované miRNA. Bylo prokazano, Ze klastr miR-17-92, nachdzejici se
v oblasti 13q31-32, ovliviiuje expresi genu PTEN, genu pro transkripéni faktor E2F1 a BIM
(Ventura et al., 2008; Xiao et al., 2008). U transgennich mysi se zvySenou expresi tohoto
klastru v lymfocytech byly pozorovany lymfoproliferativni a autoimunitni onemocnéni
a Casna umrti. Dale bylo zji$téno, Ze purifikované mysi CD4+ lymfocyty se zvySenou

expresi miR-17-92 obsahovaly sniZzené mnozstvi proteini Pten a Bim, coZ naznacuje, Ze
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miR-17-92 klastr ovliviiuje tyto naddorové supresory (Xiao et al., 2008). Brzy nato byla
publikovéna dalsi studie, ve které bylo prokdzano, ze zminény klastr je nezbytny pro vyvoj
B-lymfocytti. Neptitomnost miR-17-92 vedla ke zvySené hladin€ pro-apoptotického proteinu
BIM a tim k zastavé vyvoje z pro-B do pre-B stadia (Ventura et al., 2008). Zda se tedy, ze
zvySend exprese miR-17-92 negativné reguluje zminéné nddorové supresory a prispiva
k transformaci PB a progresi MM.

Predikce in silico také ukdzala, Ze cilem miR-21 a klastru miR-106-25 jsou mezi
jinymi nadorové supresory PTEN, BIM a p21, a proto je pravdépodobné, Ze se tyto miRNA
mohou podilet na vyvoji plné rozvinutého myelomu (Pichiorri et al., 2008).

Jind miRNA, miR-19a/b, ovliviluje drdhu STAT-3/IL-6, ktera je dulezita
v patogenezi MM. Bylo prokazano, Ze miR-19a/b pfimo ovliviiuje suppressor of cytokine
signaling-1 (SOCS-1, negativni regulator IL-6), a tim pfispiva k jeho ¢asté deregulaci u MM
bunék (Pichiorri ef al., 2008). Také miR-21 zminéna vyse plisobi jako onkogen a podili se na
regulaci této drahy (Loffler et al., 2007).

Jak jiz bylo zminéno dfive, miR-15a a miR-16-1 lezi v oblasti chromozomu 13q14.3,
ktera je deletovana u vice nez 50 % pacientti s MM. Tato delece je povaZzovana za primarni
mutaci, kterd se podili na patogenezi MM (Fonseca et al., 2004). miR-15a/16 jsou
povazovany za nadorové supresory podilejici se na proliferaci MM bunék in vitro 1 in vivo
tim, Ze inhibuji AKT serin/treonin proteinovou kindzu (4K73), ribosomalni protein S6, MAP
kinazy a NFkB aktivator MAP3KIP3 (Roccaro et al., 2009). Déle bylo prokazano, Ze miR-
15a/16 nejen reguluji expresi genli bunécného cyklu, jako jsou cykliny D1 a D2, dale
CDC254, ale rovnéz ovliviiuji expresi gend spojenych s apoptdézou: BCL-2 nebo MCL-1
(Ageilan et al., 2010). Navic ektopickd exprese miR-15a/16 negativné reguluje angiogenezi
pomoci VEGF (Roccaro et al., 2009). Nedavno byla popséna tloha miR-15a/16
v mikroprosttedi kostni dfené. Bylo zjisténo, ze exprese miR-15a/16 je v MM bunkach po
ovlivnéni cytotoxickymi latkami vyssi. Nicméné, po interakci téchto bunék se stromalnimi
bunikami kostni dfen¢ odvozenymi od MM (MM-BMSC) pacienta, byla pozorovana sniZzena
exprese miR-15a/16 u myelomovych bunék. Duvodem byla zvySend produkce IL-6
stromalnimi bunkami, ktery inhiboval expresi zminénych miRNA. Zda se tedy, ze
mikroprostiedi je dulezité pro pieziti MM bunck a chrani je pfed plsobenim léki pomoci
sekrece IL-6, ktery inhibuje expresi miR-15a/16 (Hao et al., 2011).

Nové publikované prace se dale zaméfuji na vztah miRNA k nadorovému supresoru
p53. Vysledky screeningové metody umoziujici identifikovat miRNA, které negativné

reguluji signalizaci p53 pomoci pfimé interakce s genem 7P53 naznacily, ze miR-25 a miR-
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30d mohou ovlivilovat p53. Navic byla exprese miR-25 a miR-30d zvySena v PB MM
pacientll a u miR-25 zvySend exprese korelovala se snizenou expresi mRNA TP53 (Kumar et
al., 2011). Také miR-181a byla popsana jako negativni reguldtor exprese genu TP53, coz
potvrzuje spojitost mezi p53 a aberantni miRNA expresi (Pichiorri et al., 2010). Je znamo,
ze miR-34a je transkripcnim cilem p53 zprostiedkovavajicim apoptézu (Lodygin et al.,
2008). U MM pacientli byla pozorovana hypermetylovand miR-34a v oblasti 1p36. Jelikoz
se krevnich naddorovych onemocnéni nevyskytuje mutace TP53 tak Casto, jako u solidnich
nadorti, mohla by hypermetylace miRNA c¢astecné vysvétlit dysregulaci p53 signalizace
(Chim ef al., 2010). V dalsi studii byla nalezena sniZena exprese miR-192, miR-194 a miR-
215 u ¢asti novych diagnéz MM pacientii. Dalsi pokusy in vitro prokazaly, Ze pii pouziti
molekularnich inhibitord MDM?2 mohou byt tyto miRNA transkripéné aktivovany pomoci
p53 a posléze modulovat expresi MDM?2. Je tedy patrné ze miR-192, miR-194 a miR-215
ovlivitluji MDM2/TP53 regulacni osu a kontroluji rovnovahu mezi MDM2 a p53. Navic
miR-215 a miR-192 ovliviiuji signalni drahu IGF a tim zabraiuji zvySené migraci PB do KD
(Pichiorri et al., 2010).

Béhem poslednich let bylo provedeno mnoho studii srovnavajicich globalni profil
CD138+ PB MM pacienti a zdravych darci pomoci raznych high-throughput
screeningovych metod, od oligonukleotidovych ¢ipli az po qRT-PCR profilovani. Kazda
z metod ma své silné a slabé stranky poskytujici rozdilné vysledky, ke kterym navic pfispiva
velka heterogenita onemocnéni. Obecné bylo doposud ve vétS§iné praci u myelomu
identifikovano vice miRNA se zvySenou expresi u PB neZ se snizenou expresi. Vyjimkou je
prace Guttiérez et al.(2010), kterd popisuje vice miRNA se snizenou expresi.

Déale miizeme fici, ze ani identifikace jednotlivych miRNA neni jednotna, coz muize
byt zptisobeno nékolika faktory. Za prvé je v kazdé studii rozdilny soubor pacientii a kontrol
arozdilnd velikost souboru. Jak jiz bylo zminéno, je MM velmi heterogenni onemocnéni
a kazdy pacient mé jinou kombinaci genetickych mutaci a cytogenetickych aberaci, coz se
muze projevit na rozdilné subklasifikaci do skupin ve srovnani se zdravymi dérci. Za druhé,
pacienti mohou mit v riznych stadiich onemocnéni odlisné profily miRNA. Na ptiklad miR-
15 byla popsana jako zvysena u novych diagnéz, ale snizend u relapst (Pichiorri ef al., 2008;
Zhou et al., 2010). V neposledni fadé¢ se na odliSnostech podileji rozdily ve zpracovani
vzorku, purifikaci PB, extrakci miRNA a déle rozdilné mikro¢ipové platformy a riizné verze
cipt.

Dnes jiz vime, ze zménénd exprese miRNA u MM miuze byt z pficin genetickych,

cytogenetickych nebo epigenetickych. Byly také popsany specifické miRNA charakterizujici
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progresi MM, lepsi prognézu nebo rezistenci k 1ékiim. Mechanismus deregulace neni zatim
pfesné zndmy, vime jiz, Zze v pozadi stoji jak zména v cilovém genu pro miRNA, tak zmény
v poctu kopii lokusti, ve kterych se nachazi miRNA, defekty v biogenezi miRNA
a epigenetické zmény. Snahou dalSich studii by mélo byt objasnéni komplexity regulace
miRNA a identifikace terapeutickych cilt.

Tato Cast prace byla zpracovana do kapitoly v knize MikroRNA v onkologii
(Kubiczkova et al. in: Slaby et al., 2012).

4.7 Cirkulujici mikroRNA u MM

Nase prace se v soucasné dobé soustied’uje na cirkulujici miRNA u MM. Vzhledem
k tomu, Ze vétSina vySetfeni pro detekci relapsu nebo onemocnéni se provadi z kostni dien¢,
je nutné najit markery, které by byly snadno dostupné, moznost odbéru by minimalné
zatézovala pacienta a byly by opakovateln¢ odebiratelné.

NasSe prvni prace se zaméfila na nckolik miRNA, které by mohly byt dilezité
z hlediska patogeneze MM — miR-29a, miR-142-5p, miR-410 a miR-660. Pro tyto pokusy
bylo pouzito vzorki séra pacientii s MM (91 pacientl) pii diagndze ve srovnéani se zdravymi
darci (bez hematologickych malignit). Pomoci real-time PCR upravené pro miRNA byly
stanoveny hladiny jednotlivych miRNA ve vzorcich MM pacienti a bylo zjiSténo, Ze hladiny
miR-29a, 660 a 142-5p jsou zvySeny v séru pacientdl s MM, ale jen hladina miR-29a je
schopna odlisit pacienty s MM od zdravych darct se specificitou 70 % a senzitivitou 88 %.

Nase prace o cirkulujici form¢ miR-29a jako markeru mnohocetného myelomu byla
mezi prvnimi pracemi o cirkulujicich miRNA v oblasti vyzkumu MM a byla opublikovana
v dasopise Leukemia & Lymphoma (Sevéikova et al, 2012). Role miR-29a
v hematologickych malignitach byla shrnuta v ptehledovém c¢lanku v Casopise Biomedical
Papers (FiSerova et al., 2014).

Nase dalsi prace se zaméftila na odliSeni pacientd s MM a s MGUS od zdravych darct
a vyuzila jiny postup. Nejdiive byl vytvoien expresni profil miRNA pomoci Taq Man Low
Density Arrays, ktery byl potom ovéfen pomoci real-time PCR. Expresni profil oznacil 14
deregulovanych miRNA, které¢ byly detekovany na vétSim souboru pacientd. Multivariacni
analyza ukdzala, Ze kombinace miR-34a a let-7e odlisi MM pacienty od zdravych kontrol se
specificitou 80,6 % a sensitivitou 86,7 % a od MGUS se specificitou 91,1 % a sensitivitou
96,7 %. Dalsi analyzy prokéazaly korelaci hladiny let-7¢ a miR-744 s pfezitim pacientd
s MM.
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Tato prace o cirkulujicich formach mikroRNA u MM a MGUS byla opublikovana
v Casopise Haematologica (Kubiczkova et al., 2013b). Byla vybrana pro tzv. graficky

abstrakt daného c¢isla ¢asopisu (Obr. 9).

Circulating serum microRNAs as novel and prognostic biomarkers for multiple
myeloma and monoclonal gammopathy of undetermined significance
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Obrazek 9 Graficky abstrakt clanku Kubiczkova et al., 2014

Dale jsme se zabyvali také cirkulujicimi formami miRNA u Waldenstromovy
markoglobulinemie (Kubiczkova-BesSe et al., 2014), kterd byla opublikovéna v Casopise
American Journal of Hematology. Tato prace potvrdila nase vysledky u pacienti s MM
aMGUS na nezavislé skupiné pacienti ve srovnani s pacienty s Waldenstromovou
makroglobulinémii.

V soucasnosti pfipravujeme manuskript o roli mikroRNA v EM relapsu pacienti

s MM (Besse et al., in preparation).
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5 Zavér

Mnohocetny myelom je krevni nddorové onemocnéni. Jde o velice heterogenni
nemoc, coz je z hlediska vyzkumu 1 kliniky problematické. Nase prace se zaméfuje na nové
aspekty studia funkéni genomiky této choroby a soucasné se snazi o lepSi pochopeni
patogeneze MM vcetné extramedularniho relapsu tohoto onemocnéni.

Extramedularni progrese myelomu je krajné neptiznivou variantou MM. BohuZzel se
jeho incidence vyrazné zvysuje, coz je pravdépodobné dano prodluzujicim se prezivanim
pacientli a podle novych studii 1 novymi I¢éky, které sice dramaticky prodluzuji preziti i
kvalitu Zivota pacientll, ale zdd se, Ze méni myelomové buiikky a umoziuji jejich pieziti
mimo kostni dfeil. I naSe vysledky ukazuji, ze klon PB v KD a EM lozisku je odli$ny.
Zmeéna biologického chovani myelomovych bunék ve smyslu umoznéni vzniku
extramedularniho loZiska neni zptisobena pouhou zménou exprese gent ¢i CD markerti na
povrchu buriky, ale zd4 se, Ze se jednd se o zmény komplexni, zahrnujici bezesporu i zmény
v mikroprostiedi celé¢ KD.

Déle je nasi snahou piispét ke zlepSeni diagnostiky onemocnéni jako takového,
1 diagnostiky v ramci monoklonélnich gamapatii a aplikovat ziskané poznatky a metodiku
vramci CR. V soucasné dobé se pozornost obraci na cirkulujici miRNA. Ty se zdaji byt
vhodnymi kandidaty pro biomarkery onemocnéni diky své vysoké stabilité a souvislosti s
onemocnénim. Pfedev§im u MM ma moznost vyuziti cirkulujicich miRNA jako biomarkera
potencial ptekonat bolestivy postup stanoveni diagnézy MM, ktery vyuziva invazivniho
odbéru KD.

I kdyZ je v soucasnosti MM jiz 1é¢itelnym onemocnénim, relaps ziistava stale velkym
problémem u vétSiny pacientti. To je dano ptitomnosti MRD, kdy v klinické remisi nadale
pretrvavaji klonogenni buiky, jejichz proliferace vede k relapsu onemocnéni. V soucasné
dobg je zlatym standardem pro detekci MRD alelové specifickd PCR, kterou se ndm za timto

ucelem povedlo zavést jako prvni skupiné v ramci CR.
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PREHLED

Vyznam mikroprostfedi kostni dfené
v patogenezi mnohoéetného myelomu

Implication of Bone Marrow Microenvironment in Pathogenesis

of Multiple Myeloma

Fiserova B., Kubiczkova L., Sev¢ikova S., Hajek R.

Babdkova myelomova skupina, Ustav patologické fyziologie, LF MU Brno

Souhrn

Mnohocetny myelom je hematoonkologické onemocnéni charakterizované maligni proliferaci
plazmatickych bunék. Tyto bufiky se hromadi v kostni dfeni, kde potla¢uji fyziologickou krve-
tvorbu a zaroven interaguji s celou skalou cytokind, rdstovych faktorl a adhezivnich molekul.
Je zfejmé, Ze pravé mikroprostiedi kostni diené hraje velkou roli v patogenezi onemocnéni, ale
i v rezistenci k lécbé.

Klicova slova
mnohocetny myelom — kostni dien - IL-6

Summary

Multiple myeloma is a hematooncological disease characterized by malignant proliferation of
plasma cells. These cells accumulate in the bone marrow where they suppress physiological
hematopoiesis; at the same time, these cells interact with a wide variety of cytokines, growth
factors and adhesion molecules. It is obvious that the bone marrow microenvironment plays
an important role in disease pathogenesis as well as treatment resistance.
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multiple myeloma - bone marrow - IL-6
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VYZNAM MIKROPROSTREDI KOSTNI DRENE V PATOGENEZI MNOHOCETNEHO MYELOMU

Uvod

Mnohoéetny myelom (MM) je ma-
ligni hematologické onemocnéni cha-
rakterizované monoklonalni expanzi
plazmatickych (myelomovych) bunék.
Toto onemocnéni se tyka hlavné star-
Sich pacientd s medianem véku stano-
veni diagnézy 69 let, incidence v CR je
4/100 000. Myelomové buriky jsou lo-
kalizovany v kostni dfeni, kde naruduji
fyziologicky proces hematopoezy a za-
roven narusuji strukturu kosti, coz vede
ke vzniku osteolytickych lezi, které jsou
pro pacienty s MM hlavnim zdrojem ob-
tizi [1,2].

MM je vhodnym modelem pro stu-
dium interakci tumoru a mikroprostiedi
ze tif divod(: na rozdil od normalnich
bunék se maligni plazmatické bunky
hromadi zejména v kostni dfeni, coz zna-
mena, Zze stromalni buriky poskytuji jedi-
necné mikroprostiedi pro rdst malignich
bunék. Daldim dlvodem je pfitomnost
mnoha adhezivnich molekul na povr-
chu myelomovych bunék [3], normalni
buriky povrchoveé markery témeéf nepro-
dukuji. Tfetim divodem je bezesporu
moznost kultivace heterogennich po-
pulaci adherentnich bunék odebranych
z kostni difené pacientt s MM v podmin-
kach in vitro [4].

Interakce adhezivnich molekul

Adhezivni molekuly umozZnuji pfimeé
propojeni mezibunétné hmoty s myelo-
movymi bufikami a bufikami navzajem.

Po navazani dalSich molekul se spousti

fada déju, které mohou ovliviiovat vyvoj
bunéénych slozek nebo aktivovat sig-
nalizacni kaskady. Je také podporovana
aktivace osteoklastd a rdst malignich
bunék, ktere jsou jesté vice zadrzovany
v kostni dieni [5] (obr. 1).

Jednim ze specifickych povrchovych
markerl myelomovych bunék je synde-
kan-1 (CD138). Je to transmembranovy
proteoglykan, ktery se mize pfimo vazat
na proteiny mezibunécné hmoty, u MM

se vaze na kolagen typu | [6]. V kostni

dieni je syndekan-1 detekovan pouze
na burikach z B lymfoidni linie a jeho
exprese se méni se stupném diferen-
ciace. U mysi byl nalezen na povrchu
pre-B bunék, u zralych B bunék se nevy-
skytoval a opét byl produkovan u plaz-
matickych bunék [7]. U pacientd s MM

myelomova @

bufika -— Vysvétliviy:
mimobunééna o 5trm'|aln' bunka Syndekan-1
hmota A IL-6
-1 VUHI / - ;ﬁFKL
\ :cod b ) . RANK
i;' T RHAMM = VEGF
\ L Mip
- J e o TNFe
o Hyaluronan
\ 8 "o
\ \
- () J_)’)J - -
R
kost
osteoblasty
osteoklast

Obr. 1. Interakce v mikroprostiedi kostni dfené mnohoéetného myelomu. Myelomové
buriky interaguji s ostatnimi buitkami a mimobuné&nou hmotou prostfednictvim adhe-
zivnich molekul (CD44, RHAMM, VCAM-1) a po adhezi je podporovano vyluéovani cyto-
kint a rdstovych faktort. Nékteré faktory plsobi i autokrinné (IL-6) a tim se jesté vice sti-

muluje jejich produkce.

se vyskytuje pouze na povrchu myelo-
movych bunék [8], inhibuje osteoklas-
togenezi a pozitivhé ovliviiuje diferen-
ciaci osteoblastd [9]. U myelomovych
bunék, které prochazeji apoptézou, se
viak rychle ztraci [10]. Jelikoz je synde-
kan-1 produkovan na povrchu zivota-
schopnych myelomovych bunék, byly
vyvinuty specifické protilatky, které dnes
umoznuji identifikaci a purifikaci myelo-
movych bunék ze vzorkl pacientd [8].
Za interakci myelomovych bunék
s hyaluronanem jsou zodpo-
védné dva receptory, a to CD44 [11]
a RHAMM [12]. Standardni forma re-
ceptoru CD44 se na povrchu myelo-
movych bunék vyskytuje zfidka, oviem
nékteré nestandardni receptorové va-
rianty jsou zde velmi Casté. Byly dete-
kovany napfiiklad varianty 3v, 4v, 6év
a 10v, které nejsou pfitomné u zdra-
vych jedinct [13]. Receptor RHAMM na-
pomaha pohybu myelomovych bunék
po hyaluronovém substratu. U MM
jsou vylu€ovany tfi formy: RHAMMFL,

coz je bézny typ, a dale dva delecni

mutanti, RHAMM-48, (delece 48 bp)
a RHAMM-147 (delece 147 bp). Oba
deleéni mutanti jsou pfitomni jen
u B bunék a plazmatickych bunék MM,
ale ne u zdravych jedinci. Vyskyt dele¢-
nich mutantd méni intracelularni sig-
nalizaci v buikach MM [12].

Cytokiny, rustové faktory
Myelomové i stromalni bunky produkuji
latky, které ovliviuji vyvoj MM. Mezi tyto
latky se radi cytokiny a chemokiny, které
mohou pisobit jako promotory nado-
rového vyvoje, rastové faktory nebo
chemoatraktanty. Vazi se na receptory,
a tim aktivuji rdzné signalni kaskady. Pa-
cienti s MM vykazuji typické rozpustné
faktory v mikroprostiedi kostni dfené:
IL-16, IL-2R, MCP-1, HGF, IL-1RA, MIG,
IP-10, EGF [14].

Stézejnim cytokinem MM je inter-
leukin-6 (IL-6), ktery je produkovan
mnoha burfikami v€etné osteoblastd,
monocytd, makrofagd a stromdlnich
bunék kostni diené. Za fyziologickych
podminek je jeho hladina nizka nebo
nedetekovateln3, ale bylo prokazano, ze
u MM pacientl s osteolytickymi lézemi
je hladina IL-6 zvy3ena [15].

U MM je IL-6 hlavnim cytokinem, ktery
zprostiedkovava rast, pfezivani a lé-
kovou rezistenci myelomovych bunék
(obr. 2).1 kdyz nékteré myelomové bunky
produkuji IL-6 autokrinné [16], primarné
je produkovan stromalnimi bunkami
kostni dfené a pasobi parakrinné na rast
a diferenciaci myelomovych bunék [17].
Produkce IL-6 ve stromdinich burkach je
tedy indukovéana bud adhezi myelomo-
vych bunék [18], nebo prostiednictvim
jinych cytoking, jako tumor nekrotizujici
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VYZNAM MIKROPROSTREDI KOSTNI DRENE V PATOGENEZI MNOHOCETNEHO MYELOMU

Obr. 2. IL-6 a signélni kaskddy v mnohoéetném myelomu. Navazanim IL-6 na jeho recep-
tor se aktivuji tyfi signalni drahy dilezité pro vyvoj, riist a lékovou rezistenci v MM. Fosfo-
rylace Jak spusti drahu Ras/Ras/MEK/ERK a STAT. ERK a STAT se pfesunou do jadra, kde ak-
tivuji cilové geny. Jak také spousti signélni drahu PI3K/Akt, Akt dale m{ize aktivovat mTOR,
ktery pUsobi na STAT a NF-kB, ktery se opét pfesouva do jadra a piepisuje dané geny.

faktor a (TNFa) [19] a vaskuldrni endote-
lidIni rastovy faktor (VEGF) [20]. Zminéné
faktory nasledné aktivuji napf. signalni
drahu jaderného faktoru xB (NF-«B),
kterd ma vliv na ptezivani a rlist myelo-
movych bunék [21].

Osteolyza, daldi patologicky proces
podporovany pfitomnosti IL-6, je na-
vozena hned nékolika mechanizmy.
Za prvé, IL-6 indukuje produkci RANKL
v mezenchymalnich burikich kostni
diené a osteoblastech. Vazbou RANKL
na RANK je navozeno dozravani os-
teoklastl a aktivace signalnich drah [22].
Za druhég, IL-6 indukuje zvySeni hladin
proteinii zapojenych do procesu kostni
resorpce, napf. peptida vazajicich pa-
ratyroidni hormon PTHrP [23]. Za tfeti,
IL-6 inhibuje osteogenezi zprostiedko-
vanou Wnt, je$té vice ruii homeostazu
v kosti a posouva rovnovahu smérem
k degradaci kosti [24].

Hladina IL-6 odraZi stuper rozvoje mo-
noklonalnich gamapatii, jak bylo proka-
zano ve studii, do které bylo za¢lenéno

131 pacientl. Ze skupiny 22 nemoc-
nych s MGUS, coz je prekancerézni sta-
dium piedchézejici MM, byl IL-6 dete-
kovan pouze u jednoho jedince, u MM
to bylo uz 35% pacientli a u nejagresiv-
néjsiho stadia zvaného plazmocytarni
leukemie se IL-6 vyskytoval ve vysoké
koncentraci u viech pacienti. Navic se
hodnoty IL-6 liSily i mezi MM pacienty,
podil pacient( s vy$3i hladinou IL-6 byl
jiny pfi diagnéze (37 %), béhem inten-
zivniho vyvoje (60%) a béhem stabilni
faze (13 %) [25]. Z druhé strany bylo pro-
kdzédno, ze agresivni mimokostni sta-
dia MM mohou byt nezavisla na hladiné
IL-6 [26]. V klinickych studiich byl testo-
van Ucinek anti-IL-6 mAB (napf. CNTO
328), ktery ale neprokazal zasadni vliv na
[é¢bu MM.

RANKL, ligand z rodiny TNF, je produ-
kovan nezralymi osteoblasty, stromal-
nimi burikami a T lymfocyty [27,28]. Os-
teoklasty a jejich prekurzory produkuji
jeho receptor RANK. Vazbou RANKL na
RANK se aktivuji signalni drahy, které

jsou dulezité pfi diferenciaci osteoklast
z jejich prekurzorovych bunék, RANKL
také reguluje diferenciaci, funkci a pie-
Zivani osteoklastll [22,29]. Osteoprote-
gerin (OPG) je antagonistou RANKL, in-
hibuje vazbu RANK-RANKL, inhibuje
diferenciaci a aktivaci osteoklastd, a tim
brani degradaci kosti [30].

U MM je RANKL hlavnim osteoklasto-
gennim faktorem podilejicim se na ly-
tické kostni nemoci. Jeho vysoka pro-
dukce ve stromélnich burikach pacientt
s MM ma ddleZitou ulohu v patoge-
nezi MM [31]. Nékteré studie ukazaly,
ze RANKL je produkovan i myelomo-
vymi burikami [32]. V mikroprostiedi
kostni diené MM se interakci stromal-
nich a myelomovych bunék produkce
RANKL zvysuje a OPG snizuje, coz pod-
poruje kostni resorpci a osteolyzu [33].
Hladiny téchto molekul koreluji s klinic-
kou aktivitou MM a zévaZznosti kostni
nemoci [34]. Denosumab, monoklo-
nalni protilatka proti RANKL, byla schva-
lena FDA k ochrané kosti pfed dal3im
poskozenim u pacientl s nadory pro-
staty a prsu s kostnimi metastazami.
V soucasné dobé probihaiji klinické stu-
die faze Ill u pacientd s MM.

Myelomové buiiky také vylucuji
transformujici rastovy faktor p (TGFp),
pleiotropni cytokin, ktery za normélnich
podminek mimo jiné inhibuje imunitni
odpovéd tim, Ze brani proliferaci a dife-
renciaci B lymfocyt( a sekreci Ig [35]. Na
rozdil od Gcinku na B lymfocyty TGFp ne-
snizuje proliferaci myelomovych bunék,
a pfi vysokych koncentracich dokonce
podporuje vylucovani IL-6 témito buri-
kami. Timto z¢asti zprostfedkovava rist
myelomu a podporuje patogenezi [36].
Navic je TGFp ddlezity v nerovnovazné
kostni remodelaci u MM, je aktivni pfi
zvysené kostni resorpci a inhibuje os-
teoblasty. Inhibice TGFp podporuje di-
ferenciaci osteoblastl, které pak in-
hibuji rist a prezivani myelomovych
bunék. Naopak potlaceni diferenciace
osteoblastd urychluje ztratu kostni
tkané [37].

Signalni drahy duilezité

v mikroprostiedi kostni diené
MM

V patogenezi MM je mnoho regulatord,
proteinovych kinaz a rastovych faktora,
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Obr. 3. Draha Wnt a jeji inhibitory v mnohoéetném myelomu. V pravé éasti obrazku je
zobrazena situace bez inhibitor(, kdy po navazani Wnt neni B-katenin degradovan. Pie-
sunutim do jadra se spousti pfepis genii pro normalni vyvoj osteoblastd. V levé &asti ob-
razku myelomova burika produkuje inhibitory DKK-1 a sklerostin, které se vaZou na recep-
tor LRP, a sFRP, ktery blokuje vazbu na Frizzled receptor. B-katenin neni pfenesen do jadra,
ale degradovan v proteazomu, a tak je potlaéena osteoblastogeneze.

pomoci kterych buriky komunikuji. Tyto
procesy nejsou jednoduché, pravé pfi-
mym kontaktem strukturnich a bunéc-
nych slozek nebo podporou autokrinni
a parakrinni produkce cytokint se v mi-
kroprostiedi kostni dfené aktivuje Siroké
spektrum signalnich drah [18,21,38,39].

Wnt/B-katenin

Dalezitou roli pfi rdstu, vyvoji a fungo-
vani osteoblastl hraje signdini draha
Whnt/B-katenin (obr. 3). Glykoproteiny
Whnt se vazi na koreceptory LRP-5 nebo
LRP-6 a Frizzled receptor a aktivuji Wnt
drahu. Pfenos signalu stabilizuje p-kate-
nin, ktery je translokovan do jadra a zde
stimuluje expresi gent zodpovédnych
za diferenciaci osteoblastt. Bez pfitom-
nosti signalu je p-katenin fosforylovan
a degradovan v proteazomu.

Existuji dvé funk¢ni skupiny antago-
nistd Wnt signalizace, a to sFRP a Dick-
kopf (DKK), po jejichz navazani se narusi
funkce osteoblastd [40,41]. Vyznam-
nym inhibitorem u MM je DKK-1, ktery
se vaze na LRP-5. Je vylu¢ovan myelo-
movymi burikami a v jejich pfitomnosti

také stromélnimi bunkami a osteoblasty.
DKK-1 se vyskytuje pfedeviim u pa-
cientd s osteolytickymi lézemi a jeho
hladina koreluje s rozsifenim osteolytic-
kych lozisek [24,42,43]. Kromé potlaceni
diferenciace osteoblast(i také podpo-
ruje osteoklastogenezi zvysenou expresi
RANKL a snizenou expresi OPG [44].
V soucasnosti probihaji klinické studie
faze I/1l, které testuji anti-DKK-1 mono-
klonalni protilatku (BHQ880) u MM.

Dalsi skupina inhibitord sFRP blokuje
vazbu k receptoru Frizzled. Myelomové
buriky produkuji sFRP-2 a sFRP-3 a ty
vyznamné potlac¢uji diferenciaci
osteoblastl a tvorbu kosti [45,46]. Exis-
tuje viak i studie, ktera ukazuje, ze hla-
diny DKK-1asFRP u pacientts MM nepo-
tlacuji diferenciaci lidskych osteoblastd.
To znamena, Zze nemusi byt jedinymi
faktory zodpovédnymi za inhibici
osteoblastd [47].

Sklerostin je produkovan osteocyty
a pusobi na drahu Wnt podobné jako
DKK-1, tedy navazanim na LRP-5 [48].
Inhibuje aktivitu osteoblast a indukuje
jejich apoptézu, je negativnim regula-

torem tvorby kostni tkané [49]. Teprve
nedavno bylo potvrzeno, Ze sklerostin
je vylu¢ovan i myelomovymi bufikami,
a tak pfispiva k patogenezi MM [50].

Draha NF-xB

Obecné je tato draha dilezita pro pro-
liferaci, pfezivani a vyvoj nadorovych
bunék. U MM pusobi aktivace signali-
zace NF—xB pozitivné na rdst, rezistenci
k lékam a prezivani myelomovych bunék
v mikroprostredi kostni diené [51]. Akti-
vace muze probihat jak klasickym zp@-
sobem, tak i alternativné. Bylo proka-
zano, ze mikroprostiedi kostni diené
u MM spousti tuto signalizaci prostied-
nictvim adheze i vylu¢ovanim cytokint
a chemokind. Napriklad rdstovy a anti-
-apoptoticky faktor IL-6, jehoz produkce
je vyssi pri adhezi myelomovych a stro-
malnich bunék, mlze indukovat drahu
NF-«B [21]. Také TNFa aktivuje NF-«B:
za prvé u stromalnich bunék, ¢imz pod-
poruje vylucovani IL-6 témito burkami,
a za druhé u myelomovych bunék, kde
podporuje adhezi bunék a zvysuje pro-
dukci intracelularni adhezivni mole-
kuly 1 (ICAM-1) a vaskularni adhezivni
molekuly 1 (VCAM-1) [19]. Aktivace je
u MM mozna obéma zplsoby. Jiz dfive
bylo zjisténo, ze klasicka draha muze byt
blokovana inhibici IKKB proteinu [51],
oviem to neplati u alternativniho zpi-
sobu aktivace. Proto byla také zjistovana
inhibice jiné molekuly, a to IKKa, ktera se
vyskytuje u obou zpisob aktivace. Rlist
bunék byl sice zpomalen, ale aktivita sig-
nalizace NF—«B byla vy35i nez u kontroly,
coz naznatuje, Ze inhibi¢ni efekt IKKa je
nezavisly na aktivité NF-«B [52].

Draha PI3K/Akt

Fosfatidylinositol-3-kinaza (PI3K)/Akt
je jedna z nejcastéji aktivnich drah u lid-
skych nadord. Mnoho proteinovych
kinaz a transkrip&nich faktord, které se
ucastni této signalizace, ovliviiuje re-
zistenci myelomovych bunék k lécbé.
Draha PI3K/Akt reguluje pribéh bunéc-
ného cyklu a apoptézu, indukuje syn-
tézu DNA a pusobi na pfezivani a mig-
raci myelomovych bunék. Je propojena
s drahou NF-«B pies kinazu Akt, ktera,
podobné jako IKK u drahy NF—«B, fosfo-
ryluje a degraduje lxBa. To vede k piesu-
nuti NF-xB do jadra, kde mize induko-
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vat transkripci anti-apoptotickych gend.
Tedy Akt mGze inhibovat apoptozu akti-
vaci NF-xB [53].

Aktivatory této drahy jsou IL-6 a ris-
tovy faktor podobny inzulinu 1 (IGF-1);
aktivace PI3K je dllezita pfi prolife-
raci a anti-apoptotické odpovédi mye-
lomovych bunék na tyto cytokiny [54].
IL-6 nejen spousti drahu PI3K/Akt, ale
tato interakce ma navic regulacni ucinky
na bunécny cyklus, chrani bunky pied
apoptézou zplisobenou léky a ovliviiuje
rist MM [55].

Dilezitou soucasti této drahy je ki-
naza mlTOR, ktera se u savcl vysky-
tuje ve dvou rozdilnych komplexech,
mTORC1 a mTORC2, které oviem maji
rozdilné funkce. Akt aktivuje mTORC1,
ktery fosforyluje dalsi molekuly regu-
lujici syntézu protein(, a tak kontroluje
bunécny rast. Naopak mTORC2 v odpo-
védi na rustove faktory aktivuje Akt a re-
guluje pfezivani bunék [56]. V souvis-
losti s MM byl identifikovan DEPTOR,
ktery za fyziologickych podminek inhi-
buje mTORC1 a mTORC2. | kdyz jeho vy-
soka produkce u MM inhibuje mTORC1,
piekvapivé také vede k aktivaci drahy
PI3K/mTORC2/Akt. Tento nepfimy zp(-
sob aktivace je dilezity ku pfikladu
u myelomovych bunék, kterym chybi
mutace aktivujici PI3K [57]. V soucas-
nosti probihaji klinické studie, ve kterych
jsou testovany kombinace lenalidomidu
a everolimu (RAD0O01), inhibitoru mTOR
jak v solidnich nadorech, tak u refraktor-
niho MM.

Drahy Ras/Raf/MEK/MAPK

a Jak2/STAT3

Dalsimi ddalezitymi drahami jsou
Ras/Raf/ MEK/MAPK a Jak2/STAT3,
které mohou byt aktivovany IL-6. Inhi-
bice IL-6R sice blokuje fosforylaci STAT3,
ale neovliviiuje aktivaci drahy MAPK,
z ¢ehoz vyplyva, Ze v mikroprostredi
kostni diené se draha STAT3 aktivuje
prostfednictvim IL-6 a draha MAPK me-
chanizmy nezavislymi na IL-6 [58].

K aktivaci drahy Ras/Raf/MEK/MAPK,
ktera stimuluje angiogenezi, proliferaci
bunék a jejich apoptoézu, jsou potiebné
jak adhezivni interakce, tak vylucovani
rastovych faktord. Hlavnimi aktivacnimi
faktory této drahy jsou IL-6 a IGF-1, které
aktivuji Ras [59,60]. Nasledné dojde k ak-

tivaci i ostatnich slozek — Raf, MEK a ERK.
Tuto drahu spoustéji také dalsi faktory,
jako VEGF [61]. Bylo dokazano, ze inhi-
bici aktivity ERK se snizi produkce VEGF,
ktera vede ke snizené tvorbé& novych cév
v kostni dfeni indukované myelomo-
vymi burikami [62].

Draha Jak2/STAT3 ma vliv na pfezi-
vani myelomovych bunék, aktivace této
drahy indukuje proliferaci a inhibici apo-
ptozy. STAT3 primo piispiva k malignimu
rozvoji MM tim, ze chrani myelomové
buriky pied apoptézou a podporuje pie-
zivani [63]. Stimulace bunék IL-6 vede
k signalizaci pfes IL-6R a spousti fosfo-
rylaci STAT3 pres Jak, STAT3 je piene-
sen do jadra, kde aktivuje transkripci
danych anti-apoptotickych gent. Akti-
vace pomoci IL-6 tedy reguluje prezivani
myelomovych bunék vylu€ovanim anti-
-apoptotickych protein( z rodiny Bcl-2,
napfiklad Bcl-XL, Mcl-1 [63,64]. Bylo
zjisténo, ze v myelomovych burkach je
STAT3 neustale aktivovan a inhibice této
drahy indukuje apoptdzu in vitro [58,65].

Rezistence k Iékim zptusobena
mikroprostiedim MM

Rezistentni fenotyp zplsobeny mikro-
prostiedim MM muze byt dvojiho typu:
lékova rezistence zprostfedkovana in-
terakcemi cytokind (cytokine mediated
drug resistance - CM-DR), nebo lékova
rezistence zprostredkovana adhezivnim
kontaktem bunék (cell adhesion-me-
diated drug resistance - CAM-DR). Oba
mechanizmy maji zasadni vyznam v pa-
togenezi MM. Vyraz CAM-DR byl poprvé
pouZit ve studii MM, kde byla pozoro-
vdna zvy3ena produkce a, B, a B, inte-
grind, které jsou vylu¢ovany myelomo-
vymi bunikami. Adheze malignich bunék
k fibronektinu muze pfispét ke vzniku re-
zistence de novo, chrani bunky pied apo-
ptézou zplUsobenou léky [38].

S adhezi myelomovych bunék k fibro-
nektinu je také asociovana zvysena hla-
dina p274'. Tento protein je dileZity
pro udrzeni rezistentniho fenotypu,
ma vyznam v bunétném cyklu, kde za-
drzuje buriky ve fazi G.. Bylo proka-
zano, ze prerusenim adheze se hladina
p27“®! snizi, buiiky pokraéuji v S fazi bu-
nécného cyklu a opét se stavaji citlivymi
k 1ékam. Pokusy s inhibici produkce
p27%°1 nemély vliv na adhezi, ale zvra-

tily Iékovou rezistenci. To dokazuje, ze
vys3i produkce tohoto proteinu pfispiva
k CAM-DR [66].

U MM je také nadmérné vylucovana
adhezivni molekula P-selektin a jeji li-
gand PSGL-1. Kromé jinych funkci, jako
jsou adheze a osidlovani myelomovych
bunék v mikroprostiedi kostni dfené,
je PSGL-1 dalezity v rozvoji Iékové re-
zistence myelomovych bunék in vivo
a in vitro. Inhibice interakci tohoto li-
gandu k selektinu podporuje citlivost
myelomovych bunék k bortezomibu, in-
hibitoru proteazomu [67].

Hladina HSP70 je také zminénymi in-
terakcemi zvysena, navic podporuje
vyssi produkci IL-6, ktery pak napo-
maha pfezivani myelomovych bunék
pomoci aktivace signalnich drah. Inhi-
bice HSP70 potlatuje adhezi myelomo-
vych bunék k fibronektinu a zptsobuje
apoptézu rezistentnich bunék. Fenotyp
Iékové rezistence je tak zménén a bunky
se stavaji citlivymi k 1ékGm. Tato studie
ukazala, Zze inhibice HSP70 muze zp(-
sobit apoptozu bunék, které vykazuji
rezistenci de novo i rezistenci ziskanou
béhem lécby [68].

S rezistenci je také asociovana draha
NF-«B, jejiz aktivace je stimulovana ad-
hezi k fibronektinu [39]. Neustala ak-
tivita této drahy vzdoruje inhibujicim
ucinkiim bortezomibu, i v jeho pfitom-
nosti pfispiva jinymi mechanizmy k re-
zistenci. V této studii bylo navic zjisténo,
Ze pokud se myelomové bunky kultivuji
se stromalnimi bufkami pacienta s MM,
aktivita drahy NF—B, a tim i rezistence
k bortezomibu, je jesté vice podporo-
vana [69]. Pozdéjsi vysledky potvrdily, ze
aktivace drahy NF-«B je vyznamné vyssi
ve stromalnich bunikach a tyto buniky se
vyznamné lisi od fyziologicky normal-
nich bunék [70].

Zavér

V poslednich letech bylo provedeno
mnoho studii tykajicich se mikropro-
stredi kostni dfené u pacientd s MM,
které dostavaji toto téma do popredi
zajmu a ukazuji na jeho vyznam v pato-
genezi nemoci. Nicméné mechanizmy
probihajici v tomto mikroprostfedi ne-
byly doposud zcela objasnény, proto je
nutné pokracovat v daldim vyzkumu.
Na zakladé novych poznatki o aktivité
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bunék kostni diené a procesech podile-
jicich se na vzniku myelomovych bunék
bude mozno identifikovat nové poten-
cialni cile a markery pro nové léky a sta-

cwrp s

novit efektivnéjsi [é¢bu pro pacienty.
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Abstract

The transforming growth factor (TGF-f) family of growth factors controls an immense number of cellular responses
and figures prominently in development and homeostasis of most human tissues. Work over the past decades has
revealed significant insight into the TGF- signal transduction network, such as activation of serine/threonine
receptors through ligand binding, activation of SMAD proteins through phosphorylation, regulation of target genes
expression in association with DNA-binding partners and regulation of SMAD activity and degradation. Disruption
of the TGF-3 pathway has been implicated in many human diseases, including solid and hematopoietic tumors. As

malignancies.

a potent inhibitor of cell proliferation, TGF-( acts as a tumor suppressor; however in tumor cells, TGF-f3 looses
anti-proliferative response and become an oncogenic factor. This article reviews current understanding of TGF-3
signaling and different mechanisms that lead to its impairment in various solid tumors and hematological

Keywords: TGF-f3, SMAD proteins, Oncogene, Suppressor, Solid tumors, Leukemia, Multiple myeloma

Introduction

Although our understanding of molecular mechanisms
that underlie cancer development and progression has
increased, cancer remains a significant health concern in
many developed countries. There is a strong require-
ment for new diagnostic and treatment options as well
as elucidation of how cells acquire the six essential phe-
notypes, or hallmarks, necessary to become fully malig-
nant [1]. Pharmacological targeting of cancer hallmarks
may offer new possibilities of effectively treating devel-
opment and/or metastases of human tumors (reviewed
in [2]). Transforming Growth Factor-p (TGF-p) is a key
player in cell proliferation, differentiation and apoptosis.
The importance of this regulation is apparent from the
role of TGF-B in development and consequences of ab-
errant TGF-f signaling in cancer [3]. Nevertheless, it is
still not elucidated how malignant cells overcome the
cytostatic functions of TGF-B or how TGE-f stimulates
the acquisition of cancer hallmarks of developing and
progressing human cancers. In this paper, we review dif-
ferent molecular and cellular mechanisms that lead to
impairment of TGEF-f signaling in various solid tumors
and hematological malignancies.

* Correspondence: sevcik@med.muni.cz
Babak Myeloma Group, Department of Pathological Physiology, Faculty of
Medicine, Masaryk University, Brno 625 00, Czech Republic

( BioMed Central

History of TGF-f discovery

In the early 1980s, it had become apparent that cell
growth is controlled by many polypeptides and hor-
mones. A new hypothesis of ‘autocrine secretion’ was
postulated, which suggested that polypeptide growth fac-
tors are able to cause malignant transformation of cells
[4]. A new polypeptide called SGF (Sarcoma Growth
Factor) was discovered in cultures of transformed rat
kidney fibroblasts [5]; soon it became apparent that this
factor is a mixture of at least two substances with differ-
ent functions. They were called Transforming Growth
Factor-a (TGF-a) and Transforming Growth Factor-f
(TGE-B) [6]. TGF-p was further described by Roberts
and Sporn as a secreted polypeptide capable of inducing
fibroblast growth and collagen production [7]. Soon after
its discovery, TGF-p was found to inhibit cell prolifera-
tion as well; thus, a dual role of this cytokine was recog-
nized [8,9].

TGF-B family and isoforms

The TGF-f superfamily is composed of a large group of
proteins, including the activin/inhibin family, bone mor-
phogenetic proteins (BMPs), growth differentiation factors
(GDFs), the TGF-p subfamily, and the glial cell line-
derived neurotrophic factor (GDNF) family. This review
will focus solely on the TGF-f family.

© 2012 Kubiczkova et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Kubiczkova et al. Journal of Translational Medicine 2012, 10:183
http://www.translational-medicine.com/content/10/1/183

The TGF-f proteins have been discovered in a variety
of species, including invertebrates as well as vertebrates.
TGEF-p superfamily is fundamental in regulation of vari-
ous biological processes, such as growth, development,
tissue homeostasis and regulation of the immune system
[10,11].

Beta-type subfamily growth factors are homodimeric
or heterodimeric polypeptides with multiple regulatory
properties depending on cell type, growth conditions
and presence of other polypeptide growth factors. Since
their expression is also controlled by distinct promoters,
their secretion is temporal and tissue specific [12].

There are three known isoforms of TGF-p (TGF-B1,
TGF-B2 and TGF-B3) expressed in mammalian tissues;
they contain highly conserved regions but diverge in sev-
eral amino acid regions. All of them function through
the same receptor signaling pathways [13,14].

TGF-f1, the most abundant and ubiquitously
expressed isoform, was cloned from human term pla-
centa mRNA [15]. In mouse development, Tgf-p1 mRNA
and/or protein have been localized in cartilage, endo-
chondral and membrane bone and skin, suggesting a role
in the growth and differentiation of these tissues [16].

TGF-B2 was first described in human glioblastoma cells.
It was found that TGF-2 is capable of suppressing inter-
leukin-2-dependent growth of T lymphocytes. Thereby, it
was named glioblastoma-derived T cell suppressor factor
(G-TsE). Physiologically, TGF-B2 is expressed by neurons
and astroglial cells in embryonic nervous system [17]. It is
also important in tumor growth enhancing cell prolifera-
tion in an autocrine way and/or reducing immune-
surveillance of tumor development [18]. Their mature
forms, which consist of the C-terminal 112 amino acids,
TGF-B1 and TGF-B2 share 71% sequence similarity [19].

The third isoform, TGF-p3, was isolated from a cDNA
library of human rhabdomyosarcoma cell line; it shares
80% of amino acid sequence with TGF-1 and TGF-B2.
Studies on mice demonstrated essential function of Tgf-
B3 in normal palate and lung morphogenesis and impli-
cate this cytokine in epithelial-mesenchymal interaction
[20,21]. Its mRNA is present in lung adenocarcinoma
and kidney carcinoma cell lines; interestingly, umbilical
cord expresses very high level of TGF-p3 [19].

TGF-B synthesis and activation

Mature dimeric form of TGF-f, composed of two mono-
mers stabilized by hydrophobic interactions and disul-
phide bridge, initiates intracellular signaling [22]. The
three TGF-Ps are synthesized as pro-proteins (pro-TGF-
Bs) with large amino-terminal pro-domains (called la-
tency associated proteins — LAPs), which are required
for proper folding and dimerization of carboxy-terminal
growth-factor domain (mature peptide) [23]. This com-
plex is called ‘small latent complex’ (SLC). After folding
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and dimerization, TGF-p dimer is cleaved from its pro-
peptides in trans-Golgi apparatus by furin type enzymes;
however, it remains associated with its pro-peptide
through noncovalent interactions, creating ‘large latent
complex’ (LLC). Most cultured cell types release latent
TGE-B into extracellular matrix as LLC which in
addition includes a 120-240 kDa glycoprotein called la-
tent TGF-p binding protein (LTBP) [24]. LTBP is com-
posed primarily of two kinds of cysteine-rich domains:
EGF-like repeats (most of which are calcium-binding)
and eight-cysteine domains [25]. LTBP participates in
the regulation of latent TGF-p bioavailability by addres-
sing it to the extracellular matrix (ECM) [26]. Non-
active TGF-p stays in ECM; its further activation is a
critical step in the regulation of its activity (Figure 1).

A number of papers have reported TGF-f activation
by retinoic acid and fibroblast growth factor-2 (FGF-2)
in endothelial cells [27,28], or by endotoxin and bleomycin
in macrophages [29]. Further, a variety of molecules is
involved in TGF-p activation. Proteases including plasmin,
matrix metaloproteases MMP-2 and MMP-9, are TGF-f3
activators in vitro [30,31]. Other molecules involved in the
mechanism of activation are thrombospondin-1 [32],
integrins, such as aVP6 or aV38 [33,34], or reactive oxygen
species (ROS).

Moreover, latent TGF-B present in conditional
medium is activated by acid treatment (pH 4.5) in vitro
[35]. In vivo, a similar pH is generated by osteoclasts
during bone resorption. Since the bone matrix deposited
by osteoblasts is rich in latent TGF-p, the acidic envir-
onment created by osteoclasts in vitro might result in la-
tent TGF-f activation [36].

TGF-B receptors

In most cells, three types of cell surface proteins mediate
TGEF-p signaling: TGF-P receptor I (TBRI), II (TPRII)
and III (TPRIML) [13,37]. Out of these three receptors,
TPRIIL, also called betaglycan, is the largest (250-
350 kDa) and most abundant binding molecule. This
cell-surface chondroitin sulfate / heparan sulfate proteo-
glycan is expressed on both fetal and adult tissues and
most cell types [38]. Endoglin (CD105) was shown to act
as type III receptor for TGF- as well [39]. Endoglin is a
membrane, an RGD-containing glycoprotein, which is
expressed in a limited set of cell types, primarily vascular
endothelial cells, several hematopoietic cell types, bone
marrow stromal cells and chondrocytes. Its expression
strongly increases in active vascular endothelial cells
upon tumor angiogenesis [40-42]. Moreover, in normal
brain, it was found to be expressed in the adventitia of
arteries and arterioles, and it is expressed on several
types of tumor cells, such as invasive breast cancers
and cell lines or renal cell carcinoma [43-45]. Although
betaglycan and endoglin are co-receptors not directly
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Figure 1 TGF-B synthesis and activation. TGF-(3s are synthesized as inactive precursors that contain pre-region (Signal peptide) and pro-region
(N terminal peptide - LAP). Processing of inactive form starts with proteolytic cleavage that removes signal peptide from pre-pro-TGF-3s form.

After dimerization, TGF-Bs are cleaved by proteases (eg. Furin) into C-terminal mature peptides and N-terminal LAP (Latency Associated Peptide).
TGF-Bs with LAP form small latent complexes (SLP) that are transported to extracellular matrix where can further covalently bind to latent TGF-3
binding protein (LTBP) to form a large latent complexes (LLC). LTBP is able to connect inactive TGF- forms to ECM proteins. This interaction is

further supported by covalent transglutaminase-induced (TGase) crosslinks. Activation of TGF-3 starts with release of LCC from ECM by proteases.
Then, the mature protein is cleaved from LTBP, which is provided in vitro by acidic condition, pH or plasmin or in vivo by thrombospondin (TSP).

Once the active TGF- family member is released from the ECM, it is capable of signaling.

involved in intracellular TGF-f signaling due to lack of
kinase domain, they can control access of TGF-p to
TGE-P receptors and consequently modulate intracellu-
lar TGF-p activity [46,47]. Betaglycan binds all three
isoforms of TGEF-B, with higher affinity for TGEF-B2;
however, endoglin binds TGF-B1 and -3 with constant
affinity and has only weak affinity for TGF-f2 [39,48].
TBRI and TPRII mediate signal transduction. Both
receptors are transmembrane serine/theronine kinases,
which associate in a homo- or heteromeric complex and
act as tetramers. They are organized sequentially into an
N-terminal extracellular ligand-binding domain, a trans-
membrane region, and a C-terminal serine/threonine
kinase domain. The type II receptors range from 85 to
110 kDa, while the type I receptors are smaller and their
size ranges from 65 to 70 kDa [49]. Moreover, TPRI con-
tains a characteristic, highly conserved 30 amino acids
long GS domain in the cytoplasmic part, which needs to

be phosphorylated to fully activate TPRI [36]. TPRII con-
tains 10 bp polyadenine repeat in the coding region of
the extracellular domain. This region is frequently a tar-
get of changes leading to frameshift missense mutations
or early protein terminations that result in truncated or
inactive products [50].

TGF-B receptors activation

Bioactive forms of TGF-Bs are dimers held together by
hydrophobic interactions and, in most cases, by an inter-
subunit disulfide bond as well. The dimeric structure of
these ligands suggests that they function by bringing to-
gether pairs of type I and II receptors, forming heterote-
trameric receptor complexes [51]. Binding of TGF-f to
extracellular domains of both receptors also induces
proper conformation of the intracellular kinase domains.
These receptors are subject to reversible post-transla-
tional modifications (phosphorylation, ubiquitylation and
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sumoylation) that regulate stability and availability of
receptors as well as SMAD and non-SMAD pathway
activation.

Receptor phosphorylation activates TGF-f signaling
pathway — the ligand binds to TPRII first, followed by
subsequent phosphorylation of a Gly-Ser regulatory re-
gion (GS-domain) within TPRI. This leads to incorpor-
ation of TPRI and formation of a large ligand-receptor
complex that consists of dimeric TGF-f ligand and two
pairs of TPRI and TPRII [52]. The TGF-P receptor com-
plex is extremely stable upon solubilization [53]. TGF-B1
and TGF-$3 bind to TPRII without participation of type
I receptor, whereas TGF-{2 interacts only with combin-
ation of both receptors (reviewed in [54]). Although lig-
and binding may induce autophosphorylation of TPRII
cytoplasmic domain, signaling in the absence of TPRI
has not been reported [49]. TPRIII betaglycan promotes
binding of TGF-B2 to TPRII, since the affinity of TGE-
B2 to TPRII is low in the absence of betaglycan [46].
Endoglin binds TGF-f1, TGF-B3 but not TGF-B2 in the
presence of the TPRI and TPRIL. In some cell types,
endoglin was found to inhibit TGF-f signaling — for
example in chondrocytes, it enhances TGF-p1-induced
SMAD1/5 phosphorylation but inhibits TGF-p1-induced
SMAD?2 phosphorylation [55].

Ubiquitylation and ubiquitin-mediated degradation de-
fine stability and turnover of receptors. Ubiquitylation
occurs through sequential actions of E1, E2 and E3 ubi-
quitin ligases that provide specificity in the ubiquityla-
tion process [56]. The E3 ubiquitin ligases such as
Smurfl and Smurf2 (SMAD ubiquitylation-related factor
1 and 2) regulate the stability of TPRI and heteromeric
TGE-P receptor complex [57,58].

Sumoylation, similarly to ubiquitylation, requires E1,
E2 and E3 ligases which results in SUMO polypeptide
attachment. Although sumoylation has not been
observed for any other transmembrane receptor kinases,
it was shown to modify TPRI function by facilitating the
recruitment and phosphorylation of SMAD3 [59].

TGEF-P receptors are also constitutively internalized via
clathrin-dependent or lipid-raft-dependent endocytic
pathways (reviewed in [60]).

TGF-f signaling

SMAD proteins

The SMAD proteins are the only known latent cytoplas-
mic transcription factors that become directly activated
by serine phosphorylation at their cognate receptors.
SMADs can be classified into 3 groups based on their
function: the receptor-regulated SMADs (R-SMADs),
SMADI1, SMAD2, SMAD3, SMAD5 and SMADS; the
common SMAD (Co-SMAD), SMAD4, and the inhibi-
tory SMADs (I-SMADs), SMAD6 and SMAD7 (reviewed
in [61]).
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R-SMADs and Co-SMAD consist of a conserved MH1
domain (Mad-homology-1) and C-terminal MH2 do-
main (Mad-homology-2), which are connected by a
‘linker’ segment. The C-terminal domain promotes tran-
scriptional activity, when fused to a heterologous DNA
binding domain [62]. On the contrary, -SMADs contain
only the highly conserved MH2 domain. The MH1 do-
main is responsible for binding to DNA; however, the
MH2 domain contains hydrophobic patches also called
hydrophobic corridors that allow binding to nucleopor-
ins, DNA-binding cofactors and various cytoplasmic
proteins, as well as interaction with receptors. Both
domains can interact with sequence-specific transcrip-
tion factors. SMAD3 and SMAD4 bind with their MH1
domain to SMAD-binding elements (SBE) on DNA,
whereas the common splice form of SMAD2 does not
bind to DNA (reviewed in [63]).

[I-SMADs function as intracellular antagonists of R-
SMADs. Through stable interactions with activated
serine/threonine receptors, they inhibit TGF-f family
signaling by preventing the activation of R- and Co-
SMADs. I-SMADs regulate activation of R-SMADs via
binding with their MH2 domain to TPRI, thereby com-
peting with R-SMADs and preventing R-SMADs phos-
phorylation [64]. SMADSG is also able to compete with
SMAD4 for heteromeric complex formation with acti-
vated SMADI1 [65]. Whereas SMADG6 appears to prefer-
entially inhibit BMP signaling, SMAD7 acts as a general
inhibitor of TGF-B family signaling. Another possible
mechanism of inhibition signaling transduction by I-
SMAD:s is facilitated by HECT type of E3 ubiquitin lig-
ase Smurfl and Smurf2 [57,58].

Canonical signaling
The SMAD pathway is the canonical signaling pathway
that is activated directly by the TGF-B cytokines
(Figure 2). TPRI recognizes and phosphorylates signaling
effectors — the SMAD proteins. This phosphorylation is
a pivotal event in the initiation of TGF-f signal, followed
by other steps of signal transduction, subjected to both
positive and negative regulation.

R-SMAD binding to the type I receptor is mediated by
a zinc double finger FYVE domain containing protein
SARA (The SMAD Anchor for Receptor Activation).
SARA recruits non-activated SMADs to the activated
TGEF-B receptor complex [66]. However, TMEPAI
(TransMembranE Prostate Androgen-Induced gene/pro-
tein), a direct target gene of TGF-P signaling, perturbs
recruitment of SMAD2/3 to TPRI and thereby partici-
pates in a negative feedback loop to control the duration
and intensity of SMADs activation [67]. Receptor-
mediated phosphorylation of SMAD2 decreases the af-
finity of SMAD2 to SARA, leading to dissociation from
SARA [68]. Afterwards, phosphorylated complex of



Kubiczkova et al. Journal of Translational Medicine 2012, 10:183
http://www.translational-medicine.com/content/10/1/183

Page 5 of 24

TRRII

cytoplasm

.

Figure 2 TGF-B canonical signaling pathway. After ligand binding, TGF-3 receptors dimerize and phosphorylate intracellular SMAD proteins.
Complex of SMAD2 and/or SMAD3 becomes phosphorylated by TRRI and forms a complex with SMAD4 which is subsequently transported into
the nucleus where it binds with specific transcription factors (TF) and induces a transcription of TGF-3 dependent genes.

SMAD?2/3 forms a higher-order complex with SMAD4
and moves to the nucleus. At this point, Smurfl inter-
acts with R-SMADs in order to trigger their ubiquityla-
tion and degradation and hence their inactivation [69].
Further, it was found that Smurfl and Smurf2 facilitate
the inhibitory effect of I-SMADs. Smurf2 binding in the
nucleus to SMAD7 induces export and recruitment to
the activated TPRs, where it causes degradation of
receptors and SMAD7 via proteasomal and lysosomal
pathways [57]. Smurfl (specific for BMP-SMADs) also
interacts with SMAD7 and induces SMAD7 ubiquityla-
tion and translocation into the cytoplasm [58].

For proper translocation to the nucleus, the SMADs
contain a nuclear localization-like sequence (NLS-like;
Lys-Lys-Leu-Lys) that is recognized by importins [70].
Interestingly, the nuclear translocation of SMADs was
also described in vitro to occur independently of added
importin-like factors, because SMAD proteins can dir-
ectly interact with nucleoporins, such as CAN/Nup214
[71,72]. Complex of SMAD2/3 and SMAD4 is retained
in the nucleus by interactions with additional protein
binding partners and DNA. Dephosphorylation and dis-
sociation of SMAD transcriptional complexes are
thought to end this retention, allowing export of R-
SMADs out of the nucleus [73].

Different protein binding partners provide another
venue for regulatory inputs controlling the activity of
SMADs. Each SMAD-partner combination targets a par-
ticular subset of genes and recruits either transcriptional

co-activators or co-repressors. Members of many DNA-
binding protein families participate as SMADs cofactors,
such as FOX, HOX, RUNX, E2F, AP1, CREB/ATF, Zinc-
finger and other families. The SMAD cofactors differ in
various cell types, thereby determining the cell-type
dependent responses [63]. By association with DNA-
binding cofactors, SMADs reach target gene specificity
and target specificity. Stimulation of various cells by
TGE-P leads to rapid activation or repression of a few
hundred genes; possibly, the pool of activated SMAD
proteins is shared among different partner cofactors
[74,75].

On chromatin level, SMADs can recruit histone acet-
yltransferases. Several studies revealed that TGF-p pro-
teins influence transcription of different genes through
interaction of the MH1 domain of SMADs with
sequence-specific transcription factors and co-activators
CBP and p300. CBP and p300 interact with SMAD]I,
SMAD2, SMAD3 and SMAD4 in vitro and in vivo, and
the interaction between the SMADs and CBP/p300 is
stimulated in response to TGF-P [76-79]. Moreover, his-
tone deacetylases and chromatin remodeling complexes
are also involved in SMAD regulation. In this way,
SMADs functionally interact with a variety of transcrip-
tion factors and regulate diverse signaling pathways as
well (reviewed in [80]).

SMADs act as sequence specific transcription factors;
however, they can regulate cell fate by alternative
mechanisms. Recent data indicate that R-SMADs
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associate with the p68/Drosha/DGCR8 miRNA proces-
sing complex to regulate miRNA processing in a ligand-
dependent and RNA-sequence specific manner. So far,
more than 20 TGEF-B/BMP-regulated miRNAs (T/B-
miRs) have been described [81,82].

Non-SMAD signaling

Diversity of TGF-P signaling in cells is determined not
only by various ligands, receptors, SMAD mediators or
SMADr-interacting partners, but also by the ability of
TGEF-B to activate other signaling pathways (Figure 3).
TGF-B can indirectly participate in apoptosis, epithelial
to mesenchymal transition, migration, proliferation, dif-
ferentiation and matrix formation (reviewed in [83]). It
activates various branches of mitogen-activated protein
kinases (MAPK) pathway, such as ERK1/ERK2, Jun-N
terminal kinase (JNK) and p38 and PI3K kinases [84]. In
response to TGF-f, both SMAD-dependent and SMAD-
independent JNK activations are observed [85]. SMAD-
independent activation of p38 was observed in mouse
mammary epithelial NMuMG cells with mutant TBRI
[86].

Other pathways influenced by TGE-f are the growth
and survival promoting pathway AKT/PKB, the small
GTP-binding proteins RAS, RHOA, RAC1 as well as
CDC42 and mTOR [87-89]. TGF-f participates in medi-
ating activation of protein tyrosine kinases FAK, SRC
and ABL, particularly in mesenchymal or dedifferen-
tiated epithelial cells [90-92]. TGF-f also influences NF-
kB signaling and Wnt/B-catenin pathway [93].
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Role of TGF-f in tumors
In tumors, TGF-B can be either a proto-oncogene or a
tumor suppressor, depending on cell context and tumor
stage [94]. Cancer cells often evade growth inhibition
effects of TGF-P, while leaving intact TGF--mediated
cellular responses that promote tumor progression.
Importantly, the use of mouse models has enabled the
elucidation of the dual role of TGF-f in cancer
(reviewed in [95]). As homozygous deletions of Tgf-51,
Tgf-B2, Tgf-B3, TSRI and TPBRII are lethal in mice, ma-
nipulation of TGF-B pathway was achieved mainly
through transgene expression or conditional null muta-
tions in vivo [96]. The dual role of TGF- was shown on
a set of experiments with mice skin cancer. The first
study demonstrated that TGF-B1 expression targeted to
keratinocytes inhibits benign tumor outgrowth; however,
later it enhances malignant progression rate and pheno-
type of the benign papillomas [97]. Study on transgenic
mice overexpressing a dominant negative TBRII in the
basal cell compartment and in follicular cells of the skin
complemented previous results. In non-irritated epider-
mis of transgenic mice, proliferation and differentiation
were normal; however, during tumor promotion, trans-
genic mice showed an elevated level of proliferation in
the epidermis [98]. Furthermore, using mice with indu-
cible expression of TGF-B1 in epidermis confirmed the
dual role of TGF-f [99,100].

TGF-B as a tumor suppressor
The most critical effect of TGF-p on target cells is sup-
pression of proliferation. Its growth inhibitory function

pathway.

Figure 3 TGF-B non-canonical signaling pathway. After ligand binding, several different branching signaling pathways can be activated in
malignant cells, such as Notch signaling, MAP kinases, AKT/PKB pathway, GTP-binding proteins pathway, PTK pathway, NF-kB and Wnt/[3-catenin
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is based on the ability to suppress expression and func-
tion of c-Myc and cyclin-dependent kinases (CDKs) and
to enhance expression of the CDK inhibitors p15™<*8
[101] [102] and p275™* [103].

Cellular responses to TGF-p depend on cell type and
physiological conditions. TGF-p stimulates various mes-
enchymal cell types, including fibroblasts; however, it is
a potent inhibitor of epithelial, endothelial, neural cells
and hematopoietic cells, including immune cells [10].
Central function of TGEF-p is inhibition of cell cycle pro-
gression by regulating transcription of cell cycle regula-
tors (Figure 4). Anti-proliferative responses can be
induced at any time during cell cycle division; yet, they
are effective only in G1 phase. Once a cell is committed
to enter replication, it will continue to double its DNA,
divide and then arrest when entering the following G1
phase. At this point, TGF-p mediates cell cycle arrest by
suppressing expression and function of c-Myc, members
of the Id family inhibitors and CDKs and enhancing ex-
pression of CDK inhibitors, such as p15™<*# p21<*!
and p27°'*! [104,105].

TGEF-B induces the expression of the CDK inhibitor
p15™ *® in a variety of cell types. p15™"*" is a member
of the INK4 family of CDK inhibitors, which binds to
CDK4 and CDK6 subunits, inactivates their catalytic ac-
tivity and prevents cyclin D-CDK4/6 complex formation
[101,106]. Furthermore, TGF-P can induce expression of
p21CIPl in several cell types [107,108]. Other CDK in-
hibitory responses, observed in several cell types after
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exposure to TGF-pB, are inhibition of CDK4 expression
and down-regulation of CDC25A expression [109].

Low levels of c-Myc allow for TGE-B induced tran-
scription of p15™ *® and p21<™®' genes. Decreased ex-
pression of c-Myc in keratinocytes is mediated by
SMAD3 in association with transcription factors E2F4
and E2F5, p107 co-repressor and SMAD4 [110]. On the
other hand, down-regulation of Id proteins in epithelial
cells is due to activated SMAD3 that induces activating
transcription factor (ATF) expression and then together
with ATF directly represses the Id promoter [104].

TGF- as a tumor promoter

TGE-p acts as tumor suppressor in normal epithelium; it
inhibits cell proliferation and induces apoptosis. Yet,
during tumor progression, sensitivity to these effects of
TGE-p is frequently lost and, in later stages, TGF-J sig-
naling has pro-oncogenic function. Several activities
have been described to TGF-f that would favor tumor
progression [111].

Mutations in signaling components

Malignant cells become resistant to suppressive effects
of TGEF-f either through mutation and/or functional in-
activation of TGEF-P receptors or by downstream altera-
tions in the SMAD-signaling pathway. During late stages
of tumor progression, TGF-f acts as tumor promoter
and is often over-expressed in many cancers. Elevated
plasma level of TGF-B1 was observed in hepatocellular

and represses expression of c-Myc. p15™<®

Figure 4 Role of TGF-B in regulation of cell cycle. Physiologically, TGF-B is a potent inhibitor of cell cycle; it induces expression of p15™®
is able to prevent cyclin D-CDK4/6 complex formation; moreover, it displaces p21<"" and p27""

from cyclin D-CDK4/6 complexes. These CIP/KIP inhibitors are subsequently able to inactivate other complexes of G1 and S phase and thereby
inhibit cell cycle. Moreover, low levels of c-Myc allows for TGF- induced p1

L <
N

c-Myc

5™NKB and p219"" transcription.
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carcinoma, colon, HCC, prostate, lung and breast can-
cers and correlates with poor prognosis [112].

Mutations in downstream TGEF-f signaling compo-
nents cause variable attenuations or complete loss of ex-
pression; these mutations, which have been detected in
many common tumors, affect TGF-f signal transmission
that potentially results in human cancer development
and progression. In particular, TBRI, TPRII, SMAD2 and
SMAD4 are frequently lost, mutated or attenuated
(gene/LOH/expression). Inactivation of TPRII leads to
increased tumor spreading and metastasis in a variety of
carcinomas, including colon [113], breast [114], pancre-
atic [115], intestinal [116] or head and neck squamous
cell carcinoma (HNSCC) [117]. Also, deregulated ex-
pression or aberrant function of Smurfl and 2 was
described. Several human carcinoma cell lines such as
colon HT-29, breast MDA-MB-231, gastric MKN-1 and
ovarian OVCAR-5 display high levels of one or more
E3 ligases, including Smurf2 [118,119]. Moreover, in
esophageal squamous carcinoma, high expression levels
of Smurf2 associated with low levels of SMAD2 phos-
phorylation were detected [120]. Furthermore, TGEF-f
pathway is modulated by epigenetic mechanisms, such as
transcriptional repression of TSRII, DNA methylation of
TBRI and TSRII and histone modifications [121-123].

TGF-f in tumor microenvironment and metastases
Tumor metastases accounts for the majority of cancer
associated deaths. Recent evidence strongly suggests that
tumor microenvironment is essential in this process. It
consists of tumor cells and a variety of immune cells,
which infiltrate into tumors. This dynamic microenvir-
onment is not only important for cross-talk with tumor
cells or escape of tumor from host immune surveillance,
but it also induces formation of new blood vessels and
invades the vasculature. Areas of hypoxic tissue are
thought to drive genomic instability and alter DNA
damage repair [124]. Recent studies suggest that TGF-f
is one of the critical regulators of inflammation; it is
thought that tumor metastasis is a coordinated process
between tumor cells and host cells through inflamma-
tion [125]. However, it seems that different mechanisms
are implemented in different tumor type.

TGE-B as a proto-oncogene is important in stromal-
epithelial cross-talk, as was shown for the first time in
mouse experiments, where deletion of the TBRII in stro-
mal fibroblasts resulted in transformation of adjacent
epithelia of prostate and forestomach. Moreover, in this
model, hepatocyte growth factor (HGF) was up-
regulated and complementary activation of the HGF re-
ceptor MET was detected in tissues where TPRII had
been ablated, which implicates this paracrine signaling
network as a potential mechanism for regulation of
carcinoma development [126]. Further experiment
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performed on these mice revealed that mice fibroblasts
have up-regulated expression of growth factors and
increased proliferation of mammary cancer cells [127].
Together, it indicates that TGF-p responses mediated by
stromal fibroblasts can regulate carcinoma initiation and
progression of adjacent epithelium in vivo and in vitro.

Interestingly, it was found that TGF-f in breast cancer
favors metastasis to lungs. TGF-p stimulation of mam-
mary carcinoma cells in tumor microenvironment, be-
fore they enter circulation, primes these cells for seeding
of lungs through a transient induction of angiopoetin-
like4 (Angptl4) via canonical signaling pathway [128].
TGE-B is involved in regulation of chemokines and che-
mokine receptors which take part in inflammatory cells
recruitment. The loss of TPRII in breast cancer cells can
enhance recruitment of F4/80" cells to tumor micro-
environment and increase the expression of pro-
inflammatory genes, including CXCLI, CXCL5 and
PTGS?2 (cyclooxygenase-2). Further, in vitro treatment of
carcinoma cells with TGF- suppressed the expression
of CXCL1, CXCL5 and PTGS2 [129].

Different mechanism was observed in gastric carcin-
oma, where SMAD-dependent TGF- pathway, in col-
laboration with PKC-8 expression and phosphorylation
and integrin expression and activation, regulates cell in-
vasion and cell spreading [130].

Beside the effects already mentioned, TGF-p is broadly
implemented in induction of epithelial-to-mesenchymal
transition [131]. The NBT-II cell line, derived from a
chemically induced rat bladder carcinoma, forms epithe-
lial colonies that can be converted into migratory mes-
enchymal cells within a few hours by adding Tgf-p and
other factors, such as Fgfl, Fgf7, Fgf10, Egf, 1gfl, Igf2 or
Hgf [132].

TGF-B as a regulator of immune cells

The tumor microenvironment is filled with various in-
flammatory cells, including myeloid cell subpopulations,
T cells and B cells. TGF-P is one of the most potent en-
dogenous negative regulators of hematopoiesis. It modu-
lates proliferation, differentiation and function of all
types of lymphocytes, macrophages and dendritic cells,
thus regulating the innate, non-antigen-specific as well
as antigen-specific immunity [133].

TGE-B is involved in normal B cells maturation and
differentiation, such as regulation of expression of cell-
surface molecules, inhibition of IgM, IgD, CD23 and the
transferrin receptor and induction of MHC class II ex-
pression on pre-B cells and mature B cells [134].

In T cells, TGF- regulates maturation; for example, it
is released by regulatory T cells and inhibits the Ag-
specific proliferation of naive CD4+ cells from T cell re-
ceptor (TCR) [135]. TGF-B1 also inhibits aberrant T
cell expansion by maintaining intracellular calcium
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concentration levels low enough to prevent mitogenic
response by Ca®'-independent stimulatory pathways
[136].

In myeloid cells, such as macrophages and monocytes,
TGEF-P1 is mostly suppressive, it inhibits cell prolifera-
tion and down-regulates production of reactive oxygen
and nitrogen intermediates; however, it is able to en-
hance some other activities of myeloid cells. TGF-B1 can
be recognized by monocytes and macrophages as a
chemotactic factor; it induces direct monocytes migra-
tion in vitro [137].

TGF-B pro-metastatic and pro-inflammatory effects
are regulated via nuclear factor kappa B (NF-kB), the
master regulator of inflammation and a regulator of
genes that controls cell proliferation and cell survival.
TGEF-P1 is a negative regulator of NF-«kB activation, as
was shown in the gut; it directly stimulates IkB-a pro-
moter transcriptional activity in vitro. However, SMAD7
maintains high NF-«B activity by blocking TGF-B1 sig-
naling [138].

Targeting the TGF-B signaling pathway

As the signaling pathway deregulations are responsible
for cancer initiation and progression, interrupting the
tumor promoter properties of TGF-f signaling would be
an attractive therapeutic strategy, without altering
physiologic tumor suppressor functions exhibited in
early stages of tumorigenesis. Strategies such as using
monoclonal TGEF-B-neutralizing antibodies, large mol-
ecule ligand traps, reducing translational efficiency of
TGEF-p ligands using antisense technology and antagon-
izing TGF-B receptor I/II kinase function by small mol-
ecule inhibitors are the most prominent methods being
explored today [139,140]. Furthermore, studies have
shown that combined treatment with tumor cell vac-
cines and antisense TGF-p therapy reduced tumor size
and increased survival benefit [141,142]. Preclinical stud-
ies also show that TGF-p inhibition can augment thera-
peutic efficacy of cytotoxic agents [143]. However, as
there are still potential limitations and risks of TGF-p
targeted therapy, caution must be given as to when, how
and how much therapy would be beneficial or how
much toxicity will be induced by chronically adminis-
tered therapy. However, daily administration of a high
dose of neutralizing TGF-p antibody in adult mice for
12 weeks and a lifetime exposure to soluble TPRII
(sTBRII) in transgenic mice did not significantly affect
their health. This suggests that anti-TGF-p treatments
are likely to be safe [144].

TGF-$ in solid tumors

Brain tumors

TGEF-B has a suppressive role in physiological develop-
ment of the central nervous system (CNS): all TGE-f
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isoforms and receptors necessary for TGF-p signal trans-
duction are detected in developing as well as adult CNS
[145].

The most aggressive type of primary brain tumors,
glioblastoma multiforme (GBM), is characterized by
poorly differentiated and highly proliferating cells that
originate from glial cells [146,147]. Here, the release
from cytostatic TGF-B effect is explained by a broad
range of inactivating mutations in the TGF-f signaling
pathway. Several studies describe mutations in TPRI and
TPRII in adenomas and gliomas [148,149] as well as cor-
relation between higher expression of TPRI and TPRII
with more aggressive glioma cell lines and tumors
[150,151]. Moreover, high levels of TGF-f indicate that
TGE-B is able to induce its own expression and thereby
create a malignant autocrine loop and control glioma-
cell proliferation [152]. Alterations of SMAD protein
levels and activation were reported in brain tumor cell
lines and patient samples. In glioma cell lines, SMAD3
level and SMAD?2 nuclear translocation was lower in 9
out of 10 cell lines [153]. Kjellman et al. reported that
SMAD2, SMAD3 and SMAD4 mRNA levels were
reduced in GBM samples in comparison to normal brain
samples, astrocytomas and anaplastic astrocytomas
[150]. Nevertheless, these data are controversial to a
study in which higher phospho-SMAD2 (p-SMAD2)
level correlated with higher grade of glioma [154]. Fur-
ther analysis of cell lines and patient samples would elu-
cidate such discrepancies.

Urogenital tumors

TGE-p is a crucial molecule in the genesis of urogenital
tumors, such as urinary bladder carcinoma, renal cell
carcinoma, ovarian and prostate cancers [155].

The TGF- pathway is involved in urinary bladder can-
cer progression. The amount of secreted TGF-B1 corre-
lates with more aggressive phenotype of cell lines. In
addition, deregulated TGF- signaling led to enhanced
migration and invasiveness of bladder cancer cells [156].
Silencing of TPRI expression by siRNA led to significant
inhibition of TGF-B-induced signal transduction and
thereby reduced invasiveness of bladder cancer cells
[157].

Clear cell renal cell carcinoma (CCRCC) is the most
common malignancy of the kidney; it accounts for 2-3%
of all malignant diseases in adults [158]. In CCRCC pa-
tient samples, sequential loss of TPRIII and TPRII ex-
pression was associated with renal cell carcinogenesis
and progression [155]. Cross-talk between Notch signal-
ing and TGF-P pathway contributes to aggressiveness of
CCRCC. Recently, it was described that inhibition of
Notch signaling leads to attenuation of basal TGF-p-
induced signaling in CCRCC cells; it also influenced
genes involved in cancer migration [159].
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Ovarian cancer

In advanced ovarian tumors, low expression of TGEF-{1
mRNA is connected to better prognosis. It was found
that TGF-p1 mRNA expression was significantly lower
in tumors of patients who had optimal surgery than in
patients with suboptimal surgery. TGF-B1 mRNA ex-
pression was also significantly lower in tumors with high
sensitivity to chemotherapeutics than in those with low
sensitivity [160].

Alterations in the TSRl gene occur in ovarian cancer
and account, at least in part, for the frequent loss of
TGE-P responsiveness of these cancer cells. Presence of
TBRI 6*A allele in about 27% of human ovarian cancers
suggests that it acts as a low penetrating tumor marker
in the development of ovarian cancer [161-163].

Mutations in the TBRII allele that cause loss or decrease
in TPRII protein level are also present, BAT-RII mutations
(mutations in polyadenine tract in exon 3) were found in
22% of ovarian tumors [161]. Although this mutation is
connected to microsatellite stability, in ovarian cancers
this association remains controversial [164].

Mutations in SMAD4 are not very common in ovarian
cancer but were reported in primary cultures or cell
lines [165]. Reduced expression or loss of SMAD4 pro-
tein leads to decreased ability to bind DNA; SMAD4 in-
activation is involved in the acquisition of a more
aggressive tumor [161].

It has been suggested that SMAD4 and SMAD3 are
involved in metastatic potential of ovarian cancers
[166,167]. In ovarian cancer cell lines, TGF- supported
metastatic activity at least partly through activation of
MMPs [168]. Deregulation in TGF-B/SMAD4 signaling
leads to epigenetic silencing of a putative tumor sup-
pressor, RunX1T1, during ovarian carcinogenesis [169].
Recently, genome-wide screening done by ChIP-seq of
TGEF-B-induced SMAD4 binding in epithelial ovarian
cancer revealed that SMAD4-dependent regulatory net-
work was strikingly different in ovarian cancer compared
to normal cells and was predictive of patients survival
[170].

Prostate cancer
In prostate cancer, high level of TGF-PB1 expression is
linked to tumor progression, cell migration and angio-
genesis [171]. In some prostate cell lines, even low level
of TGF-B1 induced its own expression in an autocrine
manner. However, only in benign cells, higher concen-
tration of TGF-B1 leads to recruitment of protein phos-
phatase 2A (PP2A) by activated TBRI, which terminates
the induction of TGF-B1. On the contrary, in malignant
cells, incorrect recruitment of PP2A by TPBRI is respon-
sible for protruded production of TGF-f1 [172].

When compared to other types of cancer, such as
breast and colon, down-regulation of TPRs is found
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more often than mutations in SMADs. Kim et al. com-
pared protein levels of TPRI and TPRII in benign and
malignant prostate tissues and observed that loss of
receptors expression correlated with more advanced
tumor [173]. Decreased level of receptor protein is ac-
companied with decreased mRNA expression; thereby,
loss of receptor expression is a potential mechanism to
escape the growth-inhibitory effect of TGF-B [174].
However, mutations are present in only some cases of
prostate cancer, which suggests that other mechanisms
are involved. For example, in a study by Turley et al,
loss of TPRIII expression correlated with disease pro-
gression [175]. In some cases of prostate cancer, insensi-
tivity to TGF-p is caused by promoter methylation in
TBRI [176].

So far, mutations in SMAD?2 proteins were not found
in prostate cancer. However, studies in vitro revealed that
SMAD? functions as a tumor suppressor of prostate epi-
thelial cells. It is possible that tumor suppressor function
of SMAD2 could be lost during differentiation of normal
tissues or during prostatic carcinogenesis [177-179].

Breast cancer

In normal mammalian breast development, all TGF-s
isoforms are functionally equivalent; they are all involved
in establishing proper gland structures and apoptosis in-
duction. However, they have distinct roles in mammary
growth regulation, morphogenesis and functional differ-
entiation [180-182].

In breast cancer, results evaluating TGF-p as a prog-
nostic factor are controversial. On the one hand, analysis
demonstrated TGF-f1 expression to be significantly
higher in patients with a favorable outcome as compared
to patients with a poor prognosis [183]. On the other
hand, several studies showed that TGF- over-expres-
sion is related to worse outcome [184,185]. Elevation of
TGEF-B has been shown to participate in breast cancer
metastasis [186].

Alterations of TGF-f signaling molecules are relatively
rare, except for TPRII down-regulation. No specific
mutations were found in the coding or in the regulatory
region of the TPRII gene promoter in breast cancer
[187,188]. However, the loss of TPRII expression has
been linked to tumor progression and metastasis, princi-
pally in HER2-negative patients [114]. In addition, resist-
ance of breast cell lines to TGF-p may be due to reduced
expression of TPRII [189]. Mutations of TPRII are rare
among breast cancer patients, while changes in receptor
expression may take part in tumor progression [187].
Opposite to TPRII, intragenic mutations occur in TPRI
and are associated with metastatic breast cancer [190].

Although the role of TPRIII remains unclear, it seems
that this receptor is a suppressor of breast cancer. Loss
of TPRIII through allelic imbalance is a frequent genetic



Kubiczkova et al. Journal of Translational Medicine 2012, 10:183
http://www.translational-medicine.com/content/10/1/183

event during human breast cancer development that
increases metastatic potential; moreover, decreased
TPRIII expression correlates with decreased recurrence-
free survival in breast cancer patients [191].

Mutations in downstream signaling pathway including
SMAD proteins are not very common in breast cancer;
however, inactivating mutations or loss of expression in
SMAD4 have been described [164,192].

Tumors of the digestive tract

Gastric cancer

Resistance to TGF-p is a hallmark of gastric cancer. The
relationship between TGEF- resistance and up-regulated
level of miR-106b-25 cluster (miR-106b, miR-93, and
miR-25) has been recently elucidated [193]. The cluster
is an intronic part of the Mcm?7 gene and thus is regu-
lated by E2F1. Conversely, miR-106b and miR-93 control
E2F1 expression thus establishing negative feedback that
prevents E2F1 self-activation. Over-expression of miR-
106b, miR-93 and miR-25 decreases response of gastric
cancer cells to TGF-p since they interfere with synthesis
of TGF-B downstream effectors that promote cell cycle
arrest and apoptosis, such as p21“""* and BIM, respect-
ively [193] (Figure 5).

Mutations in TBRII that lead to insensivity of cell lines
to TGF-p mediated growth inhibition have been previ-
ously described [194]. It has been shown that conditional
loss of TGE-p signaling due to dominant negative muta-
tion in TPRII leads to increased susceptibility to gastro-
intestinal carcinogenesis in mice [195].

Epigenetic changes in TPRI are another important
mechanism of escape from TGF-$ physiological func-
tion. Hypermethylation of a CpG island in the 5' region
of the TPRI was found in 80% of gastric cancer cell lines
and 12.5% of primary tumors. Treatment with demethy-
lating agent increased expression of TPRI and transient
transfection of TPRI into TGF-P resistant cell line
restored TGF-f responsiveness [123].

Effects of TGF-B on gastric cancer invasiveness and
metastasis are mediated by activation of JNK and ERK
pathways which support expression of fascin-1, an actin-
binding protein. Moreover, signaling pathway based on
SMAD proteins is not involved in this process because
transitional repression of SMADs did not alter fascin-1
expression [196].

Nevertheless, impaired signaling based on SMAD pro-
teins also occurs in gastric cancer. Shinto et al. found a
correlation between expression level of p-SMAD2 and
patients prognosis. P-SMAD2 protein expression level
was significantly higher in patients with diffuse form of
carcinoma and metastatic tumors and is associated with
worse outcome [197]. TGF-P signaling is also abrogated
by decreased expression of SMAD3. Low or undetect-
able level of SMAD3 was observed in 37.5% of human
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gastric cancer tissues. In cell lines, which showed defi-
cient expression of SMAD3, introduction of SMAD3
gene led to growth inhibition caused by TGE-f [198].

Sonic hedgehog (Shh), a member of the hedgehog sig-
naling pathway, promotes invasiveness of gastric cancer
through TGF-p-mediated activation of the ALK5—-SMAD3
pathway. Higher concentrations of N-Shh (human recom-
binant form of Shh) enhanced cell motility and invasive-
ness in gastric cancer cells; moreover, treatment of cells
with N-Shh led to enhanced TGF-P1 secretion, TGF-B-
mediated transcriptional response, expression of ALK5
protein and phosphorylation of SMAD3. Effect of Shh
on cell motility was not observed after treatment of
cells with anti-TGF-B blocking antibody or TGEF-p1
siRNA [199].

Hepatocellular carcinoma

Reduced TPRII expression was observed in approxi-
mately 25% of hepatocellular carcinoma (HCC) patients;
this event is associated with aggressive phenotype of
HCC and intrahepatic metastasis. TBRII down-regulation
also correlated with an early recurrence time and higher
grade of tumor suggesting that TPRII down-regulation is
a late event in HCC development. In addition, TGF-f is a
tumor suppressor in the majority of HCCs expressing
TBRII [200].

Mutations in intracellular signaling components have
been observed: SMAD2 mutations occur in 5% of HCC,
while loss of SMAD4 expression was found in 10% of
HCC [201,202].

Several studies of HCC indicated that over-expression
of SMAD3 promotes TGF-B-induced apoptosis [203,204].
Pro-apoptotic activity of SMAD3 requires both input from
TGE-B signaling and activation of p38 MAPK, which
occurs selectively in liver tumor cells. SMAD3 represses
transcription of an important apoptotic inhibitor, BCL-2,
by directly binding to its promoter [203].

Therapeutic options for patients with HCC are still
limited; however, it was recently described that blocking
the TGF-p signaling pathway with LY2109761, a kinase
inhibitor of TPRI, is associated with inhibition of mo-
lecular pathways involved in neo-angiogenesis and
tumor growth. LY2109761 interrupts the cross-talk be-
tween cancer cells and cancer-associated fibroblasts,
leading to significant reduction of HCC growth and dis-
semination. Currently, LY2109761 is being tested in clin-
ical trial phase II [205-207].

Colorectal cancer

In colorectal cancer (CRC), TGF-p1 inhibits proliferation
of less aggressive tumor cells but stimulates growth of
tumor cells at later stages by autocrine manner. High
level of TGF-B1 correlates with tumor progression [208].
In colorectal cell lines, TGE-f induces proliferation by
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Figure 5 The E2F1/miR-106b-25/p21 pathway. In gastric cancer, miR-106b-25 cluster is activated by E2F1 in parallel with its host gene, Mcm?.
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In turn, miR-106b and miR-93 regulate E2F1 expression, establishing a miRNA negative feedback loop. Over-expressed miR-106b, miR-93, and
and Bim (TGF-3 downstream effectors) and therefore prevent cell cycle inhibition and apoptosis.

RAS-independent manner [209]. In a recent study, TGEF-
B, TBRIL, TPRII, SMAD4, pSMAD2/3 and E-cadherin
were found to be closely related to TNM stage of CRC.
Therefore, TGE-B, TPRIL, SMAD4, pSMAD2/3 and E-
cadherin come into view as valuable independent bio-
markers of prognosis in CRC patients [140].

Inactivating mutations in SMAD2 and SMAD4 are fre-
quent especially in pancreatic and colorectal carcinomas,
although they do not stand for the most frequent tumor
changes. Most of SMAD2 mutations have been found in
the MH2 protein domain, thereby preventing complex
formation with SMAD3 and SMAD4. Alterations of
SMAD? are present in about 6% of colorectal carcinoma
cases [210]. SMAD3 mutation is a very rare event in
human solid tumors; however, a missense mutation in
SMAD3 gene (leading to reduced activity of SMAD3
protein) was found in human colorectal cell lines [211].
Inactivation of SMAD4 is a genetically late event in
gastrointestinal carcinogenesis. It was identified with less
frequency in advanced colon cancers and in 16% of
colon carcinomas [212,213]. Nevertheless, recent studies
revealed that some of the TGF-f induced pathways are
SMAD4 independent [214]. Proteomic screen of SMAD4
wt and SMAD4 deficient cell lines detected different
protein levels in cell lines pointing to SMAD4 dependent
and independent TGF-P responses in colon carcinoma
cells [215]. Another study indicated that novel genetic

variant -4 T(10) in the SMAD4 gene promoter affects
its activity. Obtained preliminary results indicate that
SMAD4 gene promoter haplotype -462 T(14)/-4 T(10)
represents a potentially relevant genetic marker for
pancreatic and colorectal cancer [216]. This down-
stream inactivation of TGF-B signaling components
promotes colon adenoma to carcinoma progression.

Mutations of TPRII are frequent alterations of the
TGEF-B signaling pathway (reviewed in [217]). They are
present in approximately 30% of CRC cases and were
reported in cancer cell lines, sporadic colon cancers and
patients with hereditary non-polyposis colorectal cancer
with microsatellite instability and in a smaller percentage
in microsatellite stable cancers [123,218,219]. TPRII
mutations occur in >90% of microsatellite unstable
(MSI) colon cancers and most principally affect a polya-
denine tract in exon 3 of TPRIL, the BAT-RII; however,
non-BAT point mutations in TPRII were found with less
frequency also in microsatellite stable cancers [164,219].
Interestingly, it has been recently published that restor-
ation of TPRII in cancer cell lines with microsatellite in-
stability (MSI), bearing mutated TPRII, promoted cell
survival and motility. Therefore, it is plausible that such
mutations contribute to favorable outcome in MSI
patients [220].

In contrast to TPRIIL, mutations in TPRI are less com-
mon. They are rare in colon as well as pancreatic cancer.
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Decreased TPRI allele expression is associated with
higher risk of colon cancer development [221]. Recently,
it has been described that TPRIII mRNA expression is
not significantly altered in human colorectal cell lines;
however, protein levels of TPRIII are frequently
increased, suggesting a distinct role for TBRIII in colon
cancer. Thus, enhanced expression of TBRIII is possibly
involved in cancer progression [222].

Other mechanisms, such as crosstalk between TGF-f3
and Wnt/p-catenin pathways, are involved in colon cancer
progression [214]. It has been shown that SMAD4 restor-
ation is associated with suppression of Wnt/p-catenin
signaling activity, decrease of -catenin/Tcf target genes
expression and with induction of functional E-cadherin
expression [223].

Recently, the role of microRNA in colon cancer has
been established. Elevated levels of miR-21 and miR-31
promote motility and invasiveness of colon cancer cell
line and enhance the effect of TGF-p. It seems that miR-
21 and miR-31 act as downstream effectors of TGEF-f
[224].

Pancreatic cancer

Pancreatic cancer has the poorest prognosis among GI
cancers due to aggressiveness, frequent metastases and re-
sistance to treatment. SMAD4, also called DPC4 (deleted
in pancreatic carcinomas), suggests close relationship be-
tween loss of this gene and pancreatic cancer. Mutation or
deletion of SMAD4 is a well-characterized disruption in
the TGF-B pathway — it occurs late in neoplastic progres-
sion, at the stage of histologically recognizable carcinoma.
In pancreatic cancers, SMAD4 is homozygously deleted in
approximately 30% of cases, inactivated in 20%, while al-
lelic loss of the whole 18q region was found in almost
90% of cases [225]. These mutations are present mostly in
the MH2 domain; however, missense, nonsense or frame-
shift mutations are present within the MH1 domain as
well [226,227].

Dual role of SMAD4 was established in a mouse
model. Smad4 or TBRII deletion in pancreatic epithe-
lium did not affect pancreatic development or physi-
ology. However, when activated K-Ras was present in
cells, loss of Smad4 or TSRII or Smad4 haploinsuffi-
ciency led to progression to high-grade tumors. Thus, it
is possible that Smad4 mediates the tumor inhibitory ac-
tion of TGF-f signaling, mainly in the progressive stage
of tumorigenesis [115].

In concordance with colorectal cancer, mutations in
TPRII were found in cancers with microsatellite instabil-
ity; however, mutations in TPRII and also in TPRI are
less common [217]. Frequency of mutations in TBRII is
about 4% and even less for TSRI [228]. Interestingly,
polymorphism within the TSRI gene, which is less
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effective in mediating anti-proliferative signals than wild
type, was described [229].

High level of TGF-B was found in serum of patients
with pancreatic adenocarcinoma suggesting that TGF-p
could possibly become a marker for monitoring disease
activity [230].

As previously mentioned in HCC, targeting TBRI/II
kinase activity in pancreatic cancer with the novel in-
hibitor LY2109761 also suppressed pancreatic cancer
metastatic processes. LY2109761 suppressed both basal
and TGF-Bl-induced cell migration and invasion and
induced anoikis. In vivo, LY2109761, in combination
with gemcitabine, significantly reduced the tumor bur-
den, prolonged survival and reduced spontaneous ab-
dominal metastases [231].

Lung cancer

In non-small cell lung carcinoma (NSCLC), elevated ex-
pression of TGF-P correlates with disease progression
[232]. Furthermore, significantly higher serum concen-
trations of TGF-B1 cytokine were found in lung cancer
patients. Presumably, elevated expression and higher
levels of serum TGF-P represent an important prognos-
tic factor that could serve as a complementary diagnostic
test in lung cancer detection [233].

Defective expression of TPRII was observed in primary
NSCLC, where TBRII acts as a tumor suppressor.
Down-regulation of TBRII on transcriptional level could
be explained by aberrant methylation of the TSRII pro-
moter [234]. Moreover, reduced expression of TPRIII
has been found in NSCLC cells compared to normal
human bronchial epithelial cells [235].

Downstream components of TGEF-B signaling path-
ways are important in NSCLC development. Jeon et al.
observed a correlation between better tumor-related
survival and absence of SMADG6. Moreover, SMAD6
contributes to lung cancer progression by limiting
TGEF-p-mediated growth inhibition of cell lines, which
was proven by knockdown of SMADG6 that resulted in
increased apoptosis in lung cancer cell line [236].

TGEF-p signaling is also required for lung adenocarcin-
oma (LAC) progression. In a study on LAC cell line
A549, knockdown of TPRII resulted in suppression of
cell proliferation, invasion and metastasis and induced
cell apoptosis [237].

TGF-B in hematological malignancies

Leukemia

Myeloid leukemia

TGE-f is a potent inhibitor of human myeloid leukemia
cells [238]. In acute myeloid leukemia (AML), t(8;21)
translocation results in the formation of a chimeric tran-
scription factor AMLI1/ETO. Jakubowiak et al used
transient transfection assays and a reporter gene
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construct that contained SMAD and AMLI1 consensus
binding sequences and demonstrated that AML1/ETO
represses basal promoter activity function and blocks
response to TGF-f1. AML1/ETO possibly binds to
SMAD3, instead of activating TGF-P1 signaling path-
way. It represses TGF-Bl-induced transcriptional activ-
ity and blocks TGF-B1 signaling, thus contributing to
leukemia genesis [239].

In addition, in AML, dominant negative mutations in
SMAD4 were found. They are characterized by a mis-
sense mutation in the MH1 domain and a frameshift
mutation in the MH2 domain of SMAD4. Mutated
SMAD4 lacks transcriptional activity [240].

The t(3;21) translocation fusion product AML1/EVI-1
likely interacts with SMAD3 through the first zinc finger
domain, represses SMAD3 activity by preventing SMAD3
from interacting with DNA, thereby repressing TGF-p-
mediated growth suppression in hematopoietic cells. This
way, AML1/EVI-1 contributes to leukemogenesis [241].

In acute promyeloytic leukemia (APL), t(15;17) trans-
location in which the retinoic acid receptor a (RAR«)
gene on 17ql2 fuses with a nuclear regulatory factor
PML on 15q22 results in the fusion protein PML-RARa
[242]. PML is normally found in 2 isoforms, a nuclear
isoform and a cytoplasmic isoform. Cytoplasmic isoform
is required for association of SMAD2/3 with SARA and
for the accumulation of SARA and TGEF-PB receptors,
resulting in SMAD phosphorylation (Figure 6). The
PML-RARa oncoprotein antagonizes with cytoplasmic
PML function by withdrawing cytoplasmic PML from
the SMAD/SARA/TBRI/TBRII complex resulting in
defects in TGF-f signaling [243].

In chronic myeloid leukemia (CML), t(9;22) (the so-
called Philadelphia chromosome) results in the forma-
tion of BCR-ABL fusion gene [244]. The fusion protein
is an active tyrosine kinase which enhances resistance
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of malignant cells to TGF-fB-induced growth inhibition
and apoptosis. BCR-ABL protein targets AKT and tran-
scription factor FOXO3 and thus impairs the cytostatic
effect of TGF-B1 [245]. In addition, by improving protea-
somal degradation, BCR-ABL blocks TGEF-B1-induced
expression of p27"'*!, Thus, BCR-ABL kinase promotes
activation of cyclin-dependent kinase and cell cycle pro-
gression [246].

In CML, expression of EVI-1, a proto-oncogene that is
expressed at very low levels in normal hematopoietic
cells, is increased. [247]. EVI-1 binds to the MH2 do-
main of SMAD3 repressing its DNA-binding ability and
transcriptional activity and this way attenuates TGEF-f
signaling [248].

Moller et al. showed that BCR-ABL up-regulates TGF-f3
signaling when expressed in Cos-1 cells. In Cos-1 cells, the
expression of BCR-ABL up-regulates TGF-B-mediated
transcriptional activity by interaction between TPRI and
kinase domain of BCR-ABL, which leads to increased
activity of SMAD3 promoter and increased SMAD2
and SMAD3 protein expression level [249].

Lymphoid leukemia
In children T-cell acute lymphoblastic leukemia (ALL),
SMAD3 protein is absent or significantly decreased,
however SMAD3 mRNA is present in T-cell ALL and
normal T-cells at similar level. The level of SMAD3 is
decisive for the T-cell response to TGE-B. A reduction
in SMAD3 interplays with other oncogenic events, such
as alterations in the retinoblastoma pathway, to precede
T-cell leukemogenesis. It was proven that the loss of
Smad3 can work in tandem with a loss of p27<'"*, which
is also frequently altered in human T-cell ALL, to pro-
mote T-cell leukemogenesis in mice [250].

The t(12;21) translocation found in ALL generates the
TEL-AML1 chimeric protein. Loss of sensitivity to TGE-

SARA

~

" o

Figure 6 TGF-f signaling in APL. Cytoplasmic isoform of PML (cPML) protein interacts with SMAD2/3 and SARA and is required for
accumulation of SARA-SMAD2/3 and TGF-f receptors in early endosome. However, the PML-RARa oncoprotein physically interacts with cPML and
thus leads to impaired TGF-{ signaling.
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B could be an important component of the function of
TEL-AML]; it was shown that TEL-AML1 blocks the
ability of TGF-B to suppress proliferation via activation
of p27"'*!, The exact mechanism needs to be elucidated;
however, a possible alternative is that TEL-AMLI, in
addition to binding SMAD3, binds co-repressors NcoR
and SIN3A and this complex is able to transcriptionally
activate the key cell cycle negative regulators, including
p275"P1[251].

Scott et al. showed that mRNA of downstream com-
ponents of TGF-B pathway, such as p21“"' and
p151N1<4B, are absent in ALL cell lines with high fre-
quency, while p27"™" mRNA levels are not reduced.
These findings suggest epigenetic silencing of TGF-p sig-
naling in molecular pathogenesis of ALL and possibly
p15™*B and p21<'*! are inactivated by this mechanism.
In ALL, p15™**® mRNA absence is often connected
with promoter methylation, whereas reduced p21<™** ex-
pression happens independently of promoter methyla-
tion, indicating that within the same malignancy,
epigenetic silencing of TGF-P signaling is methylation-
dependent or independent [252].

In adult acute T-cell leukemia, TGF-} signaling is inacti-
vated through the activity of viral oncoprotein Tax. This
oncoprotein compromises trans-activation of TGF-f re-
sponsive promoters by inhibiting the ability of SMAD pro-
teins to mediate TGF-fB-induced transcriptional activation
by interfering with transcriptional factor CBP/p300 [253].
Another model of its function is that Tax interacts with
the MH2 domains of SMADs 2, 3 and 4 in order to inhibit
formation of the SMAD3/4 complex, disturb the interplay
of the SMAD proteins with transcriptional factor CBP/
p300, prevent binding of the SMAD complex to its target
DNA sequence and thus inhibit TGF-B signaling [254].
The Tax repressor effect is mediated by activating JNK
leading to increased phosphorylation of c-Jun, which is
followed by formation of SMAD3/c-Jun complex that
inhibits the ability of SMAD3 to bind DNA [255].

In hairy-cell leukemia (HCL), higher levels of TGF-f1
were observed in bone marrow (BM), serum and plasma
from peripheral blood. The main source of this cytokine
in active and latent form is hairy cell (HC). HCs produce
TGF-B1, which is stored in BM near bone marrow fibro-
blasts; it activates them to synthesize collagen and re-
ticulin fibers. TGF-B1 is important in fibrosis and is
directly involved in the pathogenesis of BM reticulin fi-
brosis in HCL [256].

Lymphoma

Peripheral and cutaneous T-cell ymphoma

In cutaneous T-cell lymphoma and Sézary syndrome,
reduced levels of TPRI and TPRII correlate with de-
crease in TPRI and TPRII mRNA levels. This leads to
the loss of TGF- growth inhibitory responses [257].
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Knaus et al. detected a single point mutation (Asp-
404-Gly [D404G]) in the kinase domain of TPRII in
advanced lymphoma. This dominant negative mutation
prevents cell surface expression of normal TPRIL The
ability of the mutant receptor to prevent function of
normal TGEF-p receptors is a new mechanism for loss of
responsiveness to the TGF-f in tumorogenesis. Since
TBRI is not able to bind TGEF-f in the absence of TPRII,
no TPRI is detected on the surface of these cells. This
mutant receptor binds to normal receptor in an intracel-
lular compartment, likely the endoplasmic reticulum,
and blocks development of the normal receptor on the
cell surface [258]. In addition, a 178-bp deletion in exon
1 in the gene for TPRI was reported to be responsible
for loss of TPRI expression on the cell surface in ana-
plastic large cell lymphoma cell line JK. This deletion
was confirmed to be present also in patients’ samples.
Also, loss of TPRI is followed by loss of its tumor sup-
pressive properties in human T-cell lymphoma [259].

Non-Hodgkin s lymphomas (NHL)

ATL, adult T-cell leukemia/lymphoma is a rare form of
Non-Hodgkin’s lymphoma (NHL). Zinc-finger E-box
binding homeobox 1 (ZEB1) is a candidate tumor sup-
pressor gene since mRNA of ZEB1 was found to be
down-regulated in ATL. Physiologically, ZEB1 binds
phosphorylated SMAD2/3 to enhance TGF-P signaling,
and it can counteract the SMAD7-mediated inhibition
of TGF-P1 function. Down-regulation of ZEB1 mRNA
together with over-expression of inhibitory SMAD7
mRNA in ATL leads to loss of responsiveness to TGF-p-
mediated growth arrest. Therefore, ZEB1 has an import-
ant role in regulation of TGF-B1 signaling pathway by
binding to R-SMADs and also I-SMADs [260].

SMADI protein level is elevated and it is phosphory-
lated in response to TGF-P1 signaling in NHL. This sug-
gests a role of SMAD1 in mediating the effects of TGF-f3
in NHL [261].

In B-cell lymphoma, Bakkebo et al. found that phos-
phorylation of SMAD1/5 is surprisingly an important
event for the TGF-B-mediated anti-proliferative effects.
TPRI was highly expressed in these cells and likely is im-
portant for signaling through SMAD1/5 pathway. Also,
the regulation of TGF-B-mediated proliferation is at least
partly dependent on activated p38 MAPK [262]. In B-
cell lymphoma, the cell line resistant to TGF-p1 did not
possess functional TRRIL This led to the absence of nu-
clear translocation of phosphorylated SMAD3 and
SMAD2, the lack of nuclear expression of p21<"*! and
the down-regulation of c-Myc. Chen et al. found that
methylation of promoter (CpG methylations at -25 and
-140) plays an important role in TPRII gene silencing
[263].
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In diffuse large B-cell lymphoma (DLBCL), miR-155,
which is over-expressed in aggressive type of B-cell
lymphoma, targets SMAD5 by binding to the 3/ UTR of
the SMAD5 gene. Treatment of DLBCL cell line with
TGEF-P1 resulted in phosphorylation of SMAD2/3 but
also of SMAD1/5 indicating an active non-canonical sig-
naling. Over-expression of miR-155 in this cell line sig-
nificantly limited the cytostatic effect of cytokine due to
impaired TGE-Bl-mediated induction of p21<'*!. In
miR-155-overexpressing and SMAD5  knockdown
DLBCLs, the disruption of p21“"*! induction was inde-
pendent of the inhibitory effects of TGF-P1 thus creating
a link between miR-155, TGF-3 pathway and lymphoma-
genesis [264].

In small lymphocytic lymphoma/chronic lymphocytic
leukemia (SLL/CLL), the CLL cells are resistant to the
growth-inhibitory effects of TGF-f in spite of TPRII ex-
pression which is similar as in normal B cells. Therefore,
the loss of responsiveness to TGF-f is most likely due to
altered binding of TGF-p to the receptor complex or
downstream signaling pathway [265].

Page 16 of 24

Lagneaux et al. attributed the loss of responsiveness of
CLL cells to TGF-p especially to decreased cell-surface
expression of TPRI. CLL cells resistant to TGF-p1
showed no surface TPRI able to bind TGF-B1, but the
expression of TPRII was normal. On the other hand,
both TGEF-B1-sensitive and TGEF-P1-resistant CLL cells
contained normal levels of TPRI and TPRII mRNAs.
The absence of functional TPRI on the surface of CLL
cells, in spite of normal mRNA level, could be explained
by point mutations in the TSR] gene [266,267].

In CLL, Schiemann et al. found mutations in the sig-
nal sequence of TPRI (Leul2Gln substitution together
with an in-frame single Ala deletion) which leads to
reduced gene transcription stimulated by TGF-p [268].
In addition, CLL cells exhibited an increased expression
of the TGF-B co-receptor, TPRIII, which is normally
not expressed entirely in hematopoietic cells [269]. On
the other hand, Lotz et al found over-expression of
TGE-B in CLL cells; all primary cells in this study were
sensitive to the growth-inhibitory effects of this cyto-
kine [270].
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In Burkitt’s lymphoma, TGF-p-mediated growth arrest
is associated with transcriptional repression of the E2F-1
gene. On the other hand, over-expression of the E2F-1
gene overcomes the TGF-B-mediated G1 arrest. So, the
transcriptional repression of the E2F-1 gene is required
for growth arrest suggesting that TGF-p can effectively
exert tumor suppression also in cells without c-Myc,
p15™*B and p21<™*! regulation [271]. Inman and Allday
reported that in Burkitt’s lymphoma, cells express nor-
mal levels of TPRI RNA and protein, but decreased
levels of TPRII RNA, leading to lack of responsiveness
to TGE-p1 [272].

Multiple myeloma

In multiple myeloma (MM), higher levels of TGF-f are
secreted by myeloma cells as well as bone marrow stro-
mal cells (BMSC). TGEF-p secretion escalates with the
stage of B cell differentiation (Figure 7). Increased pro-
duction of TGE-p is followed by increased interleukin-6
(IL-6) and vascular endothelial growth factor (VEGF) se-
cretion by BMSC, related to tumor cell proliferation.
TGEF-p is the major inducer of IL-6 and VEGE, two im-
portant cytokines of MM. On the other hand, TGF-$
inhibits proliferation and Ig secretion of normal B cells
[273].

After treatment with TPRI kinase inhibitor (SD-208),
decreased production of IL-6 and VEGF and also attenu-
ated tumor cell growth was observed. Mechanism of ac-
tion of SD-208 is blocking nuclear accumulation of
SMAD?2/3 and related production of IL-6. This leads to
inhibition of MM cell growth, survival, drug resistance
and migration [274].

In MM, no mutations in 7RI or TSRII genes were
described; MM cells contain TPRI and TPRII proteins in
the cytoplasm. Resistance to the growth-inhibitory func-
tions of TGF- signaling develops, possibly due to de-
fective trafficking of TPRI and TPBRII to the cell surface
in these cells [275,276]. Possibly, the loss of TPRII ex-
pression on the cell surface is the result of gene silencing
by hypermehylation correlating to poor survival [277].
TPRIII expression is diminished on mRNA and protein
level in MM, enhancing cell growth, proliferation, mobil-
ity, heterotrophic cell-cell adhesion and contributing to
disease progression [278].

Serum level of TGF-f is an important prognostic fac-
tor in MM. Higher levels of this cytokine mean lower
levels of normal Ig resulting in immune impairment
[279]. TGE-f secreted from MM cells disrupts prolifera-
tion, activation and IL-2 responsiveness in T cells. TGF-$
is important in this immune-suppression, and its intensity
of suppression is tumor burden dependent [280].

In MM patients, TGF-$ represses bone formation in
bone lesions. Initially, TGF- enhances proliferation of
osteoblast progenitors and promotes mineralization of bone
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matrix. Then, TGF-f inhibits subsequent phases of dif-
ferentiation of osteoblasts and represses mineralization
of matrix. This effect can be abrogated by inhibitors of
TPRI kinase domain (reviewed in [281]).

Conclusion

TGE-P signaling is complex and finely regulated funda-
mental pathway, which has an important role during
human development and adult life. It is broadly inter-
twined with other signaling pathways. Moreover, it is
involved in cancerogenesis of solid tumors as well as
hematological malignancies. Paradoxically, TGE-p is
both a tumor suppressor and tumor promoter. The
tumor suppressor activities are widely described as
anti-proliferative and apoptotic effects. During cancer
progression, tumor frequently avoids tumor suppressive
activities of TGF-P either by acquiring mutations of sig-
naling components or by inhibiting its anti-proliferative
response. This 'switch’ helps the tumor to use TGF-p as
an oncogenic factor inducing tumor motility, invasion,
metastasis and epithelial-to-mesenchymal transition.
Advances in the study of molecular mechanisms that elu-
cidate oncogenic activities of TGF-p lead to a strong de-
sire to target TGF-B signaling in cancer therapy.
However, the exact mechanisms involved in the malig-
nant transformation of TGF-f needs to be clarified. Only
then, it will be possible to develop successful therapeutic
strategies as well as provide new therapeutic targets to
restore the normal TGF-f function.
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immunoglobulins in blood/urine. With the introduction of immunomodulatory drugs into the treatment
protocol, the outcome of multiple myeloma patients has dramatically improved with more than 30% of
patients surviving for 10 years thus shifting multiple myeloma to a treatable condition.
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1. History of multiple myeloma treatment peripheral neoplasms of B lymphocytes [1]. MM has complex
pathophysiology characterized by accumulation of clonal malig-
Multiple myeloma (MM) is a plasma cell malignancy. The nant plasma cells in the bone marrow accompanied by production

World Health Organization ranks MM among immunosecretory of monoclonal immunoglobulins or light or heavy chains, resulting
in clinical manifestation of the disease. Clinically, MM manifests
by osteolysis, impaired immune system, hypercalcemia, peripheral

T corresmondi thor at: Babak Mveloma G Department of Pathological neuropathy and renal insufficiency [2,3].
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Republic. Tel.: +420 5 4949 3380; fax: +420 5 4949 8480. infusion of orange peel which were given to the first documented
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Fig.1. Structure of IMiDs. (A) Structure of thalidomide, (B) structure of lenalidomide
and (C) structure of pomalidomide.

described phlebotomy as ‘maintenance therapy’ for MM [5]. In the
middle of the 20th century, Loge and Rundles used urethane to
decrease the number of myeloma cells and pain in the bones [6].

The first truly successful treatment strategy was melphalan in
combination with prednisone (MP) which has been used since the
60s of the 20th century [ 7]. Next, polychemotherapy regimens were
introduced and achieved good treatment responses - for exam-
ple, combination of vincristine, adriamycin and dexamethasone
(VAD) treatment used as induction chemotherapy before autolo-
gous transplantation [8]. Unfortunately, these regimens were not
curative.

In the first decade of the 21st century, a major effort was
put into creating novel therapies, such as proteasome inhibitors
and immunomodulatory drugs (IMiDs) that successfully and dra-
matically altered the therapeutic landscape for MM treatment.
Moreover, several new highly efficient drugs (pomalidomide, carfil-
zomib, bendamustin), which will increase treatment options very
soon, will play a key role in overcoming resistance to previous
treatment or increase survival of patients [3].

In this review, we will focus on the role and molecular mecha-
nism of IMiDs in the treatment of multiple myeloma.

2. Immunomodulatory drugs

Immunomodulatory drugs (IMiDs) are a group of new therapeu-
tic agents, thalidomide-derivatives lenalidomide and pomalido-
mide (Fig. 1). The development of thalidomide, lenalidomide and
pomalidomide represents a paradigm shift in the treatment of MM.
These drugs possess pleiotropic properties against MM, including
the ability to modulate host immune responses, impact cytokine

secretion, angiogenesis, inflammation and they also have a direct
effect on MM cells via induction of apoptosis (reviewed in [9]).
Thalidomide and lenalidomide have been approved by the FDA
for treatment of MM. While pomalidomide has not been approved
yet, it is widely expected that the approval will be granted in 2012.

2.1. Thalidomide

Thalidomide, 2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione
(C13H19N204), is a synthetic derivative of glutamic acid. It con-
tains one chiral centre and is a racemic mixture of two optically
active enantiomers, S and R, with the ability of rapid chiral inter-
conversion at physiological pH. The S enantiomer is responsible for
the teratogenic and anti-tumor properties of thalidomide, while R
enantiomer has sedative effects (reviewed in [10]).

Despite its infamous history as a human teratogen, thalido-
mide is an effective anti-inflammatory and anti-tumor agent [10].
Singhal and colleagues were the first to describe its effect in
the treatment of MM, where it induces apoptosis of myeloma
cells, down-regulates expression of adhesion molecules thereby
disrupting mutual interactions between myeloma cells and bone
marrow stromal cells; thalidomide also possesses anti-angiogenic
and anti-inflammatory properties and stimulates host immune
cells [11-14].

Thalidomide was first synthesized by Chemie Griinenthal in
1954 and was broadly used as a sedative and hypnotic agent for
morning sickness during pregnancy. In 1961, its teratogenic effect
on children whose mothers took thalidomide was first described.
Thalidomide caused limb hypoplasia (phocomelia), absence of ears,
deafness, malformations of gastrointestinal system and heart, facial
and palatal defects. Thalidomide was taken off the market immedi-
ately, but affected development of nearly 10,000 children all around
the world (reviewed in [10]).

A lucky chance led to the discovery of its anti-inflammatory
properties in the treatment of erythema nodosum leprosum, a
cutaneous complication of leprosy [15]. Thus, thalidomide was
introduced back into the market, but its use has been limited by
obligatory program STEPS (System for Thalidomide Education and
Prescribing Safety) in order to minimize its teratogenic potential
[16].

The use of thalidomide for the treatment of graft versus host dis-
ease after allogeneic transplantation of the bone marrow revealed
more of its effects [17]. In addition, D’Amato showed that mal-
formations caused by thalidomide are the consequences of its
anti-angiogenic properties; such a mechanism of inhibition of
growth of tumoral vessels might be utilized even in treatment of
cancer [12]. Later, its effect on relapsed and refractory MM was
examined, leading to the discovery of its strong anti-tumor activity
[11].

2.2. Lenalidomide

Lenalidomide, 3-(4-amino-l-oxo-1,3-dihydro-2H-isoindol-2-yl)
piperidine-2,6-dione (C13H13N303), has preserved chiral centre
and occurs as a racemate, in a mixture of two optically active enan-
tiomers, S and R. Lenalidomide is generated by adding an amino
group to position 4 of the phthaloyl ring of thalidomide and remov-
ing a carbonyl group from the 4-amino substituted phthaloyl ring
(reviewed in [18].

Clinical experience with thalidomide led to initiation of research
of its analogs with more favorable toxic profile and increased
effectiveness (reviewed in [9]). Lenalidomide (Revlimid, formerly
CC-5013, Celgene) is ranked among these derivatives. Unfortu-
nately, its teratogenic potential is preserved; for that reason, its
use comes under the safety program as well [9].
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Similarly to thalidomide, lenalidomide inhibits angiogenesis
and adhesion of MM cells to bone marrow cells, reduces secretion of
growth factors, induces apoptosis of MM cells, inhibits production
of inflammatory cytokine TNF-a and supports cytotoxic activity of
NK cells and T cells [19-21]. However, this IMiD mediates activa-
tion of Wnt/[3-catenin signaling which is a mechanism of inducible
chemoresistance to lenalidomide at the transcriptional and post-
transcriptional levels [22].

2.3. Pomalidomide

Chemical formula of pomalidomide is 4-amino-2-(2,6-dioxo-3-
piperidyl)isoindoline-1,3-dione (C;3H11N304). This compound is
derived from thalidomide by adding an amino group to position
4 of the phthaloyl ring and exists in two forms, enantiomers S and
R (reviewed in [18]).

Another analog of thalidomide is pomalidomide (Actimid, Cel-
gene), which has a pleiotropic effect on myeloma cells (reviewed
in [9]). It induces apoptosis of MM cells, inhibits angiogenesis, has
strong immunomodulatory abilities and is most effective in TNF-a
mRNA degradation when compared to thalidomide and lenalido-
mide [19,20,23].

3. Mechanisms of immunomodulatory drugs in multiple
myeloma

There are several mechanisms of IMiDs in multiple myeloma.
They have direct antitumor, immunoregulatory and anti-
angiogenic activity. We shall also discuss anti-inflammatory
properties and effects these drugs have on the bone marrow
microenvironment in multiple myeloma.

3.1. Direct antitumor effects

The direct antitumor effect of IMiDs on myeloma cells was dis-
covered in the study of Hideshima et al. In that study, myeloma
cell lines were treated with IMiDs, and this treatment led to CDK
inhibition and cell cycle arrest in Gy phase [23].

The IMiDs-induced cell cycle arrest of clonal plasma cells in G4
phase is mediated via increased levels of p21WAF-1 protein through
epigenetic modifications. Reduction of histone methylation in the
promoter of p21WAF-1 gene and increased histone acetylation make
transcriptional factors (such as Sp1, Sp3, Egr1 and Egr2) accessible
to DNA [24]. Increased p21WAF-1 expression subsequently induces
p21WAF-1 and CDK 2, 4 or 6 complex formation, leading to inhibition
of their kinase activity [25]. Afterwards, pRb hypophosphorylation
occurs preventing the cell from G, /S phase transition. In the study of
Gandhi et al., lenalidomide induced p15 and p27 tumor-suppressor
gene expression in myeloma cells [26].

Myeloma cells are protected from apoptosis by anti-apoptotic
proteins that are regulated via NF-kB transcriptional factor [27].
In these cells, IMiDs prevent NF-kB from activation which leads to
decreased expression of anti-apoptotic proteins, for example cellu-
lar inhibitor of apoptosis 2 (cIAP2), FLICE inhibitory protein (FLIP),
X-linked inhibitor of apoptosis protein (XIAP) which prevents cas-
pase 8 activation, TRAIL/Apo2L and Fas sensitivity. In addition,
IMiDs directly induce activation of caspase 8 and subsequently
activation of caspase 3 [28,29].

IMiDs block IGF-1 production by decreased NF-kB transcrip-
tional activity. IGF-1 induces phosphorylation of transcriptional
factor FKHRL-1 thereby disrupting its pro-apoptotic activity and
also increasing levels of apoptotic inhibitors cIAP2, FLIP and XIAP.
IMiDs reduce IGF-1 effects which lead to increase in sensitivity to
TRAIL/Apo2L in myeloma cells [30].

Another study showed that lenalidomide downregulates lev-
els of interferon regulatory factor 4 (IRF4) in MM. It was

associated with decreased MYC levels, as well as G phase cell cycle
arrest, decreased cell proliferation and cell death. So, lenalidomide-
induced IRF4 inhibition partially mediates anti-proliferative and
pro-apoptotic effects of the compound [31].

The direct target of IMiDs is still unknown but the requirement
of cereblon (CRBN) expression has been shown to be important for
anti-myeloma activity of these agents. IMiDs are able to bind CRBN
which leads to its cytotoxic activity. In the case of CRBN absence,
cells show IMiDs resistance (reviewed in [32]). In addition, dys-
regulation of Wnt/(3-catenin pathway might be a possible cause of
lenalidomide resistance and phosphorylated [3-catenin as a possi-
ble substrate of CRBN. In the presence of IMiDs, CRBN is not able to
form ubiquitin ligase which results in accumulation of 3-catenin.
In conclusion, CRBN inhibition may have a key role in the treatment
of MM [22].

3.2. Immunomodulatory effects of IMiDs

3.2.1. Co-stimulation of T cells

Activation of T cells is mediated via the T cell receptor (TCR), but
alsorequires a secondary co-stimulation signal mostly mediated by
antigen presenting cells (APCs). IMiDs are able to co-stimulate par-
tially activated CD3* T cells [13,33]. This stimulation is equal for
both CD4* and CD8" cells (Fig. 2). IMiDs improve their proliferation
and augment production of Th1 type cytokines, IL-2 and inter-
feron y (IFN-vy). Subsequently, secretion of IL-2 and IFN-vy increases
number of natural killer cells (NK cells), improves their function
and mediates lysis of myeloma cells. One of the mechanisms of
augmenting IL-2 production via IMiDs is mediated by increase of
activation protein-1 (AP-1) transcriptional activity. AP-1 is a key
factor of IL-2 production [34]. IL-2 and IFN-y production is also
mediated via JAK/STAT signaling pathway, where activated STAT
proteins induce expression of target genes. On the other hand, these
genes can be negatively regulated by the suppressor of cytokine
signaling (SOCS). SOCS1 is a negative regulator of IL-2 and IFN-y.
In immune cells, the SOCS1 expression is significantly inhibited by
IMiDs [35].

Activation of T cells can be abrogated by various factors.
Lenalidomide overcomes blockage of cytotoxic T lymphocyte anti-
gen 4-immunoglobulin (CTLA4-1g), disrupting cell proliferation and
cytokine secretion [36]. So, lenalidomide triggers tyrosine phos-
phorylation of CD28 on T cells (B7-CD28 pathway) followed by
activation of NF-kB and facilitation of G to S phase transition. In
addition, phosphoinositide 3 kinase (PI3K) is activated during CD28
phosphorylation and leads to PI3K/Akt signaling pathway activa-
tion and facilitation of nuclear factor of activated T cells 2 (NFAT2)
translocation, resulting in IL-2 secretion [37].

Pomalidomide does not provide co-stimulative signal by itself,
but is able to increase signal from another cell or molecule. Poma-
lidomide also augments promotor of IL-2 gene activity and so IL-2
production [34].

3.2.2. Enhancement of NKT and NK cells

Natural killer T cells (NKT) are T cells with NK cell surface mark-
ers. They have direct cytotoxic anti-tumor properties. Dendritic
cells (DC) with NKT ligand, a-galactosylceramide, are responsible
for activation and expansion of NKT cells [38]. When these cells are
exposed to lenalidomide, increased NKT expansion via DC occurs.
IFN-+y secretion by NKT cells leading to partial activation of NK cells
and proliferation is associated with this exposure as well [39].

NK cells are irreplaceable elements of innate immunity. They
protect the organism by killing tumor cells and virus-infected cells.
IMiDs enhance NK cell proliferation in the presence of IL-2, which
facilitates killing of myeloma cells [13]. In addition, lenalidomide
improves antibody-dependent cell-mediated cytotoxicity (ADCC)
and thus increases granzyme B and Fas ligand (FasL) expression
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in NK cells leading to tumor cells apoptosis. Increased monocyte
chemotactic protein-1 (MCP-1) expression is associated with this
process as well. MCP-1 attracts T cells in order to migrate to the
tumor. Granulocyte macrophage colony-stimulating factor (GM-
CSF) expression is also increased during this process, improving
anti-tumor response [21].

3.2.3. Inhibition of regulatory T cells

Regulatory T cells (Tregs) play an active role in establishing
and maintaining immunological unresponsiveness to self antigens
and negative control of various immune responses to non-self
antigens. Regulatory function for Tregs is provided by a master
molecule FoxP3. At present, several studies showed that Tregs were
expanded both in hematological malignancies and solid tumors
suppressing the function of naive T cells [40]. The study of Galus-
tian and colleagues showed that lenalidomide and pomalidomide
inhibit proliferation of Tregs via decreased FoxP3 mRNA expression.
Another possible mechanism was prevention of CD134 expression
on the surface of Treg cells. This process abrogates T cells activation
(Fig. 3). Unlike its analogs, thalidomide had no effect on Treg cells
in this study [41].

On contrary, several other studies presented different results.
Muthu Raja et al. found that patients responding to lenalido-
mide and dexamethasone combination had increased number of
Tregs and concluded that this treatment strategy was not able to
enhance the immune anti-tumor response [42]. Similarly, Gupta
and colleagues discovered a decrease in the frequency of Tregs with
reduced expression of FoxP3 in previously untreated MM patients.
However, the immunosuppressive potential of Tregs was preserved
proposing normal Tregs function. After treatment with thalido-
mide, an increase in the number of Tregs was observed in this study
[43]. These conflicting results might be caused by different identi-
fication approaches of Treg cells. At this point, data about Tregs in
MM are contradictory, so no clear conclusions can be presented
[44].

3.3. Anti-angiogenic activity of IMiDs

IMiDs have been shown to have anti-angiogenic effects which
are independent of their immunomodulatory effects (Fig. 4). While
anti-angiogenic properties of thalidomide prevail, lenalidomide
and pomalidomide have an immunomodulatory potential [12,20].

IMiDs modulate factors affecting endothelial cell migration,
especially TNF-«, VEGF and bFGF which are secreted by bone
marrow stromal cells. According to Dredge and colleagues, IMiDs
reduce Akt phosphorylation and thus interfere in the PI3K/Akt
signaling pathway affecting the expression of these factors and
restraining angiogenesis [45].

VEGF expression induces VE-cadherin tyrosine phosphorylation
via Src kinase. It disrupts contact of endothelial cells leading to
necessary migration during angiogenesis [46]. Lenalidomide blocks
Src kinase activity and disrupts subsequent VE-cadherin tyrosine
phosphorylation during angiogenesis [47].

In addition, myeloma cells produce VEGF after IL-6 stimula-
tion. Endothelial cells and bone marrow stromal cells respond to
VEGF production via IL-6 secretion thereby closing the paracrine
loop [48]. Gupta et al. observed that thalidomide and lenalidomide
decreased expression of these factors and thus inhibit growth of
new vessels and myeloma cells nutrition [49].

Lu et al. found an inhibitory effect of lenalidomide on expression
of endothelial cells hypoxia-inducible factor 1o (HIF-1a) which has
a key role in hypoxia-mediated effects, together with angiogen-
esis and metastasis promoting aggressive tumor phenotype. The
inhibition of HIF-1a expression is at least partially mediated via
PI3K/Akt signaling pathway suppression. In this study, pomalido-
mide seemed to have less impressive inhibitory effect on HIF-1a
expression and thalidomide had almost none [50].

3.4. Anti-inflammatory properties of IMiDs

Cyclooxygenase 2 (COX-2) catalyzes conversion of arachidonic
acid into several inflammatory prostaglandins (PG). For example,
PG-E, contributes to inflammation, tumor-induced angiogenesis
and production of IL-6 [51]. IMiDs have been shown to inhibit the
expression of COX-2 via reducing the half-life of COX-2 mRNA and
thereby reducing levels of PG-E; [52]. In addition, lenalidomide
increases IL-10 production which also plays a partial role in COX-2
mRNA degradation.

Thalidomide has an inhibitory effect on TNF-«, inflammatory
cytokine produced by monocytes and macrophages [53]. TNF-
a inhibition is mediated via its mRNA degradation [54]. Unlike
thalidomide, lenalidomide inhibits TNF-a production more effec-
tively, but the most effective inhibitor of TNF-« is pomalidomide
[19].
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However, IMiDs inhibit not only TNF-a and IL-1f produc-
tion, but also IL-6, IL-12 and TGF- production. These cytokines
enhance growth and survival of myeloma cells, drug resistance,
cell migration and adhesive molecule expression. On the other
hand, IMiDs increase anti-inflammatory cytokine IL-10 production
[56].

IL-6 production is partially mediated via JAK/STAT signaling
pathway and modulated by SOCS1 expression. In 75% of MM
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cases, promoter of SOCS1 gene is silenced by CpG dinucleotide
hypermethylation leading to uncontrolled IL-6 production,
myeloma cells growth and suppression of host immune system.
Pomalidomide particularly demethylates promoter of SOCS1 gene
in MM cells, induces SOCS1 transcription and thus inhibits IL-6
production [35].

3.5. Effects of IMiDs in the bone marrow of multiple myeloma

Osteolytic lesions are the most striking symptom of MM. IMiDs
prevent osteoclast maturation and thus inhibit bone structure dis-
ruption [57]. Mechanism of inhibition lies in reduced expression
of the cysteine protease cathepsin K, a protease associated with
matrix degradation and bone resorption, and in reduced levels
of aV33-integrin, a marker associated with osteoclast differenti-
ation mediating interactions between cells and the extracellular
matrix [58]. These mechanisms are consequences of downregu-
lated levels of transcriptional factor PU.1, which is a key mediator
of osteoclastogenesis - it regulates the differentiation of myeloid
cells to osteoclast precursor cells [59]. In addition, Breitkreutz et al.
observed that lenalidomide decreases MIP-1a secretion, which
is one of the most important factors for growth and survival of
osteoclasts. This agent also inhibits RANKL, a key mediator of osteo-
clastogenesis [57].

Adhesive molecules, induced by TNF-«, facilitate interaction
between clonal plasma cells and bone marrow stromal cells [14].
It has been shown that for example very late antigen 4 (VLA-4)
interactions with fibronectin are important for migration and hom-
ing of MM cells into the bone marrow milieu. This molecule is
expressed on myeloma cells as well as on physiological plasma
cells promoting terminal B cell differentiation and secretion of
immunoglobulins (reviewed in [60]). Nevertheless, IMiDs inhibit
production of TNF-a thereby decreasing VLA-4 and lymphocyte
function-associated antigen 1 (LFA-1) expression. VLA-4 and LFA-1
are adhesive molecules on the surface of plasma cells. IMiDs mod-
ulate expression of adhesive molecules, such as ICAM-1, E-selectin,
L-selectin and VCAM-1, on the surface of bone marrow cells [61].
This goes along with consequent inhibition of adhesion-mediated
cell signaling as well as cytokine production in the bone marrow
milieu [49].

Thalidomide significantly inhibits SDF-1a and CXCR4 receptor
expression on MM cells. Their interaction is important for myeloma
cell adhesion and migration. However, this mechanism has not
been fully clarified [62]. Reduced contact between myeloma cells
and the bone marrow leads to decreased IL-6 and VEGF produc-
tion supporting survival of MM cells [14,49]. This mechanism also
overcomes cell adhesion mediated drug resistance to apoptosis of
tumor cells [48].

4. Conclusion

The introduction of the novel drugs, especially IMiDs, turned
multiple myeloma into a chronic disease. The possibility of actually
curing the patients is within our reach and combinations of these
drugs with the upcoming drugs from the pipeline may bring this in
the very new future. Even though multiple myeloma is a very het-
erogenous disease, IMiDs have been able to attack the malignant
cells by various mechanisms, ranging from direct anti-myeloma
effect, immunomodulatory effects to anti-angiogenic effect and
many others.
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MicroRNAs (miRNAs) are short non-coding RNAs about
21-25 nucleotides in length; they have been reported to be
involved in the initiation and progression of solid tumors as
well as hematological malignancies [1]. Moreover, circulat-
ing miRNAs have been observed in serum. These circulating
serum miRNAs are very stable, resistant to RNAse treatment,
and differ between healthy subjects and patients with col-
orectal and lung cancer as well as diabetes [2]. It has further
been described that elevated expression levels of some
serum miRNAs of patients with colorectal cancer decrease
after surgery [3]. A recent paper described circulating serum
miRNAs as markers of renal cell carcinoma [4]. Multiple
myeloma (MM) is the second most common hematological
malignancy worldwide [5]. MM is characterized by malignant
proliferation of plasma cells (PCs) that accumulate in the
bone marrow and displace normal hematopoiesis [6]. Cur-
rently, there are no specific markers for MM prediction. With
the introduction of novel drugs and a very real possibility of
targeted therapy in the near future, such markers are becom-
ing increasingly important. If a specific marker were to be
found in the peripheral blood, it would be easily accessible
and could be obtained at various time points of treatment
and even at the time of remission for frequent monitoring.
For our study, we chose four miRNAs based on their pos-
sible relationship to MM pathogenesis. miR-410 is encoded
by the 14g32.31 locus, which is frequently involved in MM
translocations, and it has previously been described as a
prognostic marker in neuroblastoma [7]. Aberrant expres-
sion of miR-660 has also been linked to MM [8]. miR-142-5p
has been found to be aberrantly expressed in MM and
monoclonal gammopathy of unknown significance (MGUS)
[9,10], and miR-29a to be up-regulated in MM PCs compared
with normal PCs [9]. We decided to investigate whether
these miRNAs (miR-29a, miR-142-5p, miR-410 and miR-
660) are present in the serum of MM patients with MM. To
the best of our knowledge, we are the first to report the

presence of serum miRNAs in MM patients with MM. Our
data show that serum miR-29a is differentially expressed in
MM patients with MM versus healthy donors.

Serum samples from 91 MM patients with MM obtained at
the time of diagnosis (prior to any treatment) were included
in this study. These MM patients with MM (age range 41-88
years) were diagnosed between 2001 and 2010 at the Faculty
Hospital Brno, and were included in this study only after
signing the informed consent form approved by the ethical
committee. Serum was separated after clotting and cen-
trifugation of whole blood and stored at — 80 °C. As controls,
blood donors with no tumor diagnosis were included (age
range 45-64 years). Clinical parameters of the MM patients
with MM and healthy donors are described in Table I.

Total RNA enriched for small RNAs was isolated from
200 uL of serum by miRNeasy Mini Kit (Qiagen, Germany)
according to modified manufacturer’s protocol. Each sample
was mixed with 800 uL of QIAzol solution and 1.25 pL of
0.8 pug/uL MS2 RNA carrier (Roche, Switzerland). Extracted
RNA was eluted in 30 puL of RNase free water. Quantification
and purity measurements of RNA/miRNA were performed
by Nanodrop ND-1000 spectrophotometer (Thermo Scien-
tific, USA); samples with absorbance A260/280>1.8 were
stored at — 80 °C for further processing.

Reverse transcription (RT) was performed using the Tag-
Man MicroRNA Reverse Transcription Kit (Applied Biosys-
tems, USA) and small RNA-specific RT primers for hsa-miR-16,
hsa-miR-29a, hsa-miR-142-5p, hsa-miR-410 and hsa-miR-660
(ID: 000391, 002112, 002248, 001274 and 001515; all Applied
Biosystems) according to the manufacturer’s instructions.
Quantitative real-time polymerase chain reaction (QRT-PCR)
was performed using the TagMan Small RNA Assay on a 7500
Real Time PCR System (Applied Biosystems) using 1.4 uL of
RT product according to the manufacturer’s instructions. All
experiments were run in duplicate. Average threshold cycle
and standard deviation (SD) values were calculated.
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Table I. Basic characteristics of patients and healthy donors.

Healthy donors
Patients (1) (n)

Total 91 30
Sex

Male 49 14

Female 42 16
ISS

Stage 1 28 —

Stage 2 32 —

Stage 3 26 —

Not classified 5 —
Durie-Salmon

I 10 —

II 14 —

111 58 —

Not classified 9 —
Type of monoclonal Ig

IgD 2 —

IgA 22 —

IgG 46 —

IgM 2 —

LC only 16 —

Biclonal 1 —

Non-secretory 2 —
Age according to ISS stage

(years), median/mean
(range)

Total 63.9/64.9 (41-88) —

Stage 1 60.4/60.7 (41-81) —

Stage 2 65.3/65.5 (48-82) —

Stage 3 70/69 (47-83) —

Not classified 55.9/63.2 (49-88) —

Age according to sex (years),
median/mean (range)

Total — 55.5/55.4 (45-64)
Male — 55.5/56.4 (51-64)
Female — 55.5/54.6 (45-58)

ISS, International Staging System; Ig, immunoglobulin; LC, light chain.

Analysis of the qRT-PCR data was performed using SDS
2.0.1 software (Applied Biosystems) (settings: automatic
baseline, threshold 0.2). Expression data were normal-
ized to the expression of miR-16 reference miRNA. Sta-
tistical differences between miRNA levels in patients with
MM and healthy donors were evaluated using the non-
parametric Mann-Whitney U-test. Sensitivity, specificity
and area under the curve (AUC) for serum miRNA levels
were determined using receiver operator characteristic
(ROC) analysis. All calculations were performed using

MedCalc software version 12.2.1.0. p-values of less than
0.05 were considered statistically significant. Results
were processed using the non-parametric Mann-Whitney
U-test. Correlation was assessed using the Spearman
correlation coefficient.

We used qRT-PCR to test differences in serum miRNA
expression between samples from an independent cohort
of MM patients with MM and samples from healthy donors.
In total, 91 MM patients with MM and 30 healthy donors
were included in this study. Expression levels of serum
miR-142-5p, miR-660, miR-410 and miR-29a were analyzed
(Table II). For normalization of expression data, miR-16 was
used as previously reported [10]. We chose miR-16 as a ref-
erence as it was the most stable in our preliminary experi-
ments (datanot shown). The expression of miR-142-5p, miR-
660 and miR-29a in serum was significantly increased in
patients with MM compared to healthy donors (p = 0.0183,
p =0.0062 and p < 0.0001, respectively) [Figures 1(A)-1(C)].
As the difference in miR-410 expression level between MM
and healthy donor sera did not reach statistical significance
(p=0.2918), miR-410 was excluded from further analysis.
ROC curve analysis revealed that the serum level of miR-29a
might serve as a useful biomarker for differentiating serum
of patients with MM from that of controls, with an AUC of
0.832 (95% confidence interval [CI], 0.753-0.894). At a cut-
off value of 0.0103 for the relative expression of miR-29a
normalized to miR-16 levels, the sensitivity was 88% and
specificity was 70% [Figure 1(D)]. Expression of miR-29a
was not significantly different between patients at various
Durie-Salmon (p = 0.223) or International Staging System
(ISS) stages (p=0.677). Although there were statistically
significant differences between the ages of MM patients
with MM and those of healthy volunteers (p > 0.01), there
was no correlation between age and level of miR-29a within
the group of MM patients with MM (p = 0.442), as well as
within the group of healthy donors (p = 0.411).

Markers of diagnosis, remission and relapse of MM are
obtained from the bone marrow after purification of the
target cell population [6]. As bone marrow sampling is an
invasive procedure, it cannot be repeated as often as needed.
On the other hand, markers from peripheral blood are
easily accessible and can be used for frequent monitoring.

Table II. Expression levels* and basic characteristics of miRNAs.

Expression level

miRNA HD MM FC p-Value Putative target genes
miR-29a 0.0089 0.0199 2.2371 <0.0001 IGF1, NQO2, CDK2,
0.0080-0.0119 0.0129-0.0302 AKT2, MYCN,
MMP8, BCL11A,
PTEN, CCNA2
miR-142-5p 0.0031 0.0046 1.4839 0.0183 CENTB2, RAD50,
0.0024-0.0041 0.0027-0.0075 ELK4, IGF1, MCL1,
MYCN, MAPKS,
PTEN
miR-410 0.0002 0.0002 1.0000 0.2918 CDCB85A, CREBI,
0.0001-0.0003 0.0001-0.0004 FGF2, FGF7, IGE,
SMAD7
miR-660 0.0033 0.0040 1.2121 0.0062 E2F3, GDA, BCL2L11,
0.0029-0.0039 0.0032-0.0049 CDK2

*Presented as median and interquartile range.

HD, healthy donors; MM, multiple myeloma; FC, fold change.
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Figure 1. Comparison of serum miRNA expression levels and ROC analysis. (A-C) Comparison of serum miR-142-5p (A), miR-660 (B) and miR-29a
(C) expression levels (logl0 scale on y-axis) in patients with multiple myeloma (MM) (n =91) and healthy donors (HD) (n = 30). Expression of
each miRNA was normalized to expression of miR-16. Lines represent mean value, 25-75% quartile and min-max values. Statistically significant
differences were determined using Mann-Whitney U-test. (D) Receiver operating characteristic (ROC) curve analysis of serum miR-29a in patients
with MM showed 0.832 AUC, 88% sensitivity and 70% specificity at cut-off value > 0.0103.

Unfortunately, at this point, they are not perfect. Also, a good
marker for prediction of early relapse is missing.

Circulating serum miRNA might represent a novel puta-
tive, easily accessible and stable marker. Further investiga-
tion is needed to estimate whether these circulating miRNAs
are directly associated with changes occurring in MM, as
they may also reflect indirect pathological effects of the
disease, such as bone lesions or renal failure in MM [11,12].
Also, a possible relationship of miRNA levels found in PCs
of patients with MM and corresponding sera is not clearly
understood.

Our results show that miR-142-5p, miR-660 and miR-29a
are up-regulated in the serum of MM patients with MM. Fur-
ther analytical characteristics of miR-29a (sensitivity 88%,
specificity 70%) proved that it is potent in discriminating
MM serum from healthy donor serum. To our knowledge,
this is the first report concerning circulating serum miR-29a
differentially expressed in MM patients with MM. Although
our observations are promising, further large-scale studies
and validations are needed to establish miR-29a as a marker
of the disease.

Potential conflict of interest: Disclosure forms provided
by the authors are available with the full text of this article at
www.informahealthcare.com/lal.
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Soft-tissue extramedullary multiple myeloma prognosis is significantly worse
in comparison to bone-related extramedullary relapse
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ABSTRACT

Even in the era of new drugs, multiple myeloma patients with extramedullary relapse have a poor prognosis. Our
goal was to analyze the frequency and outcome of extramedullary relapse occurring in relapsed multiple myeloma
patients. In total, we analyzed the prognosis of 226 relapsed rnulti&lle myeloma patients treated between 2005 and
2008 and evaluated them for presence of extramedullary relapse. We found evidence of extramedullary relapse in
24% (55 of 226) of relapsed multiple myeloma patients. In 14% (32 of 226) of patients, the lesions were not adja-
cent to the bone, while extramedullary relapse adjacent to the bone was documented in 10% (23 of 226) of cases.
Patients without extramedullary relapse ha(iJ significantly longer overall survival than patients with extramedullary
relapse (109 vs. 38 months; P<0.001). Moreover, patients with soft tissue-related extramedullary relapse had sig-
nificantly poorer overall survival compared to bone-related extramedullary relapse patients (30 vs. 45 months;
P=0.022). Also, overall survival from diagnosis was as low as five months for soft tissue-related extramedullary
relapse patients when compared to 12 months overall survival for bone-related extramedullary relapse. This is the
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ullary myeloma infiltration was not bone-re
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Introduction

Multiple myeloma (MM) is characterized by malignant pro-
liferation of clonal plasma cells that usually produce a unique
monoclonal immunoglobulin. MM comprises approximately
1% of all cancers and is the second most common hematolog-
ic malignancy.! Unfortunately, the etiology of MM is still
unknown.” Current treatment strategies combine novel
agents, such as thalidomide, bortezomib, lenalidomide, with
conventional chemotherapy, corticosteroids and autologous
stem cell transplantation and significantly prolong long-term
patient outcome. More than 30% of patients undergoing
intensive treatment live for more than ten years, and there is
a clear but limited possibility for some patients with low-risk
disease to be cured.* However, relapse is still a frequent event;
whenever it occurs, there is no chance for a cure with current
treatment options. Even in relapsed disease, remissions can be
obtained in the majority of patients** although these tend to
be shorter than first treatment responses.” Extramedullary
myeloma is not frequent but is always associated with a sig-
nificantly shorter overall survival, even in the era of novel
agenm_.;,s—lE

Extramedullary myeloma (EM) is a type of MM defined by
the presence of extraskeletal (i.e. soft tissue or visceral) clonal
plasma cells infiltrates.”” EM can be present either at the time
of initial diagnosis (primary EM) or at the time of relapse (sec-
ondary EM).?

Clinically, three types of extramedullary lesions can be

described: a) tumor mass adjacent to bone and extending into

soft tissues; b) soft tissue or visceral tumor that is not connect-
ed to the bone; or ¢) diffuse infiltration of organs by plasma
cells without any obvious focal lesion. However, the majority
of studies do not discriminate between these three types of
EM lesions.

There are very few large studies focusing on incidence of
EM. Primary EM is found in approximately 4-16% of MM
patients at the time of diagnosis. Secondary EM is found in 6-
20% during further MM disease course."” Unfortunately, the
prognosis of EM patients is generally poor, and there is no
effective treatment for EM."”

The primary objective of this study was to analyze the fre-
quency and outcome of secondary EM occurring in relapsed
MM patients. In addition, we identified the clinical difference
and outcome of bone-related and bone-unrelated subtypes of
EM.

Methods

All consecutive relapsed MM patients (in total 226 patients) treated
in our department at the University Hospital Bmo, Czech Republic,
between 2005 and 2008 were included in this analysis and prospec-
tively evaluated for the presence of EM. They were included in this
study only after signing the informed consent form approved by the
Ethical Committee of the hospital.

The median age of patients was 60.8 years (range 27.9-83.5), and
the median follow up was 3.7 years (range 0.1-22) after diagnosis.
Other base-line patients’ characteristics are shown in Table 1. Out of
226 MM patients, we excluded 6.2% (15 of 226) of patients with pri-

®©2013 Ferrata Storti Foundation. This is an open-access paper. Haematologica 2013;98. doi:10.3324/haematol.2013.094409
Manuscript received on July 8, 2013. Manuscript accepted on September 11, 2013,
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mary EM, i.e. evidence of extramedullary disease at the time of
MM diagnosis.

EM was diagnosed using imaging methods, such as ultrasound,
computed tomogtaphy (CT) or magnetic resonance (MR). Biopsies
were carried out if the lesion was accessible to confirm the pres-
ence of clonal plasma cells on cytological or histological examina-
tion. EM was defined as the presence of a pathological soft tissue
mass by imaging in patients with other findings compatible with
MM progression/relapse or a finding of clonal plasma cells in biop-
sy or aspirate from the extramedullary lesion. Fatients with clinical
suspicion of extramedullary progression underwent further exam-
inations. All patients with new neurological symptoms had MRI
of spine or brain if there were no contraindications. All padents
with leptomeningeal infiltration had lumbar punction with flow-
cytometric evaluation of'cetcbrospinal Huid. If there were some
contraindications, CT was performed. Ultrasound was performed
in patients with hepatic lesion and also if soft dssue infileration
was suspected.

Patients with EM were divided into two groups: 1) soft tissue-
related EM (EM-S), i.e. the presence of soft tissue or visceral mass-
es not linked to skeletal involvement by MM, or diffuse organ
infiltration by malignant plasma cells; 2) bone-related EM (EM-B),
i.e. a plasma cell mass adjacent to a bone lesion.

Overall survival (OS), time to EM, and previous treatments
were analyzed for both groups of patients. The treatment was
rather heterogeneous but all patients had received either thalido-
mide or bortezomib prior to relapse. EM therapy consisted of a
novel agent that had not been used previously, in combination
with corticosteroids and chemotherapy. Patients with a good per-
formance status and available stem cell autograft received high-
dose chemotherapy with melphalan followed by stem cell rescue.
Regimens used for EM treatment included thalidomide in 33% of
patients, bortezomib in 38% and lenalidomide in 5%. Forty-two
percent of patients were treated with high-dose melphalan and
stemn cell transplantation. Chromosomal abnormalities were eval-
uated using FISH as reported previously. ok

Statistical analysis

Kaplan-Meier estimates were used for survival analysis.
Differences between survival times in padent subgroups were
tested using the log rank test. Differences in categorical variables
were analyzed using the M-L y” test. The level of statistical signif-
icance was 5% for all tests.

Results

We found evidence of EM in 24% (55 of 226) of evalu-
able relapsed MM patients. In 14% (32 of 226) of these
patients, the lesions were not adjacent to bone and thus
were classified as EM-S, while EM-B was documented in
10% (23 of 226) of cases. In the EM-S group, the most
common site of EM was skin and subcutaneous tissue
(69%), while extramedullary masses extending from ver-
tebrae (78%) were most common in the EM-B group.
Histological evaluation was performed in 66% of proven
EM cases. In other cases, MRI (22%), CT (4%) and ultra-
sound (2%) were used for proven EM cases (Table 2). EM
occurred early in the course of the disease: for 53% of
patients (29 of 55 patients) at first relapse, 33% (18 of 55)
at second relapse, 14% (8 of 55) at third and higher
relapse. In both groups, more than half of patients were
diagnosed with EM during the first relapse (Table 3). Time
from diagnosis to EM relapse was similar for both EM-S
and EM-B groups and the difference was not statistically

significant (21 vs. 23 months).

Conventional chemotherapy was used in 20% (11 of 55)
of patients prior to EM relapse. Thalidomide-containing
regimens, bortezomib-containing regimens and high-dose
chemotherapy with autologous stem cell transplantation
had been given to 38% (21 of 55), 29% (16 of 55) and 53%
(29 of 55) of patients, respectively. Differences in the treat-
ment regimens of EM-B and EM-S groups prior to relapse
were not statistically significant (Ta%:le 4).

Median OS for all the 226 MM patients followed was 89
months with median follow up of 44.4 months (range 6.5-
264). There was no difference in incidence of EM in gen-
der (P=0.54) or median age at the time of EM diagnosis
(P=0.132).

Overall survival was significantly longer for patients
without EM than for patients with EM (109 vs. 38 months;
P<0.001) (Figure 1A). However, there were no differences

Table 1. Patients’ characteristics.

Gender WF 115711
Median age inyears (range) 808 (7.9835)
Durie-Salmon stage V11 35/41/148
Durie-Salmon stage A/B 18747
Isotope: IgG/IgM.C/other 135/5025/16
Light chain: kappa/lambda 14274
IS8 stage V1111 5T/6537
Median follow-up inyears fter diagnosis (range) 37(0122)
EMS n
EM-B b

ISS: Intermational Staging System. In total, 226 MM patients were analyzed. EMS:
extramedullary relapse - soft tissue; EM-B: extrameduliary relapse - bone related.

Table 2. Organ involvement of 55 patients with extramedullary relapse
of multiple myeloma

Involved organ N. (%) Biopsy (%)
Bone related - in total (EM-B) 23 (418) 8 (146)
Bone related - spine 18 (32.7) 4(13)
Bone related - other 5(9.1) 4(13)
Soft-tissue related - in total (EM-S) 32 (582) 28 (51%)
Skin 22 (40) 22 (40)
Central nervous system 2(36) 2(36)
Retroperitoneal tumor mass 4(13) 2 (36)
Lungs 1(38) 0

Lymph nodes 1(18) 1(18)
Liver 1(18) 1(18)

Table 3. Occurrence of extramedullary lesions in relapse of MM.

EM-B, N. (%) EM-S, N. (%)

1* relapse 12 (52.2) 17 (53.1)
2 relapse 7(304) 11 (344)
3" relapse 2(87 3(94)
4 relapse 1(43) 130
§® relapse 1(43) 0 (0.0)

Poor outcome for sofi-tissue extramedullary relapse -
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in overall response rate (ORR) or complete response rate
(CR) in first-line treatment between these two groups
(P=0.201). Also, TTP after first-line treatment was similar
in patients with and without EM (20 months vs. 16
months; P=0.112). Interestingly, we did not find any dif-
ference between TTP after first-line treatment between
the EM-B and EM-S groups of patients (14 months vs. 18
months; P=0.128).

Overall response rate after EM relapse was as low as
24% (13 of 55) in EM patients, with 5% (3 of 55) and 19%
(10 of 55) of patients achieving complete and partial
responses, respectively. Time to next progression (TTP)
was only 5.4 months in EM patients.

When we analyzed the two groups of EM patients, we
found that the EM-S group of patients had significantly
poorer survival compared to EM-B patients (30 vs. 45
months; P=0.022) (Figure 1B). Analysis of OS from diagno-
sis of EM confirmed the poorest outcome for patients with
EM-S when compared to EM-B (median OS 5 vs. 12
months; P=0.006) (Figure 2).

Results of cytogenetic analysis using FISH at the time of

patients treated with high-dose chemotherapy, and most
published studies evaluated patients at first relapse.™**
The incidence of EM has been estimated to be 10-15% of
all MM relapses.®** Recently, Usmani et al. analyzed 1965
MM patients for presence of EM at the time of MM diag-
nosis and at the time of relapse. The presence of
extramedullary disease at the time of diagnosis was
reported between 2.41% and 4.5% depending on the type
of therapy. At the time of relapse/disease progression,
extramedullary involvement was noted in 3.43-7.24% of
patients.® In our cohort of 226 relapsed MM patients, the
incidence of EM, after excluding all patients with known
extramedullary disease at the time of diagnosis, was 24%,
including 14% of EM-S and 10% of EM-B, respectively.
However, the absence of an exact EM definition and con-
sequently different format of EM calculation and reports
make correct comparison difficult, even between trials.

In our study, we systematically analyzed all consecutive

diagnosis were available for 22% (38 of 171) of patients A 49
without EM and 24% (13 of 55) of EM patients. The fol- ) —— EM relapse
lowing chromosomal abnormalities with presumed 08 ¢ T - - - DOther relapse
impact on the prognosis of MM'"" were studied: RB1 08 |
deletion, p53 deletion, IgH gene disruption, translocation §
t(4;14), amplification 1q21 and hyperploidy. No differ- 0.7
ences were shown in the incidence of any of these chro- § 06 }
mosomal abnormalities between EM patients and those & 05 |
without EM (Table 5). g™
é R W 0909090909090 Rrossaaa
Discussion 3 03}
02t
Even in the era of new drugs, extramedullary relapse 01 L
remains incurable. EM has been mostly studied in MM 0.0
0 50 100 150 200 250 300
Table 4. Treatment of patients before diagnosis of extramedullary Time (months)
relapse.
Treatment EM-B, n. (%) EM-S, n. (%) B
Conventional regimens 6 (26.) 5(1556) 10 ¢ —— Bone related
Thalidomide 9(30.) 12 (315) 09} - -~ Soft tissue related
Bortezomib 521D 11 (344) _ 087
Autologous transplantation 13 (56.5) 16 (50.0) § 07t
Interferon alfa 11 (478) 11 (344) s 06
a 05}
2 04} "
Table 5. Cytogenetic aberrations of MM patients. We found cytogenetic = g | T
aberrations in 51 patients at the time of diagnosis, in 38 patients g .
without and 13 patients with extramedullary relapse. There was no sta- 3 027t !
tistical difference in incidence of aberrations between both groups. 01t R
EMrelapse  NoEMrelapse P 00 :
n. (%) n. (%) level T . . . . . . .
. o 0 20 40 60 80 100 120 140
Deletion RBI positive 13 (54) 37(62) 0.744 Time (months)
Deletion p53 positive 6(33) 25 (8) *
IgH gene disruption positive 10 (80) 18 (61) 0417 Figure 1. Overall survival and survival from diagnosis of EM patients.
: . e A) Overall ival f di is in patients with ext dull
Translocation t(414) positive 12 (33) 2631) L0 Solapas (EM) is sgnificantly shorter thar in other MM pationts (38 v,
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cantly longer than in patients with soft-tissue related extramedullary
relapse (EM-S) (30 vs. 45 months; P=0.022)
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Figure 2. Overall survival from diagnosis of patients with bone relat-
ed extramedullary relapse (EM-B} is significantly longer than in
patients with soft-tissue related extramedullary relapse (EM-S)(4 vs.
12 months; P=0.006).

patients who relapsed during a 3-year period, from 2005
to 2008; up to 53% of EM occurred in the first relapse. We
were not able to detect any association between EM
relapse and any novel agent (thalidomide or bortezomib).
In this single center experience, EM-B was observed only
in2% (4 of 113) of patients who underwent initial therapy
with classical treatment protocol without any novel
agents in the period 1996-2002 (4 x VAD and melphalan
200 mg/m?).*

The most important finding in our analysis is the signif-
icant difference in prognosis for the two different types of
EM. In accordance with the results of most research
groups, we noted survival of approximately 12 months in
our EM patients if the extramedullary mass was adjacent
to the bone. However, if the extramedullary myeloma
infiltration was not bone-related, the overall survival was
extremely short and not longer than four months.

Based on these results, it is possible to divide patients
with EM relapse into two different prognostic groups: 1)
‘bone-related’ extramedullary myeloma (EM-B), ie.
myeloma mass is adjacent to a distinct bone. The patients
with this type of EM have an OS that is less than 50%
shorter than patients who relapse without the EM compo-
nent; 2) ‘bone-unrelated’ extramedullary myeloma (EM-S),
i.e. myeloma mass of soft tissue with no relation to the
bone. Such patients have the worst prognosis with a lim-
ited OS of less than 4-6 months. This would suggest that
the biological behavior of these two types of EM is prob-
ably different.

Clear identification of one type of EM from another is
now easily available with widespread use of PET/CT
and/or whole body MRI and should be standardized in
every future published cohort of EM patients. Our analy-
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Souhrn

Mnohocetny myelom, maligni onemocnéni plazmatickych bunék, zlstava stale velmi obtizné
lécitelnym hematoonkologickym onemocnénim, pro které je nutné hledat nové moznosti tera-
pie ovliviiujici jak plazmocyty samotné, tak i mikroprostredi kostni dfené. Klondlni plazmocyty
se vyznacuji zvysenou regulaci ubikvitin-proteazomové kaskady, coz zvysuje jejich citlivost
k plsobeni inhibitorl proteazomu. Lé¢ebné pfistupy vyuZivajici inhibitory proteazomu patfi
do éry novych lékd a v poslednich letech se ukazaly byt velice dleZitou soucastilécby pacientd
s mnohocetnym myelomem. Prvnim inhibitorem proteazomu schvalenym pro lé¢bu mnoho-
¢etného myelomu se stal bortezomib, ktery vykazoval silné antimyelomové aéinky. Bohuzel,
navzdory jeho vysoké Gcinnosti se u velkého procenta pacientd s mnohocetnym myelomem
pacientll po case objevuje rezistence k jeho pisobeni. Ve snaze prekonat rezistenci k borte-
zomibu a vyvinout inhibitor proteazomu s lepsim toxickym profilem byly vyvinuty inhibitory
proteazomu druhé generace — carfilzomib, marizomib a MLN9708, které by mohly nadéjné
zménit priibéh mnohoéetného myelomu v onemocnéni chronické.

Klicova slova
mnohocetny myelom - inhibitory proteazomu — bortezomib - carfilzomib — marizomib -
MLNS708

Summary

Multiple myeloma, a plasma cell malignancy, still remains a hard-to-treathematological disease
that desperately needs new therapy targeting plasmocytes but also the bone marrow micro-
environment. Clonal plasmocytes are characterized by increased regulation of ubiquitin-pro-
teasome pathway which augments their sensitivity to proteasome inhibitors. Treatment strate-
gies based on proteasome inhibitors belong to the era of new drugs, and they have become
increasingly important for treatment of multiple myeloma in recent years. Bortezomib became
the first proteasome inhibitor approved for the treatment of multiple myeloma and showed
remarkable anti-myeloma activity. However, despite its high efficiency, a large proportion of
patients have became bortezomib resistant. The second generation of proteasome inhibitors —
carfilzomib, marizomib and MLN9708 — were developed in an effort to overcome bortezomib-
-resistance and find proteasome inhibitors with a better toxic profile. These drugs brought
a chance that multiple myeloma would become a chronic disease.

Key words
multiple myeloma — proteasome inhibitors — bortezomib — carfilzomib — marizomib — MLNS708
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INHIBITORY PROTEAZOMU V LECBE MNOHOCETNEHO MYELOMU

Uvod - inhibitory proteazomu
Proteazom jako nova bunééna struktura
byl poprvé identifikovan na pocatku
70. let skupinou doktora Harrise [1].
Mnoho dalSich objeva bylo ucinéno
pozdéji, koncem let 70. a pocatkem let
80. v laboratofi prof. Avrama Hershka,
a bylo zjisténo, ze jeho funkce spociva
v ATP-dependentni degradaci intracelu-
larnich proteint a jeho specifita je dana
interakci pouze s takovymi proteiny,
které jsou oznaceny polyubikvitinovym
fetézcem anebo obsahuji specifickou
sekvenci aminokyselin [2,3]. Za tento vy-
znamny objev ziskali prof. Ciechanover,
Hershko a Rose v roce 2004 Nobelovu
cenu za chemii.

Proteazom je utvar cylindrického
tvaru. Sklada se ze &tyi homolog-
nich prstench tvofenych sedmi pod-
jednotkami a nebo B, které jsou nad
sebou usporadany v pofadi a-B-p-a [4].
V této struktufe lze rozeznat tfi rdzné
typy proteolytickych podjednotek -
B1, B2 a B5. Kazda z nich obsahuje ak-
tivni misto na svém N-konci, kde se na-
chazi zbytek aminokyseliny threoninu
(Thr1) [5]. Ackoli proteazom obsahuje
vice katalytickych mist, k inhibici jeho
funkce postaluje pouze zablokovani
podjednotky B5, ktera vykazuje chy-
motrypsinovou aktivitu [6]. V hemato-
poietickych bunkach je hlavnim typem
proteazomu jeho inducibilni izoforma
— imunoproteazom, jehoz vyskyt kore-
luje s hladinou cytokin(. Je charakte-
rizovan nahrazenim proteolyticky ak-
tivnich podjednotek B1, P2 a B5 jejich

=
Z—X

Obr. 1. Struktura bortezomibu (The Pub-
Chem Project).

ekvivalenty pB1i (LMP2), B2i (MELC1)
a B5i (LMP7) [7].

NejcastéjSimi proteiny uréenymi k de-
gradaci jsou Spatné sbalené proteiny
a proteiny s kratkym biologickym po-
lotasem, které maji vétiinou regulacni
funkci [8]. Produkty proteolytické reakce
jsou pak oligopeptidové retézce s pri-
mérnou délkou 8-12 aminokyselin [9].

Pouziti inhibitord proteazomu (IP)
patfi v sou¢asné dobé mezi jedny z nej-
uspésnéjsich strategii pro [écbu mnoho-
¢etného myelomu (MM), nadorového
onemocnéni zpusobeného maligni
transformaci B lymfocytd s charakteris-
tickou klonalni proliferaci a akumulaci
plazmatickych bunék v kostni deni [10].
IP jsou zpravidla kritké peptidy, ke kte-
rym je kovalentné pfipojen farmako-
for — skupina atomd, ktera se vaze do
katalytickych mist proteazomu, a tim za-
branuje jeho spravné funkci. Kone¢nym
disledkem inhibice proteazomu v mye-
lomovych bunkach je indukce apopto-
tickych drah, piekonani rezistence ke
konvencni chemoterapii a senzitizace
vici dalsim terapeutikm.

V tomto pfehledovém ¢lanku se za-
méfime na mechanizmus ucinku a roli IP
v lé€bé mnohocetného myelomu.

Prvni generace inhibitoru
proteazomu

Bortezomib

Bortezomib, znamy také pod oznace-
nim P5-341 a komercnim nazvem Vel-
cade (Millenium Pharmaceuticals), je
prvnim a jedinym IP, ktery byl doposud
oficialné schvalen pro klinickou praxi. Po
chemické strance se jedna o dipeptidy-
lovy derivat kyseliny borité se sumarnim
vzorcem C19H25BN40O4 (obr. 1).

Poprvé byl bortezomib syntetizo-
van v poloviné 90. let minulého stoleti
spolecnosti Myogenics [11]. O jeho vy-
soke specifité, Gcinnosti a oxidacni sta-
bilité vypovédély vysledky studii in vitro
u 60 rakovinnych linii [12]. Prvni klinicka
studie s Velcade pro lé€bu hematologic-
kych malignit byla zahajena v listopadu
1999. Tym pod vedenim dr. Orlowského
ve studii s nizkymi davkami léku, slouzi-
cimi pouze k ovéfeni jeho bezpeénosti,
zaznamenal uplné vymizeni pfiznaka
(CR) MM u 47leté pacientky. U ostatnich
osmi pacientll z celkového poctu jede-

nact doslo alespon k minimalni [é¢ebné
odpovédi (MR) nebo stabilizaci onemoc-
néni [13]. Vysledek to byl natolik pre-
vratny, Zze po ovéfeni v daldich fazich
klinickych studii vedl k urychlenému
schvaleni bortezomibu pro lécbu rela-
bujiciho a refrakterniho myelomu v roce
2003 v USA a o rok pozdéji také v Ceské
republice [14,15].

Mechanizmus uéinku

Mechanizmus inhibice proteazomu bor-
tezomibem spociva v jeho kovalentni
vazbé na B5 podjednotku, pfipadné
LMP7 podjednotku imunoproteazomu.
S niZ3i afinitou se bortezomib vaze také
na podjednotky B1 a 2 [16]. Rozdilnost
v afinité je dana odlid3nymi interakcemi
postrannich fetézcl inhibitoru s jednot-
livymi podjednotkami [17].

Vazebna konformace je zaujimana
v podobé antiparalelniho 3 skladaného
listu, ktery je stabilizovan vodikovymi
mistky mezi atomy hlavniho fetézce
agens a konzervovanymi zbytky kata-
lytickych mist (Gly47N, Thr21N, Thr210
a Ala490). Samotna inhibice je zpro-
stfedkovana farmokoforovou skupi-
nou, v tomto pfipadé zbytkem kyseliny
borité. Atom boru zde kovalentné in-
teraguje s nukleofilem, kterym je volny
elektronovy par kysliku Thr10. Vznikla
elektronova mezera je stabilizovana vaz-
bou Gly47N na hydroxyl boru. Tetrahed-
ricka struktura proteolyticky inaktivniho
produktu je dale zpevnéna vazbou dru-
hého hydroxylu na aminoskupinu v ka-
talytickém misté [17]. Vznikly adukt je
charakterizovan nizkym stupném diso-
ciace, a proto, i kdyZ se jednd o rever-
zibilni reakci, zGstava po nékolik hodin
prakticky vysoce stabilni.

Jelikoz je proteazom zapojen do ob-
ratu intracelularnich protein(, patfi
mezi primarni dasledky jeho inhi-
bice hromadéni nefunkénich proteint
a chyby v signalnich drahach, které vy-
ustuji v naruSeni adheze myelomovych
bunék, potlaceni novotvorby cév, za-
staveni bunééného cyklu, omezeni od-
povédi na poskozeni DNA a indukci
apoptozy [18].

Pavodni hypotézou hlavniho biolo-
gického tcinku bortezomibu na myelo-
mové buriky byla inhibice transkripéniho
faktoru NF-kB, a tim zabranéni tran-
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skripce gen(, které blokuji apoptézu.
Hlavni zastupce NF-kB se nachazi v cyto-
plazmé v podobé inaktivniho komplexu
s vlastnim inhibitorem |-kB, jehoZ de-
gradace proteazomem je klicem k akti-
vaci samotného transkripcniho faktoru.
Model proteazomové inhibice pocital se
zastavenim degradace |-kB, a tedy kon-
stitutivni inhibici NF-kB [19]. Ackoli se
tento predpoklad nepotvrdil, existuje
jesté alternativni nekanonicka draha ak-
tivace NF-kB, ktera by eventudlné mohla
byt bortezomibem blokovana [20].
Klicovou udalosti v navozeni apoptozy
myelomovych bunék bortezomibem z(-
stava aktivace iniciacnich kaspaz 8 a 9,
které predavaji apoptoticky signal efekto-
rovym kaspazam Stépicim obsah buiiky
zevnitf. Iniciaéni kaspazy mohou byt ak-
tezomibem navozené inhibice protea-
zomu byla pozorovana zvysena aktivita
¢-Jun N-terminalni kinazy (JNK), ktera sou-
visi s apoptézou odehravajici se pres Fas
receptor. Fas patfi do rodiny TNF recep-
tor(, které po navazani ligandu spous-
téji proapoptoticky signal, ktery, pokud

naruseni mechanizmu

opravy DNA

indukce stresu ER u MM bunék

aktivace kaspaz8a9

inhibice PI3/AKT, MAPK signalni
drahy

snizeni antiapoptotickych
proteint rodiny BCL-2,
stabilizace proapoptotickych
¢lent rodiny BCL-2

neni interferovan, vyusti v bunécnou smrt.
Zablokovanim pfirozeného obratu intra-
celuldrnich proteint dochazi také k dispro-
porcionaci apoptotickych proteina rodiny
Bcl-2 ve prospéch jejich proapoptotickych
¢lend, coz vyusti v permeabilizaci vnéjsi
mitochondrialni membrany a taktéz v ak-
tivaci efektorovych kaspaz. Dalsi cestou
je aktivace proteinu p53 s vyraznymi pro-
apoptotickymi ucinky a jeho nasledna sta-
bilizace 5tépenim pfislusného ubikvitin-li-
gacniho enzymu MDM2 [21,22].

Déle bortezomib zabranuje opravam
poskozené DNA, indukuje stres endoplaz-
matického retikula (ER) v bunikach MM,
snizuje adhezi nadorovych bunék k buri-
kam kostni dfené inhibici signalizacni
drahy MAPK, zabraruje nadorové angio-
genezi a podili se na apoptoze osteoklastl
a diferenciaci osteoblastt [23,24] (obr. 2).

Klinické studie

Klinické studie faze I, SUMMIT a CREST,
potvrdily antimyelomovy ucinek borte-
zomibu, ktery byl pozorovan ve studi-
ich preklinickych fazi a v prvni fazi kli-
nického vyzkumu [25,26]. Do studie
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SUMMIT bylo zafazeno 202 pacient(,
z nichz 193 bylo néasledné hodnoceno.
Lécebné odpovédi dosahlo 35 % z nich,
pficemz kompletni remise byla pozoro-
vana v sedmi pfipadech, a to ve velmi
kratké dobé (median odpovédi 1,3 mé-
sice). U daldich 24 % pacientd byla po-
zorovana stabilizace nemoci. Navic,
74 pacientl s nedostate¢nou odpovéedi
na monoterapii bortezomibem dostalo
v kombinaci dexametazon a v 13 pfipa-
dech bylo dosazeno nasledného zlep-
Seni lécebné odpovédi [25].

Mezinarodni randomizovana klinicka
studie faze lll APEX srovnavala tGi¢innost
bortezomibu v porovnani s dexameta-
zonem. Do studie bylo zapojeno 669 pa-
cientd s relabujicim MM, z nichz bylo
nakonec vyhodnoceno 627. Jiz pii prv-
nich vysledcich bylo ziejmé, Ze bortezo-
mib je signifikantné mnohem Gcinn&;jsi
nez dexametazon v lé¢ebné odpovédi
(38 % vs 18 %), kompletni remisi (6 %
vs < 1 %) i v jednorocnim pieziti (80 %
vs 66 %) [18].

Klinicka studie faze Ill VISTA byla pod-
kladem pro schvaleni bortezomibu pro

i;!g@'.'gl
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aktivace NF-kB drahy
a transkripce MM
bunéénych cytokint

Obr. 2. Mechanizmus ptsobeni bortezomibu. Bortezomib blokuje proces degradace IkB, ktera je klicem k aktivaci NFkB. Déle borte-
zomib snizuje adhezi plazmatickych bunék ke stromalnim buikam kostni dfené a navozuje apoptézu aktivaci kaspéaz 8 a 9. Bortezomib
v burice narusuje mechanizmus opravy DNA, indukuje apoptézu narudenim membréany endoplazmatického retikula, inhibuje MAPK sig-
nélni drahy, snizuje hladiny antiapoptotickych proteint a stabilizuje hladiny proapoptotickych proteind.
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primolécbu. Cilem jeji pozdéjsi analyzy
bylo potvrdit, Ze kombinace bortezo-
mibu s melfalanem a prednisonem zvy-
Suje celkové preziti nemocnych [27].
Minuly rok vysla studie francouz-
ské skupiny, ktera porovnavala pou-
ziti bortezomibu subkutanné (s.c.) proti
intravenoznimu podavani (i.v.) s pre-
kvapivymi vysledky. Ve studii bylo hod-
noceno celkem 222 nemocnych rando-
mizovanych v poméru 2 : 1 (s.c. : i.v.).
Z vysledkl studie vyplyva, ze viechny
sledované parametry souvisejici s lé-
¢ebnou ucinnosti Iéka byly velmi po-
dobné a nezavislé na pouziti aplikacni
cesty. Ale ¢etnost nezadoucich ucinkd
pfi podkoznim podani byla pro urcité
typy toxicit nejméné o 10 % nizsi (gast-
rointestinalni, dychaci potize a potize
souvisejici s mediastinem a hrudnikem,
nost vyskytu periferni polyneuropatie,
ktera pfi intravendznim podani borte-
zomibu znamena zavazny problém. Pe-
riferni neuropatie stupné 2 a vyse byla
pozorovana u 38 % pfi podkoznim po-
dani oproti 53 % u nemocnych s intra-
venoznim podanim. Pro polyneuropatie
stupné 3-4 byly poméry rovnéz ve pro-
spéch podkozniho podani (6 % vs 16 %).
Pfi podkoznim podani nelze konstato-
vat, ze by poskozeni nerva pfestalo byt
problémem, ale jde o vyznamnou re-
dukci ¢etnosti nezadouciho ucinku vy-
hradné zménou cesty podani [28]. V EU
se prechazi na podani bortezomibu jed-
nou tydné, lze tedy ofekavat — v kom-
binaci s podkoznim podanim — dal3i re-
dukci €etnosti polyneuropatie. Evropska
komise EMA jiz odsouhlasila na zakladé
téchto vysledkd moznost podkozniho
podani bortezomibu v bézné praxi.

Toxicita, rezistence a limity

Pavodni hypotéza, Zze biologické uginky
inhibice proteazomu bortezomibem
jsou nezavislé na typu bunky s fatalnim
dopadem pro lidsky organizmus, byla
vyvracena. Faktem v3ak zlstava, ze pa-
sobeni bortezomibu na ostatni bunky
organizmu se odrazi v podobé relativné
vysoké miry nezadoucich ucinkd. Mezi
ty hematologické patii trombocytope-
nie, kdy s kazdym podanim bortezo-
mibu dochazi k poklesu poctu trombo-
cyt(. Dale anémie, dyspeptické poruchy

a zejména periferni neuropatie, které
byvaji hlavnim divodem pro ukonéeni
lécby [13,15,29]. Periferni neuropatie se
vyskytuje s incidenci 35-55 % po podani
bortezomibu a je pravdépodobné zpi-
sobena ucinkem bortezomibu na prote-
azu HtrA2/Omi - stresem indukovanou
proteazu dilezitou pro preziti nervo-
vych bunék a formaci neuritd [30].

Navzdory vysoké ucinnosti borte-
zomibu disponuje az 60 % pacient(
primarni rezistenci nebo se u nich
v prubéhu lé¢by vyvine rezistence se-
kundarni [25]. Doposud bylo identifi-
kovano nékolik malo molekularnich
mechanizma, pomoci kterych tyto re-
zistence mohou vznikat. Jednim z nich
jsou mutace v propeptidovém lo-
kusu pro B5 podjednotku proteazomu
a jeji nadmérna syntéza [31]. Se zvy-
Senou rezistenci nadorovych bunék
také koreluje zvyiena hladina anti-
apoptotickych proteind rodiny Bcl-2
a proteint tepelného $oku Hsp 27, 70
a 90 [32,33].

Studie Zhang et al (2011) odhalila, ze
u bunéénych linii rezistentnich k bor-
tezomibu zdstala enzymaticka aktivita
proteazomu inhibovana i po dalsi Ié¢bé
bortezomibem stejné jako u bunééné
linie citlivé k tomuto Iéku. Tyto vysledky
naznacuji, Zze mechanizmus rezistence
se objevuje az pozdéji v signalizacni
kaskadeé [34].

V posledni dobé se navic ukazalo, ze
pifirodni produkty obsahujici vicinalni
dioly jsou schopné inhibovat ucinek
bortezomibu vazbou na zbytek kyseliny
borité. Mezi tyto produkty patfi zeleny
taj obsahujici epigalokatechin-3-galat
a vitamin C [35,36].

Druha generace inhibitori
proteazomu

Uspé&ch bortezomibu vzbudil zajem vé-
decké obce o proteazomové inhibitory.
Optimalizace davek a kombinace bor-
tezomibu s jinymi protinadorovymi te-
rapeutiky sice omezily jeho vedlejsi
ucinky a &astecné potlacily rezistenci,
bylo viak jasné, Zze druha generace inhi-
bitor(l proteazomu miiZe pfinést daleko
lepsi vysledky. Carfilzomib, Marizomib
a MLN9708 reprezentuji druhou gene-
raci IP a nabizeji fadu vyhod v podobé
zvysené ucinnosti, bezpe&nosti lékového

profilu a piekonani rezistence k bortezo-
mibu diky své odlisné chemické struk-
ture, biologickym vlastnostem, mecha-
nizmu Gcinku, i/reverzibilité inhibice
proteazomu a zpGsobu uzivani [37].

Carfilzomib

Carfilzomib (znamy téz jako PR-171,
Kyprolis, Onyx Pharmaceuticals) je tetra-
peptidovy epoxyketon se sumarnim
vzorcem C40H57N507 (obr. 3). V pre-
klinickych vyzkumech byl identifikovan
jako vysoce potentni IP. Bylo prokazano,
Ze dokaze navodit apoptézu u bortezo-
mib-naivnich i u bortezomibem pfed-
lé¢enych myelomovych bunék bez zvy-
sené toxicity a je schopen prekonat
primarni i sekundarni rezistenci [38,39].
Ackoli mechanizmus prekonani rezis-
tence nebyl doposud zcela objasnén,
jednim z moznych vysvétleni maze byt
odlisny zptsob a typ vazby, ktery dovo-
luje obejit dasledky mutaciv genech pro
proteazomoveé podjednotky. Jinym vy-
svétlenim maze byt jeho vy3si selektivita
vici katalytickym podjednotkam imu-
noproteazomu, jehoz vyznam doposud
nebyl dostate¢né reflektovan [39-41].

V &ervenci 2012 schvalila FDA carfil-
zomib pro lé¢bu pacientl s MM, ktefi
uZ maji za sebou vice nez dvé linie [é¢by
vCetné bortezomibu a néjakého imu-
nomodulaéniho léku a u kterych doslo
k progresi onemocnéni do 60 dni od
ukonceni predchozi lécby (www.onyx.
com). Pfedpoklada se, Ze nejpozdéji do
dvou let od schvaleni v USA bude lék
schvélen i pro Ceskou republiku.

Mechanizmus ptisobeni

Inhibice chymotrypsinové podjednotky
proteazomu carfilzomibem je z mecha-
nického hlediska ireverzibilni reakci sni-
Zujici aktivitu proteazomu na méné nez
20 %. Znovunastoleni proteazomové
aktivity v bunce je mozné pouze na-
syntetizovanim jednotlivych podjed-
notek a jejich sestavenim do novych
proteazom [38].

Carfilzomib se primarné navazuje na
B5 katalytickou podjednotku protea-
zomu a LMP7 podjednotku imunopro-
teazomu s vyssi selektivitou nez borte-
zomib [7]. Navazanim epoxybutanového
farmakoforu, ktery vykazuje vysokou
specifitu vci hydroxylové a pfedevsim
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aminové skupiné N-terminalniho Thr1,
vznikd Sesti¢clenny morfolinovy kruh.
Tato intermolekularni cyklizace probiha
dvoustupfiovym mechanizmem, kdy
tedy kyslik hydroxylové skupiny Thr1
nukleofilné atakuje uhlik epoxyketonu
za vzniku hemiacetalu. Druhym krokem
je nukleofilni atak a-amino dusiku Thr1
na C2 uhlik epoxidového kruhu, coz ma
za nasledek vytvofeni morfolinového
aduktu [42,43].

V bunkach MM vystavenych pasobeni
carfilzomibu byla pozorovana indukce
vnéjsi i vnitini apoptotické kaskady s vy-
raznym zvySenim hladiny kaspazy 3,
7. 8 a 9. Programovana bunécna smrt
byla asociovana s aktivaci JNK, depola-
rizaci mitochondridlni membrany, vyli-
tim cytochromu ¢, poéateénim pokle-
sem fosforylovaného elF2 v souvislosti
se stresem endoplazmatického retikula
navozenym akumulaci nefunkZnich pro-
teind a zvy3enim hladiny proapoptotic-
kého proteinu Noxa, ktery je clenem ro-
diny protein(i Bcl-2 [7,38].

Klinické studie
Prvni klinicka studie s carfilzomibem pro
Ié€bu hematologickych malignit byla za-
hajena v zafi 2005. Studie 29 pacientt
prokazala snasenlivost a klinickou ak-
tivitu terapeutika. Objektivni lé¢ebnée
odpovédi bylo dosazeno u dvou z de-
seti pacientd s MM [44]. Pokracovanim
faze | bylo vyhodnoceni bezpecnosti
a u€innosti carfilzomibu v kombinaci
s lenalidomidem a dexametazonem,
standardnimi léky pro pacienty s re-
labujicim myelomem. Ackoli se jedna
teprve o prvni zhodnoceni studie, Nie-
svizky et al (2009) zaznamenali klinicky
pfinos v 78 % pfipad( [45]. U 3esti pa-
cient doslo ke kompletni remisi a ne-
byly pozorovany zavazné vedlejsi ucinky.
Vysledky by mély byt potvrzeny v ramci
faze lll zacinajici klinické studie ASPIRE.
Nedavno byly publikovany vysledky ote-
viené multicentrické studie faze Il s car-
filzomibem v monoterapii pro relabujici/
/refrakterni myelom. Do studie bylo za-
fazeno 129 pacientd, z nichz 47,6 % do-
sahlo léCebné odpovédi. Ve tiech pfipa-
dech doslo ke kompletni remisi [46].

V klinické studii faze I/ll u nové dia-
gnostikovanych pacient s MM lécenych
kombinaci carfilzomibu, lenalidomidu

a nizko davkovaného dexametazonu
dosahlo 62 % pacientd téméf kompletni
remise [47]. Odpovéd na lécbu se zlep-
Sovala v pribéhu ¢€asu a tento |écebny
rezim byl vyhodnocen jako vysoce
ucinny a dobre tolerovatelny.

Toxicky profil carfilzomibu neni zda-
leka tak bohaty jako u bortezomibu.
Periferni neuropatie byly pozoro-
vany u relativné nizkého procenta pa-
cientl a nejcastéjsimi vedlejsimi ucinky
byly unava, anémie, trombocytopenie
a nauzea [46].

Marizomib

Marizomib, znamy také jako NPI-0052
nebo Salinosporamid A, je prvnim pfi-
rodnim proteazomovym inhibitorem,
ktery byl zafazen do klinického vyzkumu
MM. Jedna se o produkt obligatni mof-
ské bakterie, aktinomycéty Salinispora
tropica [48]. Po chemickeé strance je ma-
rizomib bicyklo y-laktam--lakton se su-
marnim vzorcem C15H20CINO4 (obr. 4).
Na rozdil od pfedeslych IP ve své struk-
tufe neobsahuje peptidovy fetézec.
V preklinickych vyzkumech s bunéénymi
liniemi MM bylo prokazano pfekonani
rezistence na konvecni terapie a lé¢bu
bortezomibem spolu s vyssi ucinnosti.
Kombinace bortezomibu s marizomi-
bem by mohla umoznit pouzivat tako-
vou koncentraci jednotlivych lékd, ktera
nepusobi na pacienty toxicky a zlepsuje
spole¢ny antimyelomovy ucinek jednot-
livych 1éka [49].

Mechanizmus ptisobeni

Marizomib se pfednostné navazuje do
B5 a B1 katalytického mista proteazomu
a s nizsi afinitou také na B2 podjednotku.
Za ireverzibilnost vazby zodpovida
chloretylova skupina substituujici B-lak-
ton. Skupina se navazuje do 52 vazebné
kapsy aktivniho mista a chlor se chova
jako odstupujici atom, ¢imz umozni vy-
tvofit stabilni komplex koneéného pro-
duktu po acylaci Thr1O B-laktonem
inhibitoru [49].

Na rozdil od bortezomibu, ktery akti-
vuje kaspazu 8 i 9, je apoptoticky ucinek
marizomibu zprostfedkovan pfedevsim
kaspazou 8, v mensi mife pak kaspazou
9, ale s odliSnym mechanizmem aktivace
nez u bortezomibu, ¢&imz prekonava re-
zistenci myelomovych bunék s mu-
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Obr. 3. Struktura carfilzomibu (The Pub-
Chem Project).

tacemi v genech pro proteiny rodiny
Bcl-2. Dochéazi tedy k uvolnéni cyto-
chromu c a proteinu Smac z mitochon-
drii do cytosolu, generaci kyslikovych ra-
dikald a aktivaci vySe zminénych kaspéz.
Studie Chauhana et al (2005) proka-
zala, Zze marizomib je schopen induko-
vat apoptozu u myleomovych bunék
dokonce i v pfitomnosti myelomovych
ristovych faktord, IL-6 a IGF-1 [32]. Navic
se podili na zablokovani sekrece IL-6
stromalnimi bufikami kostni dfené, aniz
by doslo k ovlivnéni jejich zivotaschop-
nosti. Marizomib vyznamné blokuje mi-
graci bunék MM indukovanou VEGF,
a potvrzuje tak i své antiangiogenni
ucinky. U marizomibu byla pozorovdna
jako u jednoho z mala IP i inhibice ka-
nonické NF-kB drahy a nasledné sekrece
cytokint [33].

Klinické studie

V soucasné dobé se marizomib nachazi
v doposud nevyhodnocené |. fazi kli-
nické studie [50]. Dal3i klinické studie
| pravé nabiraji pacienty. Jedna se o stu-
dii pacient( s relabujicim nebo refrak-
ternim myelomem lécenych marizomi-
bem (NPI-0052-101) a studii pacientd
trpicich nékterou z pokrogilych ma-
lignit (NPI-0052-102). Mezi zatim nej-
castéji pozorované nepfiznivé ucinky
tohoto Iéku patfi Unava, nespavost, ne-
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Obr. 4. Struktura marizomibu (The Pub-
Chem Project).

volnost, prijem, zécpa, bolesti hlavy,
halucinace, zmény v kognitivnich funk-
cich, ztrata rovnovahy nebo horecky. Vy-
znamny vyskyt periferni neuropatie viak
nebyl pozorovan. Tato data naznacuji,
Ze marizomib by mohl byt bezpeénym
lékem bez zkfizené rezistence s ostat-

nimi IP a aktivhim u pacientt refrakter-
nich k bortezomibu [51,52].

MLN9708

MLN9708 je analog kyseliny borité
a prvni oralné podavany IP druhé gene-
race, ktery v preklinickych studiich pro-
kazal vétsi potenciél ucinku proti bun-
kam MM in vivo nez bortezomib [53].
Jde o reverzibilni typ IP, ktery ve vod-
nych roztocich &i plazmé okamzité hyd-
rolyzuje na MLN2238, jeho biologicky
aktivni formu (obr. 5) [54]. Je tedy scho-
pen rozsahlejsi distribuce do krve ve
stabilni formé a ma vy33i farmakodyna-
micky ucinek v tkanich [51].

Mechanizmus pisobeni

MLN9708 (MLN2238), stejné jako borte-
zomib, inhibuje pfedevsim chymotrypsi-
novou proteolytickou (B5) podjednotku
20S proteazomu. Navic je schopen ve
vyssich koncentracich inhibovat kaspa-
zovou (B1) a trypsinovou (B2) proteoly-
tickou podjednotku a indukovat akumu-
laci ubikvitinovanych proteint [53,55].
K rozpadu 20S podjednotky proteazomu
po lé¢bé MLN9708 dochazi Sestkrat
rychleji nez po lé¢bé bortezomibem.

MLN9708 je zodpovédny za kaspa-
zové dependentni indukci apoptozy
myelomovych bunék. Po podani do-
chazi k aktivaci kaspaz 8, 9 a 3; déle k na-
vyseni hladiny proteinii p53, p21, NOXA,
PUMA, E2F a naopak ke snizeni hla-
diny cyklinu D1 a CDK6. Lécba pomoci
MLN9708 vedla také k indukci exprese
Bip a CHOP, protein(i stresové odpovédi
ER a k G¢inné inhibici kanonické i neka-
nonické drahy NF-«B ovliviiujice tak se-
kreci cytokint ddlezitych pro rist a pie-
Zivani myelomovych bunék stromalnimi
burikami kostni dfené. Takto jsou naru-
seny cytoprotektivni ucinky mikropro-
stfedi kostni dfené. Chauhan et al (2011)
dale pozorovali snizeni poétu bunék
nesoucich VEGFR2 a PECAM, coz na-
znacuje inhibici nadorem indukované
angiogeneze [53].

Lee et al (2011) ve své studii na mysich
modelech prokazali, Zze na rozdil od bor-
tezomibu, MLN9708 pravdépodobné
také zmirfiuje osteolyzu kosti, nejcas-
t&jsi pfiznak MM [54]. Profilovani miRNA
v bunikach MM lé€enych MLN9708 pro-
kazalo zvySenou expresi miR-33b. Zvy-

Sena exprese této miRNA je asociovana
se snizenou schopnosti migrace a Zivo-
taschopnosti bunék MM stejné jako se
zvysenou apoptozou a citlivosti myelo-
movych bunék k l1é¢bé MLN9708. Navic
zvysena exprese miR-33b vede k nega-
tivni regulaci onkogenu PIM-1. Ve stu-
dii Tiana et al (2012) bylo tedy nazna-
¢eno, ze miR-33b funguje jako nadorovy
supresor, ktery se podili na apoptéze
myelomovych bunék vyvolané [é¢bou
MLN9708, coz vede k inhibici rdstu na-
doru a prodlouzeni preziti lidskych
myelomovych xenoimplantatovych
modeld [56].

Klinické studie

V soucasné dobé hodnoti nékolik klinic-
kych studii faze | bezpeénost MLN9708
u rGznych populaci pacientll lé¢enych
rdznymi davkami tohoto léku. Dvé probi-
hajici studie (C16004 a C16003) hodnoti
ucinek MLN9708 v monoterapii u pa-
cientd s relabujicim ¢i refrakternim mye-
lomem, ktefi byli dfive |é¢eni nékterym
z IP. Mezi nejcastéjsi nepfiznivé Gcinky
lécby MLN9708 patii Gnava, trombo-
cytopenie, nevolnost, prijmy, zvraceni
a méné &asto neutropenie. Je viak di-
lezité, ze po lécbé MLN9708 trpi pouze
10 % pacientt periferni neuropatii.

Dale probihaji studie ucinnosti to-
hoto léku v riiznych kombinacich u nové
diagnostikovanych pacienti. Jde napf.
o studii u¢inku MLN9708 v kombinaci
s melfalanem a prednisonem (C16006)
a v kombinaci s lenalidomidem a niz-
kymi davkami dexametazonu (C16005
a C16008) [46]. Bylo rovnéz zjisténo, ze
MLN9708 v kombinaci s lenalidomidem
vykazuje synergistickou antimyelomo-
vou aktivitu a tato kombinace Iékd ma
potencial pro klinické studie, nebot jde
o vysoce uéinny peroralni 1ééebny rezim
bez znamek periferni neuropatie [53].

Budoucnost inhibitorta
proteazomu

Doposud byly identifikovany ctyfi vy-
znamné mediatory pfimé antimyelo-
mové aktivity IP, a to transkripéni faktor
NF-kB, pro- a antiapoptické faktory, pro-
tein p53 a proteiny stresové odpovédi
ER. U¢inek IP by véak mél byt chapan jako
komplexni d&j zahrnujici na mnoha mis-
tech viechny tyto hlavni mechanizmy,

(@
Obr. 5. Struktura MLN9708/MLN2238
(The PubChem Project).
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nebot ani samotna inhibice NF-kB ani sa-
motna mutace zajidtujici inaktivitu pro-
teinu p53 nezastavi apoptozu myelomo-
vych bunék indukovanou IP. Identifikace
podrobnych mechanizmi plsobeni IP
ma velky potencial pro odhaleni moz-
nych molekulédrnich cild pro budouci lé-
¢iva. Piikladem mohou byt dnes znamé
specifické deubikvitinani enzymy, které
mohou zastavit degradaci urcitych mo-
lekul bez nutné inhibice proteazomu.

Na otédzku, jak zajistit vy3si selekti-
vitu, u€innost a vyrazné omezit ved-
lejsi ucinky dnesnich IP, mohou nabid-
nout odpovédi specifické inhibitory
imunoproteazomu.

S ohledem na heterogenni podstatu
MM lIze do budoucna pocitat se zave-
denim genetického screeningu jednot-
livych genovych sad kédujicich klicové
molekuly, na jehoz zdkladé by byla za-
hajena optimalni Ié¢ba s predikci stupné
ucinnosti [P u jednotlivych nemocnych.

Zavér

Dilezitou a vysoce efektivni strategii pfi
hledani lé¢ebnych pfistup k MM je po-
znani dilezité role, kterou v lé¢bé tohoto
heterogenniho onemocnéni hraje inhibice
proteazomu bortezomibem. Toto poznani
vedlo k vyvoji IP druhé generace, které se
lisi ve svych chemickych strukturach (bo-
ronaty, epoxyketony, salinosporamidy),
ucinnosti a toxickych profilech, a poskytuji
tak nové moznosti pacientiim, ktefi se stali
rezistentnimi k bortezomibu. Hlavni cesta
dalsiho vyzkumu ve vyvoji novych léciv by
se tedy méla ubirat smérem lepsiho poro-
zuméni mechanizm@m Gcinku IP a pfede-
v3im mechanizmu, kterym bunky ziskavaji
rezistenci k témto Iékim.
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Abstract

Multiple myeloma (MM) is a clonal plasma cell malignancy. Although MM is still not completely curable, it can be
maintained at the level of a long-term chronic condition. Irrespective of the treatment strategy, relapse is still a major
problem for most patients. Approximately 10% to 15% of all MM patients relapse early and have poor prognosis and
outcome. Currently, there are many ways of identifying these high-risk patients using cytogenetics or molecular
biology. Despite these various approaches to definition of high risk patients, a clear definition of high-risk MM has not
been widely accepted. In this review, we discuss and compare various approaches, and their strengths and weak-

nesses in early identification of high-risk MM patients.
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Introduction

Multiple myeloma (MM) is a malignant B-lymphoproliferative
disease characterized by infiltration of clonal plasmocytes in the
bone marrow, osteolytic lesions of the skeleton, and presence of
monoclonal immunoglobulin (M-protein) in serum and/or urine.’
MM accounts for 10% of all hematologic malignancies.” Tt is the
second most common hematologic cancer and represents 1% of all
cancer diagnoses and 2% of all cancer deaths.” Despite new
advances in the treatment of MM, it remains mostly an incurable
disease.

MM progresses from a premalignant stage called monoclonal
gammopathy of undetermined significance (MGUS).* MGUS is a
plasma cell proliferative disorder characterized by plasma cell con-
tent of less than 10% in the bone marrow, M-protein in serum
< 30 g/L, no end organ damage including bone lesions, and no
evidence of other B-cell proliferative disorder.” Smoldering
myeloma (SM), also called asymptomatic myeloma, is an interme-
diary between MGUS and MM. SM has M-protein in serum > 30
g/L and/or bone marrow plasma cells > 10%, and no related organ
or tissue impairment or symptoms. Symptomatic MM is a disease

"Babak Myeloma Group, Department of Pathological Physiology, Faculty of Medicine,
Masaryk University, Brno, Czech Republic
*Department of Clinical Hematology, University Hospital Brno, Czech Republic

Submitted: May 3, 2013; Revised: Sep 11, 2013; Accepted: Sep 24, 2013; Epub:
Sep 28, 2013

Address for correspondence: Sabina Sevcikova, PhD, Babak Myeloma Group,
Department of Pathological Physiology, Faculty of Medicine, Masaryk University,
Kamenice 5, Brno 625 00, Czech Republic

E-mail contact: sevcik@med.muni.cz

Clinical Lymphoma, Myeloma & Leukemia  February 2014

characterized by neoplastic proliferation of a single clone of plasma
cells producing M-protein, inducing end organ damage, including
bone lesions, anemia, renal insufficiency, and hypercalcemia (CRAB
symptoms).” The comparison of the stages is shown in Table 1.°

Extramedullary MM arises outside the bone marrow when the
clonal plasma cells are capable of leaving the bone marrow niche and
infiltrate virtually any organ. Extramedullary disease can accompany
newly diagnosed disease or relapse and has dismal outcome for
patients.® Tt is considered a poor prognostic marker in newly
diagnosed and in relapsed patients and is more prevalent in
genomically defined high-risk MM.

Generally, MM can be divided into 2 subgroups that are
approximately equally distributed.” Hyperdiploid MM is charac-
terized mostly by numerical gains (eg, multiple trisomies) and few
structural changes, and nonhyperdiploid tumors are characterized
by many chromosomal rearrangements (eg, translocations involving
region 14q32) and sometimes chromosome loss.

MM is a heterogeneous disease at the genetic level and in terms of
clinical outcome.® The etiology is still unclear and pathogenesis is a
complex multifactorial process.' Tt is known that there are some
changes in the microenvironment of the bone marrow that allow
the tumor to grow while the function of the immune system is
decreased. The outcome for patients with MM is highly variable.”
Although the median overall survival time is 3 to 4 years, the range
is from less than 6 months to more than 10 years. Many reports have
described a huge number of prognostic factors in MM.'° In this list,
there are many factors that have been confirmed by several studies:
the most important parameters are probably £8,-microglobulin, pro-

liferation index, and genetic abnormalities (Table 2). 10

2152-2650//S - see frontmatter © 2014 Elsevier Inc. Al rights reserved.
http://dx.doi.org/10.1016/j.ciml.2013.09.004



Table 1 | Stages of MM

MGUS e M-protein in serum <30 g/L

e Bone marrow clonal plasma

cells <10%

No related organ or tissue

impairment (no end organ damage,

including bone lesions)

e No evidence of other B-cell
proliferative disorders

M-protein in serum >30 g/L and/or
Bone marrow clonal plasma

cells >10%

No related organ or tissue
impairment (no end organ damage,
including bone lesions) or symptoms

M-protein in serum and/or urine
Bone marrow clonal plasma cells
Related organ or tissue impairment
(end organ damage, including bone
lesions)

No M-protein in serum and/or urine
Extramedullary tumor or clonal
plasma cells

Normal bone marrow

Normal skeletal survey

No related organ or tissue
impairment (end organ damage,
including bone lesions)

Asymptomatic (smoldering)
myeloma

Symptomatic MM

o o o

Extramedullary MM

Abbreviations: MGUS = monoclonal gammopathy of undetermined significance; MM = multiple
myeloma; M-protein = monoclonal immunoglobulin.

Adapted from International Myeloma Working Group 2003. Criteria for the classification of
monoclonal gammopathies, multiple myeloma and related disorders: a report of the International
Myeloma Working Group. Br J Haematol 2003; 121:749-57.

Clinically, relapse is defined as > 25% increase in the serum or
urine protein > 0.5 mg/dL; however, the presence of ‘biochemical
relapse’ alone is not an indication for additional systemic therapy.
Patients should also have some form of symptomatic relapse before
initiation of therapy.''

The overall objective of creating a strong staging system for
distinguishing patients with different risk is the identification of risk
groups that could in particular have improved outcome because they
would be considered for different treatment decisions. Novel ther-
apies might benefit patients for whom other therapies fail.'” In
high-risk patients, preliminary reports show high response rates with
use of novel drugs, such as bortezomib, lenalidomide, and thalid-
omide, suggesting that the effect of adverse prognostic factors might
be overcome when using this type of therapy. The use of genetic
information for risk stratification and treatment selection continues
to be investigated in clinical trials and will probably have greater
significance for clinical research and patient care in the near future.

Discussion
MM Stratification Systems

First, Durie and Salmon introduced a staging system of 3
different stages, each presented by different levels of selected clinical
features that were significantly correlated with measured myeloma
cell mass—extent of bone lesions, hemoglobin, and level of serum
and/or urine M-protein, serum calcium, and serum creatinine.
Creatinine level further defined lower risk (with relatively normal
renal function; serum creatinine value < 2.0 mg per 100 mL) and
higher risk patients (with abnormal renal function; serum creatinine

Table 2 Summary of the Most Common Parameters That

Accompany Poor Prognosis

Parameter Poor-Prognosis Values
Plasma Cell Leukemia

17p Deletion Present
International Staging System Stage 3
B,-Microglobulin >5.5 mg/L

Gene Expression Profiling University of Arkansas 70-gene model
or Intergroupe Francophone du

Myélome 15-gene model

Adapted from Avet-Loiseau. Ultra high-risk myeloma. Hematology Am Soc Educ Program 2010;
2010:489-93.

value > 2.0 mg per 100 mL) in each of the 3 stages. The Durie
Salmon system was created predominantly to identify some level of
tumor burden at the time of diagnosis, but according to Tuchman
and Lonial," its utility in the setting of prognosis in the era of new
drugs is a bit limited. However, it is still considered a means of
measuring tumor mass and should be mentioned to compare pa-
tient’s outcome with previously diagnosed cases of MM. "

In an effort to ensure a more objective classification of patients,
the International Myeloma Working Group (IMWG)? described
the International Staging System (ISS) based on £,-microglobulin
and albumin levels (Table 3).” These clinical parameters, chosen
because of their wide availability and simplicity of their identifica-
tion in blood tests, classify MM patients into 3 groups with different
overall survival (62 months, 44 months, and 29 months for stages 1,
2, and 3, respectively). ISS has been validated in young and older
patients, in patients treated with conventional chemotherapy,
autologous stem cell transplantation, or novel agents at diagnosis
and relapse, and even though it is more than a decade old, it still
represents the most widely used staging system for patients with
MM.'® ISS provides useful information regarding the baseline
biological characteristics of the disease. Because of its simplicity and
reproducibility, the ISS has demonstrated its value in comparing
outcome of clinical trials. However, it has some important limita-
tions, eg, ISS identifies just 3 large prognostic groups, but MM
patients are described as a very heterogenic group that cannot be
included in only 3 prognostic categories. Identification of the
highest risk patients is achieved in only a small number of patients
(from 5% to 9%) and better identification of these patients requires
a more refined cytogenetic and molecular genetic classification.
Another limitation is its focus on prognostication at the population

level, so it is not applicable for individualized treatment decisions. "’

High-Risk Definition Using Cytogenetics

Because only dividing cells can be analyzed, the low proliferative
activity of tumor cells early in the disease is a significant limitation
of conventional cytogenetics in MM.® This limitation has been
partly overcome by the use of fluorescence in situ hybridization
(FISH), multicolor FISH, comparative genomic hybridization
(CGH), and spectral karyotyping, The study of Kapoor et al'’
reinforced the importance of using conventional cytogenetics and
interphase FISH (iFISH) for risk assessment. These methods remain
independent prognostic tools despite the introduction of novel
agents and are now a part of risk stratification models. Most large

(linical Lymphoma, Myeloma & Leukemia February 2014
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Table 3 International Staging System
Median
Survival
Stage Criteria (Months)
1 e Serum B,-microglobulin <3.5 mg/L 62
e Serum albumin >3.5 g/dL
2 e Serum B,-microglobulin <3.5 mg/L, but 44
serum albumin <3.5 g/dL or
e Serum B,-microglobulin from 3.5 to
<5.5 mg/L irrespective of the serum
albumin level
3 e Serum B,-microglobulin >5.5 mg/L 29

Adapted from Greipp et al. International staging system for multiple myeloma. J Clin Oncol
2005; 23:3412-20.

series have used iFISH, although this technique has some weak-
nesses in MM.'? It allows analysis of only a limited number of
chromosomal abnormalities and requires plasma cell identification
and purification. Still, iIFISH was able to detect genomic changes in
almost 90% of patients at the time of diagnosis, which is approxi-
mately 3 times more frequent than with conventional cytogenetics
banding methods.

Chromosomal abnormalities in MM are complex, highly vari-
able, and long chromosomes are altered numerically and structur-
ally.® Their complexity is reflected in a median number of 8 to 10
karyotypic changes per patient at diagnosis. Smadja et al'® were the
first to describe the importance of chromosome ploidy number, and
they identified the significant difference in survival between
hyperdiploid and nonhyperdiploid patients. The nonhyperdiploid
group is associated with poorer overall survival and with presence of
structural abnormalities, typically translocations involving the
immunoglobulin heavy chain locus (IgH) located at 14q32. Based
on a multivariate analysis of several prognostic factors, non-
hyperdiploidy was shown as the most important independent factor
for overall survival. The hyperdiploid group has better overall sur-
vival and is associated with numerical aberrations (multiple tri-
somies of chromosomes 3, 5, 7, 9, 11, 15, 19, and 21).

There are 5 main IgH translocations involving 11q13 (CCNDI
[cyclin D1]), 4p16 (FGFR3 [fibroblast growth factor receptor 3]
and MMSET [multiple myeloma SET domain]), 16q23 (MAF [v-
maf musculoaponeurotic fibrosarcoma oncogene homolog]), 20q12
(MAFB), and 6p21 (CCND3 [cyclin D3))."? These translocations
are mostly found in the nonhyperdiploid group and are character-
ized by overexpression of translocated genes.** IgH translocations
are considered to be primary events and rather negative prognostic

factors.”! However,  the frequent  translocation
t(11;14)(q13;q32), which is found in 15% to 20% of patients, is

usually found as neutral with regard to prognosis—in most series it

most

seems to be associated with favorable outcome, but this effect is not
strong enough to be statistically significant and there is great het-
erogeneity in MM patients with this translocation.”” The second
most frequent translocation is t(4;14)(p16;q32) which occurs in
10% to 15% of patients and results in overexpression of 2 protein-
coding genes located at 4p16—FGFR3 and MMSET.> Tt has been
associated with poor survival and is often associated with changes of
chromosome 13.>* The t(14;16)(q32;923) and t(14;20)(q32;q12)
are 2 less presumably  clinically

frequent  but important

Clinical Lymphoma, Myeloma & Leukemia February 2014

translocations that involve the MAF genes.”> Both of them appear
to be associated with poor survival because MAF and MAFB are
known oncogenes and their deregulation might play a role in MM
oncogenic transformation.”” The prognostic value of t(14;16) was
further analyzed in a retrospective study that compared the outcome
of patients with and without this translocation.”® Even though the
incidence is low, the results did not confirm poor prognostic value
of t(14;16) in contrast to other prognostic parameters; its role in the
distinction of high-risk MM remains unclear.

Rearrangements of chromosome 1 are the most common struc-
tural aberrations, mostly involving (mainly interstitial) deletions of
1p and amplifications of 1q”’; some cases showed more than 1
abnormality.”" Deletions of 1p are associated with poor prognosis>*;
patients with 1q21 gain or amplification detected using FISH have
unfavorable prognosis and significantly shorter survival.”” An asso-
ciation between 1g21 gain and del(13) was found, but no associa-
tion with translocations t(4;14), t(11;14), or del(17p), and it can be
considered as another independent prognostic factor.

Chromosome 13 abnormalities are found in approximately 45%
to 50% of cases; most of these cases are complete monosomy 13
(90%), and the remaining 10% represent del(13).°° Inidally it
appeared that these abnormalities have an important effect on
patients’ survival—partial or complete loss of chromosome 13
secemed to be connected with aggressive clinical course and an
unfavorable prognosis.m However, subsequent analyses showed that
this abnormality alone is not a negative prognostic factor and its
assumed effect comes from known close association with other high-
risk genetic features, such as t(4;14),%? del(17p) or high serum level
of R,-microglobulin.” This observation further demonstrates that
the presence of t(4;14) is sufficient for shortening survival and
should be considered the most relevant cytogenetic prognostic
marker for MM patients.

Deletion or inactivation of the 7P53 gene occurring at 17p13 is
more frequent in advanced MM stages and has been identified as a
clinical indicator of very poor prognosis because patients with
del(17p) have more aggressive disease, higher prevalence of extra-
medullary disease, and overall shorter survival.”> When compared
with patients lacking 7P53 abnormality, del(17p) is also frequently
associated with mutations of the other 7P53 allele.”® Because the
position of these mutations might determine the disease outcome,
further and larger analysis of MM is needed.
defined in

as the presence of any one or more of these

markers were several

High-risk  cytogenetic
studies>17:35:36
abnormalities—hypodiplody, monosomy of chromosome 13 or
deletion 13q, deletion of 7P53 (locus 17p13), IgH translocations
t(4;14)(p16;q32) or t(14;16)(g32;q923), and plasma cell labeling
index of 3% or greater. Decaux et al,>” confirmed that the high-risk
group of patients was significantly associated with deletion of 13q,
deletion of 17p, gain of 1q, and translocation t(4;14). The low-risk
group was significantly correlated with hyperdiploid status deter-
mined using FISH. Considering that the prognostic value of cyto-
genetic abnormalities depends strongly on their coexistence with
each other, eg, deletion of 13q and its association with t(4;14),
performing a systematic FISH analysis on all patients with newly
diagnosed MM is still of great importance. However, some chro-
mosomal abnormalities, such as t(4;14) or del(17p), have been
shown to be major prognostic markers and very useful in refining
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Table 4 Clinical and Genetic Features of TC Molecular Subgroups of MM

TC Group Recurrent Translocation | Gene(s) at Breakpoint Dysregulated Cyclin D Multiple Trisomies (n)
6p21 6p21 CCND3 D3 7
11q13 11q13 CCND1 D1 40
D1 None None D1 81
D1 + D2 None None D1 + D2 21
D2 None None D2 45
None None None None 6
4p16 4p16 FGFR3/MMSET D2 42
maf 16023, 20q11 MAF, MAFB D2 19

Abbreviations: D1-3 = cyclins D1-D3; maf = v-maf musculoaponeurotic fibrosarcoma oncogene homolog; MM = multiple myeloma; TC = Translocation and Cyclin D.
Adapted from Bergsagel et al. Cyclin D dysregulation: an early and unifying pathogenic event in multiple myeloma. Blood 2005; 106:296-303.

identification of high-risk patients, yet they need to be evaluated in
the context of other parameters (especially #,-microglobulin level).”
Decaux et al®” claims that, although powerful, cytogenetic abnor-
malities target only small subsets of patients and do not account for
heterogeneity of the clinical outcome.

High-Risk as Defined Using Genomics

Gene expression profiling (GEP) has enabled analysis of gene
expression patterns that can be involved in MM pathogenesis and
might contribute to survival of MM patients.

The first molecular classification system was the Translocation
and Cyclin D (TC) classification,”® based on GEP of mRNA spikes
involving 5 IgH translocations, specific trisomies, and over-
expression of cyclin D genes (CCND1-3). The patients were divided
into 8 groups (Table 4)*® defined according to early, perhaps
initiating oncogenic events, with differences in GEP and clinical
features; this classification suggests that dysregulation of cyclin D is
an early and unifying pathogenic event in myeloma. Better survival
was observed in the TC 11q13 group and substantially shortened
survival was noted for patients in the TC 4p16 and TC 16423
(MAF) groups.

Zhan et al” developed a GEP-based classification that divides MM
into 7 different groups (Table 5)* based on the presence of trans-
locations, gene expression, or hyperdiploidy. In this system, 2 groups
were connected with high-risk variables and poor prognosis—the
proliferation (PR) group, characterized by overexpression of cell cycle
progression and cell proliferation genes, and the MMSET (MS)
group, with overexpression of MMSET and FGFR3 genes involving
the t(4;14). However, the associations between classes and survival are
likely to be dependent on the type of therapy used.

The first validated GEP model for prognosis predication in pa-
tients was published by Shaughnessy et al’ from the University of
Arkansas, in the United States. The hypothesis of this work was that
expression extremes of a subset of genes that correlates with survival
might be representative of the effects of DNA copy changes in
myeloma disease progression. They identified a set of 70 genes with
expression level changes that allowed the identification of a small
cohort of 13% to 14% of patients at high-risk for early disease-
related death. A remarkable feature of the high-risk signature was
the significant overrepresentation of genes located on chromosome
I—nearly 50% of 19 underexpressed genes and 30% of 51 over-
expressed genes are located on chromosome 1. Most upregulated

genes are mapped to 1q, and downregulated genes to 1p. This is in
accord with the previously published suggestion that progression of
disease can also be associated with the percentage of cells with 1¢21
amplification.” Tt also suggests that gain of DNA material on 1q
and loss of 1p are important determinants of high-risk MM.?
Results have shown that the low-risk myeloma group had a
pattern similar to MGUS and normal plasma cells, and the high-risk
group revealed a pattern similar to human myeloma cell lines.

The high-risk group had a strong association with known clinical
prognostic variables—higher level of £,-microglobulin in serum,
creatinine, C-reactive protein, and serum lactate dehydrogenase
(LDH), chromosome 13 deletion, and other cytogenetic abnor-
malities.”” When applied to samples from relapsed patients, 76%
exhibited a high risk score. This increase in the frequency of the
high-risk label from 13% at diagnosis gives molecular evidence of

disease evolution that influences outcome after relapse. The model

Table 5 Genetic Signatures of Expression-Defined Subgroups

Group Features

PR Overexpression of numerous cell cycle-
and proliferation-related genes (eg,
CCNB2, CCNBT1, MCM?2, CDCA2,
BUB1, CDC2, and TYMS) and cancer-
testis antigen genes; higher GEP-
defined proliferation index

LB Low bone disease (lower expression of
genes involved in bone disease and
low incidence of magnetic resonance
imaging-defined focal bone lesions)

MS 1(4:14)(p16;q32) — overexpression of
MMSET and FGFR3 genes
HY Hyperdiploidy, often associated with

trisomies of chromosomes 3, 5, 7, 9,
11, 15, 19, and 21

CD-1 (11;14)(q13;032) — overexpression of
CCND1 genes

CD-2 t(6;14)(p21;932) — overexpression of
CCND3 genes

MF t(14;16)(032;23) and (14;20)(q32;q11)
— overexpression of MAF/MAFB
genes

Abbreviations: CD = cyclin; GEP = gene expression profiling; HY = hyperdiploid; LB = low
bone; MF = MAF-MAFB; MS = MMSET; PR = proliferation.

Adapted from Zhan et al. The molecular classification of multiple myeloma. Blood 2006;
108:2020-8.
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was then modified to only 17 genes to identify high-risk patients
with 97.7% accuracy of the 70-gene model. Unlike other classifi-
cations, this high-risk signature model reflects not only tumor cell
proliferation, but also other features that indicate shorter survival,
such as drug resistance.

Decaux et al’” developed a 15-gene model that predicts survival
in patients with newly diagnosed MM. The Intergroupe Franco-
phone du Myélome (IFM) suggested that their 15-gene model
improves ISS prognostication and can be more discriminating than
the FISH model for stratifying MM patients according to survival.
In their report, they state that myeloma cells from high-risk patients
overexpress genes involved in cell cycle progression and its surveil-
lance, whereas the low-risk patient group is more heterogeneous and
includes the hyperdiploid gene signature. High-risk MM patients
were characterized by overexpression of genes involved in multiple
phases of the cell cycle. The list of genes contains cell-cycle regulated
genes that are involved in essential cell cycle processes, such as cell-
cycle control, DNA replication, DNA repair, DNA packaging,
mitosis, and spindle-assembly checkpoint (SAC). Their hypothesis
is that the SAC activity network is perturbed in plasma cells of
high-risk patients, thereby maintaining mild chromosomal insta-
bility that will facilitate tumorigenesis and drug resistance, leading
to a targeted therapeutic model in which SAC inactivation might be
an efficient way to provoke plasma cell death. In low-risk patients,
they identified 3 significant gene sets. Two of them are related to
hyperdiploidy in MM. When compared with other prognostic
factors (£,-microglobulin level in serum > 5.5 mg/L and/or
t(4;14)), their results identified subsets with different survival in
low- and high-risk groups. This indicates that there are different
biologic features associated with survival, and the combination of
these 3 could make an independent prognostic tool to identify the
highest risk patients. It was also confirmed that the high-risk group
is associated with poor prognosis markers (deletion of 13q and 17p,
gain of 1q, and translocation t(4;14)).

Dickens et al*' used high-density single-nucleotide poly-
morphism (SNP) arrays to identify homozygous deletions (HZD) in
genes relevant to pathogenesis and outcome in MM. This loss of
material can be used to find expression signatures and specific genes
with prognostic significance. When combined with global gene
expression data, they were able to identify key pathologically rele-
vant features. The resulting list of genes with HZD has significantly
overrepresented deletions within the ‘cell death network’ including
15 genes important in cell cycle regulation, apoptosis, and regula-
tion of transcription. Deletion of any of these genes means shorter
survival; therefore, it is considered to be an independent marker of
poor prognosis. These changes at the DNA level need to be asso-
ciated with changes at the level of gene expression—this analysis
generated a list of 97 genes annotated as cell death and connected
with poor outcome. From this list, a more applicable 6-gene cell
death signature was derived (BUBIB vs. HDAC3, CDC2 vs. FISI,
RADZ2I vs. ITM2B) that was able to identify similar subset of pa-
tients with poor prognosis with 100% specificity. If any 1 of these
pairs has a ratio of > 1, then the test is positive for poor prognosis at
presentation and at relapse. Although the 97-gene signature is more
sensitive for identification of poor prognosis, the genes selected for
the 6-gene signature are highly specific so no patients would be
incorrectly classified as such.
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In their report, Dickens et al*' also made a comparison of the 3
signatures: the 70-gene signature from University of Arkansas
group,39 the 15-gene signature from the IFM,?” and their own
97-gene cell death signature. The genes in each of the signatures
are different, except 1 shared gene, B/RC5 (National Center for
Biotechnology Information: location 17q25, member of the in-
hibitor of apoptosis gene family, which encodes negative regulatory
proteins that prevent apoptotic cell death; gene expression is high in
most tumors). There were 37 cases identified as poor prognosis
using all 3 signatures. Overall, the 97-gene cell death signature
identified 89 cases with poor prognosis, the IFM 15-gene signature
identified 64, and the Arkansas group 70-gene signature identified
90 of them. Thus, it seems that the sensitivity of the 97- and 70-
gene signatures are almost equal. The fact that there are no
shared genes highlights the complexity of the biologic behavior of
the tumor. Also, use of GEP analyses will possibly require more
work."”

Moreaux et al* derived a high-risk signature from analyzing GEP
and identification of 248 heterogeneity genes in 40 human
myeloma cell lines (HMCLs) and divided them into 6 groups. The
HMCLs used differed in their dependence on the addition of
exogenous interleukin (IL)-6 to grow in vitro (24 of 40 referred to as
HMCLs*™ e 40 the remaining 16 as HMCLs*™™). Each of
the 6 groups is represented by genes that are known markers of
MM, such as e-MAF, CCNDI1, FRZB, MMSET, FGFR3, and
cancer-testis antigen genes. When applied on primary MM cells of
newly diagnosed patients, the resulting clusters overlapped with 7
groups of molecular classification previously described by Zhan et al
(Table 6).204? Considering this overlapping, the same nomencla-
ture was used to identify HMCL groups. These data suggest that
HMCLs have kept the molecular heterogeneity of MM cells of
newly diagnosed patients.

Assuming that some heterogeneity genes could be used as pre-
dictors for patients’ survival, Moreaux et al* found 7 of the 248
HMCL heterogeneity genes with bad prognostic value (7EADI,
CLECI1A, LRP12, MMSET, FGRF3, NUDT11, and KIAAI1671).
Most of them were overexpressed in the MS and PR groups, which
were previously described as high-risk.”” Using these 7 genes, a
simple staging was built, scoring patients from 0 to 7, resulting in
creation of the HMCL score containing 3 groups with different

Table 6 Overlap Between Clustering of Primary MM Cells

Based on HMCL Heterogeneity Gene Signature and
7-Group Molecular Classification

HMCL Heterogeneity Gene 7-Group Molecular
Signature Classification
Cluster 1 100% of patients of MS group
Cluster 2 71% of patients of LB group
Cluster 3 100% of patients of MF group
Cluster 4 46% of patients of PR group and
29% of patients of HY group
Cluster 5 92% of patients of HY group
Cluster 6 89% of patients of CD-1 and CD-2
groups

Abbreviations: CD = cyclin; HMCL = human myeloma cell line; HY = hyperdiploid; LB = low
bone; MF = MAF/MAFB; MM = multiple myeloma; MS = MMSET; PR = proliferation.



outcome. Group 1 comprised patients with no or 1 bad prognosis
gene, group 2 patients expressed from 2 to 4 bad prognosis genes,
and group 3 at least 5 of them. Of course, group 3 was associated
with the worst prognosis. These 7 HMCL genes share no gene with
the 70-gene signature from the University of Arkansas and the 15-
gene signature from IFM, and the HMCL score was shown to be
more potent in some of the independent patient cohorts they used.

Conclusion

According to Decaux et al,’” an ideal prognostic model would
probably combine f,-microglobulin level that reflects tumor
burden, creatinine level that reflects renal insufficiency, general
patient condition (eg, age older than 50 years, presence of primary
tumor or other serious disease, long-term corticosteroid use, weight
loss, and chronic inflammation of lungs or kidney), a marker of
plasma cell proliferation, and genetic changes. It is still recom-
mended to determine patient’s stage using a prognostic system
based on clinical parameters (Durie Salmon or ISS system) because
it enables comparison of outcomes with previously diagnosed cases.
After the International Myeloma Workshop Consensus Panel 2,
Munshi et al'® presented recommendations for current risk strati-
ficaton in MM. For newly diagnosed patients, they suggest to
investigate ISS stage using serum albumin and f,-microglobulin
levels (ISS stage), bone marrow cytogenetic examination for t(4;14),
t(14;16), and del(17p) using purified plasma cells in FISH analysis,
serum LDH level, immunoglobulin type A, histology for plasma-
blastic disease, and additional investigation of cytogenetics, GEP,
labeling index, magnetic resonance imaging/positron emission to-
mography scan as an emerging tool for bone disease evaluation, and
DNA copy number alteration using CGH/SNP array. Patients at
relapse are often characterized by changes in these risk factors; their
levels are usually rising and patients should be reclassified as high-
risk. Additional risk stratification criteria for relapsed patients
include type of response and length of response to previous therapy.
FISH analysis is mandatory for baseline risk stratification, but
should only be repeated at relapse/progression for patients who were
not initially classified as high-risk. If a high-risk feature has been
already present at diagnosis, then there is no need to test for it again
at relapse, although investigation for additional changes should be
performed.

Unlike cell-based staging systems that have the longest history
and have been successfully validated, genomic tools (either tran-
scriptional or DNA-based) are still evolving and their prognostic
significance might be treatment-specific. Overall, the presented
GEP models only share a few common genes (mainly because of
high clinical and biologic heterogeneity of the disease), which rep-
resents a significant complication for accurate assessment of prog-
nosis and for categorization of patients into groups that would be
mutually comparable. It is clear that the established prognostic
factors do not have a universal value, especially because of their
uncertain stability in the era of novel drugs. Identifying risk groups
with high predictive power could notably improve patient care—
patients predicted to have poor outcome might be considered for
early administration of experimental therapy regimens which might
ameliorate the adverse influence of these prognostic features.
Because of this promising future use, further research for multi-
functional prognostic markers or stabilization of existing models is

Helena Paszekova et al

needed. The general agreement is that the risk stratification should

be global and not divided for old vs. new therapy.
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ABSTRACT

Multiple myeloma still remains incurable in the majority of cases prompting a further search for new and better
grognostic markers. Emerging evidence has sugﬁested that circulating microRNAs can serve as minimally invasive

iomarkers for multiple myeloma and monoclonal gammopathy of undetermined S:Fm'ﬁcance. In this study, a
global analysis of serum microRNAs by TagMan Low Density Arrays was performed, followed uantitative
real-time PCR. The analyses revealed five deregulated microRNAs: miR-744, miR-130a, miR-34a, let-7d and let-7e
in monoclonal gammopathy of undetermined significance, newly diagnosed and relapsed multiple myeloma when
compared to healthy donors. Multivariate logistical riﬁressjon analysis showed that a combination of miR-34a and
let-7e can distinguish multiple myeloma from healthy donors with a sensitivity of 80.6% and a specificity of
86.7%, and monoclonal gammopathy of undetermined significance from healthy donors with a sensitivity of
91.1% and a specificity o% 96.7%. Furthermore, lower Ieveﬁ; of miR-744 and let-7e were associated with shorter
overall survivaf and remission of myeloma patients. One-year mortality rates for miR-744 and let-7e were 41.9%
and 34.6% for the ‘low’ expression and 3.3% and 3.9% for the ‘high’ expression groups, respectively. Median time
of remission for both miR-744 and let-7e was approximately 11 months for the ‘low’ expression and approximate-
ly 47 months for the ‘high’ expression groups of myeloma patients These data demonstrate that expression pat-
terns of circulating microRNAs are altered in multiple myeloma and monoclonal gammopathy of undetermined

significance and miR-744 with let-7e are associated with survival of myeloma patients.

Introduction

Multiple myeloma (MM) accounts for more than 10% of
hematologic cancers.’ In MM, malignant bone marrow plas-
ma cells (BMPCs) undergo massive clonal expansion resulting
in high levels of monoclonal immunoglobulin (mlg, M-pro-
tein) in blood and/or urine. This is often accompanied by
other clinical symptoms, such as osteolytic lesions, increased
calcium level, renal insufficiency and anemia.’* MM evolves
from a pre-malignant condition called monoclonal gammopa-
thy of undetermined significance (MGUS) which progresses
to MM at a rate of 1% per year.® Although there are serum
markers used for diagnosis of MGUS and MM, such as levels
of FLC or mlg,*® recently a lot of attention has been paid to
circulating microRNAs that could serve as new diagnostic
and/or prognostic tools.”*

MicroRNAs (miRNAs) are a class of short, non-coding, sin-
gle stranded RNAs with regulatory function.””"" MiRNAs play
crucial roles in a variety of basic biological processes; they
even contribute to tumor formation and development.” In
tumors, different miRNAs expression profiles compared to

healthy tissues were described and resulting miRNAs signa-
tures correlated with patients’ survival and prognosis. Such
observations highlighted miRNAs as promising biomarkers
for diagnosis and even possible targets for therapies.”

So far, a number of studies, using BMPCs as the source of
miRNAs, found several deregulated miRNAs in MM and
MGUS, and implicated miRNAs in signaling pathways dereg-
ulated in MM pathogenesis."""” Some of these miRNAs have
a therapeutic potential i vitro and in vivo, such as miR-34a."®
Nevertheless, obtaining a marker from the bone marrow
(BM) is an invasive procedure for patients; therefore, there is
still a need for a minimally invasive test that can be easily
repeated. There is now a greater possibility of using miRNAs
as biomarkers after the discovery that they are present in var-
ious body fluids.”

Moreover, they are very stable, as they are protected from
degradation by association either with secreted membrane
vesicles (exosomes, apoptotic vesicles) or with RNA-binding
proteins (nucleophosmin, Argonaut 2 (Ago2))."*' It was
shown that the miRNAs profile of body fluids reflects physi-
ological or pathological conditions and can be used for patient
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classification.”In this study, a new serum miRNAs expres-
sion profile, potent enough to distinguish newly diag-
nosed MM and MGUS patients from healthy controls,
was created based on TagMan Low Density Arrays
(TLDA). This profile was validated by quantitative real-
time PCR (qPCR) on a larger cohort of newly diagnosed
and relapsed MM as well as MGUS patients. Moreover,
miRNAs levels were correlated with clinical, biochemical
and cytogenetic characteristics and survival data.

Methods

Patients and healthy donors

Peripheral blood (PB) serum samples from 103 newly diagnosed
MM patients, 18 MM patients in relapse, 57 MGUS and 30
healthy donors (HD) from the Faculty Hospital Brno, Czech
Republic, were obtained for this study. PB serum samples were
collected as follows: centrifugation 3500 rpm/15 min/20°C.
Samples were frozen as 0.5 mL aliquots, stored at -80°C and
thawed only once. For 70 MM and 36 MGUS samples, BMPCs
were obtained for routine interphase fluorescence in situ
hybridization analysis (I-FISH), as described previously.™ Patients’
and donors' characteristics are described in Table 1 and in the
Omnline Supplementary Table S1. For 6 newly diagnosed MM
patients, BMPCs and exosomal and non-exosomal fraction from
PB serum were collected. All patients signed an informed consent
form approved by the hospital ethical committee before enroll-
ment into this study.

MiRNA extraction

Total RNA enriched for miRNAs was extracted from all serum
samples using miRNeasy Kit (Qiagen) modified for circulating
miRNAs according to the manufacturer’s instructions.
MIRNA/RNA quantity was assessed on a NanoDrop ND-1000
Spectrophotometer (Thermo Scientific) as measurement of each
sample 2 times with mean SD=0.292 ng/uL. All samples fit into
the Nanodrop ND-1000 validated measuring range.

Exosomes precipitation

Exosomes were collected using ExoQuick Exosome
Precipitation Solution (System Biosciences). Serum samples were
centrifuged for 3500 rpm/10 min/4°C, 250 plL of serum was com-
bined with 63 pL of ExoQuick, incubated for 30 min/4°C and cen-
trifuged for 2 min/13000 rpm. Exosomal and non-exosomal frac-
tion was used for miIRNA/RNA extraction, as described above.

TagMan Low Density Arrays

Megaplex profiling using human TagMan Low Density miRNA
Arrays A+B, v3.0 (TLDA) (Life Technologies) was performed to
evaluate the expression of 667 miRNA (see Onlie Supplementary
Methods). QPCR was performed on the ABI7900HT systemy; raw
data were analyzed using SDS software v.2.3, RQ Manager v1.2.1
{Life Technologies).

Candidate miRNA confirmation by qPCR and
quantification of miRNA

Individual TagMan miRNA assays for 6 miRNA (hsa-miR-222-
002276, hsa-miR-744-002324, hsa-miR-130a-000454, hsa-miR-
34a-000426, hsa-let-7e-002406, hsa-let-7d-002283, Life
Technologies) were used for gPCR on a 7500 Real-Time PCR
System. QPCR and reverse transcription was performed following
the manufacturer”s recommendations (see Omline Supplementary
Methods). Absolute quantification to determine the copy number
of each miRNA per 1 ng of total miRNA/RNA was performed, as

described previously™ (Online Supplementary Appendix and Ouline
Supplementary Figure S51). For determination of assay precision see
the Online Supplementary Methods.

Interphase fluorescence in situ hybridization analysis

Interphase Huorescence in situ hybridization analysis (I-FISH)
was performed as a part of routine diagnostc procedure on
CD138" BMPCs, as previously described™ (Ouline Supplementary
Methods).

Statistical analysis

TagMan Low Density Arrays data were analyzed according to
the manufacturer's recommendations; multiple testing correcdon
was applied using Benjamini-Hochberg correction for assessment
of adjusted P values. For determination of the relative expression
levels of target miRNAs see the Online Supplementary Appendix.
Normalized expression data from the screening phase of the study
were statistically evaluated using the R statistical computing lan-
guage using the Bioconductor package and LIMMA model com-
bined with hierarchical clustering (HCL)*** Other statistical
methods used are described in the Online Supplementary Methods.
P<0.05 was considered statistically significant. Data were statisti-
cally analyzed with IBM SPSS Statistics, v.20 and R v.2.15.3 with
survival ROC package.

Results

Low density arrays study

Screening of 667 miRNAs using TLDA was performed
on 4 newly diagnosed MM patients, 4 HD and 5 MGUS
samples to identify differendally expressed circulating
miRNAs that could serve as putative biomarkers. Fourteen
miRNAs were significantly deregulated (all P<0.003,
adjusted P<0.05) between MM patients and HD: 7
miRNAs were up-regulated (miR-222, miR-218, miR-34a,
miR-1274A, miR-138, miR-10b*, miR-1243), 7 miRNAs
were down-regulated (miR-191, miR-130a, let-7d, miR-
103, let-7e, miR-744, miR-151-5p) in MM patients (Figure
1). Out of these, miR-222, miR-744, miR-34a, miR-130a,
let-7d and let-7e were further validated, as their position at
the top of the list, fold change and favorable expression
levels (Ct<30) were taken into account (Online
Supplementary Appendix and Online Supplementary Table
52). However, no significant change in miRNAs expres-
sion was observed between MM and MGUS samples (data
not shown). Therefore, we used the same 6 miRNAs to look
for the difference between MGUS samples and healthy
donors.

Validation of candidate miRNAs using qPCR

Since qPCR is more sensitive and more quantitative over
a wider dynamic range than TLDA, we employed miRNA
specific assays (miR-222, miR-744, miR-130a, miR-34a,
let-7d and let-7e) on a larger cohort of 103 newly diag-
nosed MM patients and 30 HD to confirm the pattern of
candidate miRNAs expression between MM/HD samples
and also on 57 MGUS and 18 relapsed MM samples.

To accurately determine expression differences between
groups, miRNAs were normalized as amount of miRNA
copy numbers per 1 ng of total RNA/miRNA using
absolute quantification approach. Standard curves for all 6
validated miRNAs were obtained (Online Supplementary
Appendix and Online Supplementary Figure S1), and individ-
ual assays imprecision was also assessed (Ownline
Supplementary Appendix and Online Supplementary Figure



Table 1. Patients’ and healthy donors’ base-line charactenistics used for RT-PCR.

N. of patients/donors 103 57 30
Gender: males-females 49.5%-50.5% 66.794-33.3% 46.7%-53.3%
Age median (min-max) [vears] 66 (47-83) 67 (54-80) 55 (45-64)
153 stage: HI-II 34%-2876-38% ND ND
Durie-Salmon stage: -1I-111 10.9%-17.8%-T1.3% ND ND
Durie-Salmon substage: A-B 79.6% - 20.4% ND ND
Ig isotype: IgG-IgA-1gM-1gD-LC only- 52 4%-27 2%- 1.9%-2.9%-10.7% 81.8%-3.6%-12.7%-0%-1.8%- ND
NonSecr.-Biclonal -3.9%-1.0% 0%6-0%

Light chains: kappa-lambda 509.2%-36.9% 53.79%-46.3% ND
N. of previous treatment lines

None (first-line treatment) 103 (100%) 57 (100%) ND
First-line based treatment: thalidomide- T6%-18%6-8% ND ND
Biochemical parameters median (min-max)

Hemoglobin (g/L) 108 (62.7-157) 138 (104-166) ND
Thrombocytes (count x10°) 215 (37.6-561) 233 (112-483) ND
Calcium (mmol/L) 241 (1.85-4.94) 2.34 (2.04-267) ND
Albumin (g/L) 39.0 (22.1-504) 438 (30.6-53.3) ND
Creatinine (umol/L) 92.0 (48.0-884.0) 86.0 (50.0-179.0) ND
[2-microglobulin (mg/L) 382 (1.10-428) 2,11 (121-35.0) ND
Lactate dehydrogenase (ukat/L) 3.16 (1.15-18.69) 343 (1.92-7.88) ND
C-reactive protein (mg/L) 40 (0-174.3) 3.1 (0-280.6) ND
Monoclonal Ig (g/L) 26.65 (0-885) 8.7 (0-26.6) ND
Plasma cell infiltration of bone marrow (%) 27.0 (10.0-54.0 20 (0-84) ND
13q14 deletion 30 (44.1%) 9 (23.1%) ND
17p13 deletion §(13.2%) 1 (2.6%) ND
Translocation t(4:14) 9 (184%) 3 (12.5%) ND
121 gain 2 (31.5%) 3(9:4%) ND
Hyperdiploidy 29 (45.3%) 5 (15.2%) ND
ND: not determined.

52). As the difference in miR-222 expression between MM
and HD was not significant (P=0.3022) it was excluded
from further studies.

A significant decrease was observed in expression of
miR-744, miR-180a, let-7d and let-7e (all P<0.001) in the
MM group. However, miR-34a was significantly increased
(P<0.0001) when compared to the HD group (Online
Supplementary Appendix and Online Supplementary Table
53). These data confirm the results of the screening phase
(for the correlation between TLDA and qPCR data, see
Omnline Supplementary Appendix and Online Supplementary
Figure S1). Similarly, expression of miR-744, miR-130a, let-
7d and let-7e was decreased in MGUS samples (all
P<0.0001) and the expression of miR-34a was increased in
MGUS when compared to HD (P<0.0001) (Online
Supplementary Appendix and Ounline Supplementary Table
S3).

Receiver operating characteristics (ROC) curve analysis
revealed that serum levels of all validated miRNAs can be
used to distinguish MM and MGUS patients from HD
(Omnline Supplementary Appendix and Online Supplementary
Table S4). Moreover, multivariate logistical regression
analysis showed that the combination of miR-34a and let-
7e could improve the stratification power characterized
with area under the curve (AUC) of 0.898, sensitivity of
80.6% and specificity of 86.7% for MM, and with AUC
0.976, sensitivity of 91.1% and specificity of 96.7% for
MGUS (Figure 2).

MIRNA expression pattern correlates with biochemical
parameters but not with PCs infiltration

To determine the correlation of miRNAs expression lev-
els with clinical parameters, stage (ISS, Durie-Salmon
(DS)) and percentage of BMPC infiltration, Spearman
bivariate correlation was performed. All studied miRNAs
significantly correlated with higher levels of hemoglobin:
miR-744, miR-130a, let-7d and let-7e positively; miR-34a
negatively. Moreover, levels of miR-744, miR-130a, let-7d
and let-7e showed a significant positive correlation with
thrombocyte count and a significant negative correlation
with levels of creatinine and beta(f)2-microglobulin.
Expressions of miR-744, let-7d, let-7e showed a significant
positive correlation and miR-34a significantly negatively
correlated with levels of albumin, and miR-744 and let-7¢
a significant negative correlation with C-reactive protein
(CRP) level. Only let-7e expression showed a significant
negative correlation with level of monoclonal
immunoglobulin (Ig).

Similar data were obtained for MGUS patients, where
levels of all studied miRNAs showed a signiticant positive
correlation with hemoglobin level. In addition, levels of
miR-744, miR-130a, let-7d and let-7e were significantly
associated with levels of albumin and inversely correlated
with levels of creatinine and f2-microglobulin. Also, levels
of miR-744, miR-130a and let-7d showed a significant
negative correlation with CRP levels. In contrast to MM
patients, none of the studied miRNAs in MGUS correlated
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with thrombocyte count (Table 2).

In MM, expression levels of miR-744, let-7d and let-7e
were linked to advanced ISS stage; this trend was also
observed for miR-130a, although it did not reach statistical
significance. Also, only let-7e correlated with DS stage;
levels of miR-744, miR-130a, let-7d and miR-34a were
associated with DS sub-stage. However, none of the stud-
ied miRNAs in MM and MGUS correlated with percent-
age of PC infiltration in BM, which confirms previous
observed findings® (Online Supplementary Appendix and
Online Supplementary Table S5).

Level of circulating let-7e correlates with
del(13q14) in PCs

Little is known about the origin of circulating miRNAs
and their relationship with BMPCs. Therefore, the expres-
sion levels of five miRNAs were correlated with typical
chromosomal MGUS and MM aberrations, such as gain of
1q21, 13q14 deletion, 17p13 deletion, translocation t(4;14)

HD MM

7 1

~= |

HD1 HD2 HD3 HD4 MM1 MM2 MM3 MM4

and hyperdiploidy (HY) status (HY of chromosomes 5, 9
and 15). We found that presence of del(13q14) in MM
showed a significant correlation with lower levels of let-
7e, and we also observed a trend for lower levels of miR-
744 to be linked with this aberration (Online Supplementary
Appendix and Online Supplementary Table S6).

Derivation of evaluated miRNAs

To further investigate potential derivation of all studied
miRNAs, we measured their levels in exosomal and exo-
some-depleted supernatant of 6 newly diagnosed MM
patients. Concentration of miR-744, miR-130a, let-7d and
let-7e (all P<0.05) was found to be significantly higher in
the exosome pellet compared to the exosome-depleted
supernatant. However, there was no significant difference
between these two fractions for miR-34a (Online

Supplementary Figure S4A). For the same patients, we
obtained miRNAs from BMPCs, and we observed levels of
miR-744, miR-34a, let-7d and let-7e to be significantly

hsa-miR-222-002276
hsa-miR-191-002289
Nsa-miR-218-000521
hsa-miR-342-000426
hsa-miR-1274A-002683
hsa-miR-130a-000454
hsa-el-7-002283
hsa-miR-138-002284
hsa-miR-10b#-002315
hsa-miR-1243-002854

hsa-miR-103-000438

Figure 1. Hierarchical clustergram discrimi-
nating serum of MM patients and healthy
donors  according to differentially
expressed miRNAs (yellow color indicates
serum samples of HD, blue MM patients;
adjusted P<0.05).

haa-let-Te-002406

hsa-miR-744-002324

hea-miR-151-5P-002642

Table 2. Correlation of serum microRNAs in MM and MGUS with biochemical parameters. For correlation of the data, Spearman coefficient was
adopted; significant coefficients of correlation (P<0.05) are marked with bold .

Multiple myeloma MGUS
miR744 miR130a miR-34a let7d let7e miR-744 miR-130a miR-34a

Monoclonal g (L) 0175 0011 0135 0087 0199 0059 0062 0116 0000 0051
Hemoglobin (g/L) 0543 0283 0258 0387 058 0383 0465 0270 0290 0424
Thrombocytes (count x1(¥) 0555 03% 019 047 0515 0007 0092 0127 0000 0024
Albumin (g/L) 0.355 0093  -0204 0302 035 0464 0341 0221 0401 0309
Creatinine (ymol/L) 0415 034 0007 0310 0406 0369 0330 000 0468  -0367
p2-microglobulin (mg/L) 0575 023 0110 0439 05T 0451 0219 0211 0484 0277
Lactate dehydrogenase (pkatL)  -0207 0095 0141 0202 0076 0015 0115 0180 0061  -0216
C-reactive protein (mg/L) 0221 008 002 0178 0253 0331 0349 0019 029  -0224
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higher in BMPCs than in exosomal fraction (all P<0.05)
(Online Supplementary Figure S4B). Interestingly, levels of
miR-130a were comparable in BMPCs and exosomes
(P=0.8438). However, there was no correlation found
between miRNAs from BMPCs and from exosomal frac-
tion (data not shown).

Dynamics of miRNA levels during disease progression

As deregulated miRNAs expression in MGUS and MM
patients was observed at the time of diagnosis, the next
step was to check if this profile changes during disease
progression. For 18 MM patients, who had not undergone
PBMC transplantation, serum samples at the time of diag-
nosis and in relapse (after 2 lines of treatment) were col-
lected. All of the miRNAs in MM samples differed signifi-
cantly from HD at the P<0.0001 (miR-744: FC=0.270;
miR-130a: FC=0.487; miR-34a: FC=10.083; let-7d:
FC=0.243; let-7e: FC=0.300). Moreover, a significant
increase of miR-34a (FC=3.560; P<0.0001) and decrease of
let-7d (FC=0.460; P=0.0182) was found in relapsed sam-
ples compared to samples at the time of diagnosis. For
miR-744 and let-7e, a trend toward lower expression was
observed; however, no change in expression between
diagnostic and relapsed sample was observed for miR-
130a (Owuline Supplementary Appendix and Ounline
Supplementary Figure S5).

Analyses of overall survival and time to progression

Furthermore, miRNAs expression was verified as a pos-
sible indicator of survival. Univariate Cox proportional
hazards survival model with one explanatory variable
showed prognostic impact for serum miR-744 (HR 0.670
[HR95%CI: 0.548; 0.819]; P<0.0001) and for let-7e (HR:
0.611 [HRI5%CL: 0.450; 0.829); P=0.002) for the MM
cohort of patients. To characterize the prognostic signifi-
cance of this miRNA, a multivariate Cox proportional haz-
ards survival model was used. The variaﬁles in the multi-
variate model were the only variables which remained sta-
tistically significant when potential predictors were com-
bined with miRNA expression and forced into the model.
The results showed that neither miR-744 nor let-7e is inde-
pendently associated with overall survival (OS) when com-
bined with other factors (miR-744: P=0.902; let-7e:
P=0.472) (Online Supplementary Appendix and Online
Supplementary Table S7). Survival cut-off points were estab-
lished based on time-dependent ROC analysis (data not
show), which showed suitable AUC fora 0.5-1.5 year time
period for miR-744 and a 1.5 year time point for let-7e.

To determine the prognostic impact of defined miR-744
and let-7e expression cut-off values, we compared OS
between the ‘low’ and the ‘high’ expression subgroups
(Figure 3A and B). For miR-744, worse 1-year OS was indi-
cated in the ‘low’ expression subgroup of patients (43 of
108) in comparison with the ‘high’ expression group (60 of
103) (P<0.0001). One-year mortality rate for the ‘low’ miR-
744 expression group was 41.9% (95%CI: 28.8%; 57.9%),
and for the ‘high’ expression group it was 3.3% (95%CI:
0.8%; 12.7%), respectively. Similarly for let-7e, worse 1-
year OS5 was indicated in the ‘low’ expression subgroup of
patients (52 of 103) in comparison with the ‘high’ expres-
sion group (51 of 103) (P=0.001). One-year mortality rate
for the ‘low’ let-7e expression group was 34.6% (95%CI:
23.4%; 49.2%) and for the ‘high’ expression group 3.9%
(95%CI: 1.0%; 14.8%). In the same way, the Cox model
showed prognostic impact for serum miR-744 (HR: 0.690

[HR95%CI: 0.584; 0.817]; P<0.0001) and let-7e (HR: 0.552
[HR95%CI: 0.424; 0.718]; P<0.0001) in time to progression
(TTP) for the MM patient cohort. Only MM patients who
had an event after first-line of therapy were taken into
account (86 of 103). We compared TTP between miR-744
‘low’ and ‘high’ expression subgroups and between let-7e
‘low’ and ‘high’ expression subgroups using the cut-off
value defined by time-dependent ROC analysis. The
analysis showed suitable AUC for a 1-2 year time period
for miR-744 and a 1-year time point for let-7e (Figure 8C
and D). Shorter TTP was indicated in patients in the ‘low’
miR-744 expression subgroup (37 of 86) in comparison
with the ‘high’ expression group of patients (49 of 86)
(P<0.0001), and median time of remission was approxi-
mately 11.5 months (95%CI: 6.49; 16.50) for the ‘low’
expression and approximately 47.5 months (95%CI: 24.63;
70.37) for the ‘high’ expression groups, respectively. For let-
7e, shorter TTP was indicated in the ‘low’ expression sub-
group of patients (43 of 86) in comparison with the ‘high’
expression subgroup of patients (43 of 86) (P<0.0001), and
median time of remission was approximately 11.5 months
(95%CI: 7.17; 15.83) for the ‘low’ expression and approxi-
mately 47.5 months (95%CIL: 31.61; 63.39) for the ‘high’
expression groups, respectively.
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Figure 2. ROC curves curves for combination of serum miR-34a and
let-Te yielded in (A) AUC of 0.898, sensitivity 80.6% and specificity
86.7% in discriminating MM from HD and in (B} AUC of 0.976, sensi-
tivity 91.1% and specificity 96.7% in discriminating MGUS from HD.
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Biochemical and stage characteristics (ISS, DS, DS sub-
stage) of presented groups of MM patients and P-values
are provided in the Ouline Supplementary Appendix for both
the ‘high’ and the ‘low’ miR-744 and let-7e expression
groups (Online Supplementary Appendix and Omnline
Supplementary Tables SSA and B, S9A and B). The miR-744
and let-7e "low/high’ expression groups were significantly
different in levels of hemoglobin, thrombocytes, albumin,
creatinine, 32-microglobulin and lactate dehydrogenase
(P<0.05). Significant differences between groups in ISS
and DS sub-stage distribution (P<0.05) were also
observed.

Interestingly, a significant association between group of
patients with lower expression of let-7e and occurrence of
del(13q14) (P=0.031) was found. There was no difference
between the ‘high’ and the ‘low’ miR-744 and let-7e
expression groups in terms of the occurrence of the other

analyzed cytogenetic abnormalities (data not showi).

A os Survival functions

Discussion

It has been shown that miRNAs are present as circulat-
ing molecules in human body fluids and thus may serve as
a new class of powerful and minimally invasive biomark-
ers.*** However, the studies differ regarding deregulated
miRNAs, the array platforms used and the normalization
methods adopted. The origin of circulating miRNAs and
their function is still unclear as circulating miRNAs may
not always be directly associated with malignant cells but
may also reflect indirect effects, could be secreted by non-
malignant cells, or actively taken up by malignant cells.®*

In this study, TLDAs were used to identify circulating
miRNAs that are differently expressed in MM serum sam-
ples and could reflect this pathological condition. Fourteen
differently expressed miRNAs between MM and HD
serum samples were identified. Out of these, five miRNAs

(miR-744, miR-130a, let-7d, let-7¢ and miR-34a) were cho-

_Suneai Gnclions

- 2
z =
= =
v o
@D @D L
= = -
S a 02- ...........
.=+, Low levels of miR-744 <2» Low lavels of let-7e
0.1 = High levels of miR-744 oo, " High levels of lot-7e
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (days) Time (days)
¢ TIP ' D TTP
Survival functions Survival functions
107 Low levels of miR-744 10 3 </ Low levels of let-7e
High levels of miR-744 =~ High levels of let-7e
084 . e %
E ' S :
= H = %
= [
» 06 i 3 06 §
@ i
= 8 :
E 044 T E 0.4 B
= n = \.
£ E -
= (3 = :'5.
O 024 " o 02 4
0.0 0.0
0 500 1000 1500 2000 © 800 1000 1500 2000
Time (days) Time (days)

Figure 3. Kaplan-Meier curves of miR-744 and let-7e and their association to (A} (B) OS (C) (D) TTP. The thresholds of cut-off points were deter-
mined using a time-dependent ROC analysis. For miR-744 0S, the cut-off value was derived from 0.5-1.5 years survival, for let-7e it was
derived from 1.5 years survival. Similarly for TTP, the cut-off values were derived for miR-744 from 1-2 years progression, for let-7e from 1
year progression. Log2 scale of amount of copies/1ng of miRNA/RNA was used for miRNA expression in this analysis. The Y axis represents

survival probability and the X axis represents time of follow up in days.
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sen and confirmed as significantly deregulated on a bigger
cohort of MM and MGUS patients using an absolute quan-
tification approach. At this point, since no miRNA is
accepted as a standard for serum samples, this is probably
the most accurate method of quantification of serum
miRNAs in MM. Therefore, to accurately determine the
expression differences between groups, miRNA levels
were normalized to amount of miRNAs copy numbers per
1 ng of total RNA/miRNA.

Analytical characteristics of the five miRNAs (miR-744,
miR-130a, miR-34a, let-7d and let-7e) showed that they
can all discriminate MGUS and MM from HD. However,
the combination of serum miR-34a and let-7e (the highest
sensitivity of 91.1% and specificity of 96.7% for MGUS,
and 80.6% sensitivity and 86.7% specificity for MM)
proved to be an even more powerful discriminating tool.

In the group of MM patients, most of the five miRNAs
were observed to be associated with some of the clinical
parameters, ISS or DS sub-stage. Particularly in the cases of
miR-744, let-7d and let-7e, lower levels were associated
with advanced ISS stage. As lower levels of miR-744, miR-
130a and let-7d are related to the advanced DS sub-stage,
they might reflect the renal impairment that often devel-
ops in MM patients. This observation is further supported
by the relation of lower miRNA levels to higher creatinine
and 2-microglobulin levels. Lactate dehydrogenase (LDH)
level helps to assess tumor burden, and the level of p2-
microglobulin reflects the tumor mass.®* Furthermore,
anemia associated with MM is caused by inadequate ery-
thropoietin levels consequent to renal impairment and the
effect of inflammatory cytokines.® C-reactive protein
(CRP) as well as albumin levels are known to be hallmarks
of tumor activity.*** Taking all these facts into considera-
tion, we can anticipate that serum miRNA levels are asso-
ciated with tumor mass and disease activity. Interestingly,
such correlation pattern with biochemical parameters was
observed also for MGUS.

However; as no correlation with infiltration of BMPCs in
MM and MGUS was observed, which is in concordance
with previously presented data from another group,” our
observations further suggest that circulating miRNAs reflect
other MM pathological effects as well. To further investi-
gate potential derivation of all studied miRNAs, we estimat-
ed their levels in exosomal and exosome-depleted fractions
and in BMPCs. Four miRNAs were observed to be present
primarily in exosomes, which is consistent with previous
observations that exosome fraction is highly enriched in
miRNAs.*Moreover, all of the studied miRNAs were found
to be abundantly present in BMPCs when compared to lev-
els in exosomes. Interestingly, levels of miR-130a were
comparable in exosomal fraction and in BMPCs, suggesting
their involvement in intercellular communication.
However, as we did not find any linear dependence
between miRNA levels in exosomal fraction/exosome-
depleted fraction and miRNA levels in BMPCs, it is not clear
whether they originate from BMPCs.

Different miRNAs expression was confirmed also in 18
paired MM samples taken at diagnosis and at relapse with
higher levels of miR-84a and lower levels of let-7d, sug-
gesting that deregulated levels of miRNAs reflect patient
condition and are associated with more advanced disease.

To the best of our knowledge, the possibility of a prog-
nostic serum miRNAs marker in MM has not yet been
investigated. In this study, lower levels of miR-744 and let-
7e were found to be significantly associated with the

worse OS and TTP of MM patients. It should be men-
tioned that this is related to a short-time period (1-2 years).
For-miR-744, the observation could be partially explained
by the fact that the gene for miR-744 lies in the 17p12
region, close to the TP53 gene (17p13). Deletions at chro-
mosome 17p13.1-17p12 were previously found to be asso-
ciated with poor survival® Also, low TP53 gene expres-
sion, which is highly correlated with loss of heterozygosi-
ty of the TP53 locus, was associated with shorter event-
free survival and OS.*

However, we were not able to prove the relationship
between low levels of miR-744 and deletion of TP53, and
thus we cannot say that absence of the 17p13.1-17p12
region can fully explain the lower levels of miR-744.

As patients were not equally distributed across ISS stage,
we assume that miR-744 and let-7e impact on OS and TTP
could be explained by ISS heterogeneity. However, no dif-
ferences in DS stage between groups with low/high
expression of miR-744 were observed, but they were
observed between groups with ‘low/high’ expression of
let-7e. Interestingly, the miR-744 ‘low’ expression group of
patients was associated with presence of 1g21 amplifica-
tion or t(4;14), which have been previously described as
unfavorable prognostic factors for MM, *#

The ‘low/high’ miR-744 and let-7e groups of MM
patients were also observed to be clinically heterogeneous,
which was demonstrated by different levels of albumin,
creatinine, P2-microglobulin, LDH, hemoglobin and
thrombocyte count between groups. As mentioned above,
all listed parameters are known to be markers of tumor
mass and disease activity.**** Although our initial findings
concerning clinical data, such as OS and TTP, show that
these miRNAs are not an independent factor, but rather a
hallmark of a complex pathological process that accompa-
nies MM, they both reflect disease status and thus can
serve as new auxiliary peripheral blood prognostic markers
for MM. '

In conclusion, we have identified for the first time a pro-
file of five serum miRNAs which are deregulated in MM
and MGUS sera. Levels of miR-744, miR-130a, let-7d and
let-7e were significantly decreased whereas miR-34a was
increased in MM and MGUS. Deregulated levels of
miRNAs were observed in advanced MM suggesting that
they are stable markers of MM. Moreover, levels of miR-
744 and let-7e might be useful as a marker of patients’ sur-
vival. Even though additional larger-scale studies are need-
ed to address other biological characteristics of these
miRNAs, it is obvious that circulating serum miRNAs have
diagnostic and prognostic implications for MGUS and MM
patients.
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Detection of tumor-specific marker for minimal residual disease
in multiple myeloma patients
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Roman Hajek?<, Sabina Sevcikova**

Aim. Multiple myeloma (MM) is a malignant lymphoproliferative disease of terminally differentiated B lymphocytes,
characterized by expansion of monoclonal plasma cells. It is the second most common hematological cancer in the
world. The introduction of novel drugs is slowly turning MM into a chronic disease. The aim of treatment is hemato-
logical remission and eradication of clinical manifestation. Nevertheless, most MM patients eventually relapse. For this
reason, research is focused on more accurate monitoring of remission and relapse by molecular biology techniques.
One of these techniques is allele-specific PCR and quantitative real-time PCR based on specific detection of VDJ im-
munoglobulin heavy chain gene rearrangement of clonal cells. The hypervariable region of IgH rearrangement is used
as a marker for detection of minimal residual disease (MRD) in MM as this sequence is used for allele-specific primers
and probe design. This technique is a complementary tool for flow cytometry in MRD detection in MM. The aim of this
study was to introduce detection of MRD by PCR in the Czech Republic.

Results. We successfully introduced qualitative and quantitative detection of a tumor marker for MRD assessment of

MM by PCR in our laboratory.
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INTRODUCTION

Multiple myeloma (MM) is a plasma cell malignancy
that is ranked among B lymphoproliferative neoplasias by
the World Health Organization'. MM is a complex dis-
ease characterized by accumulation of clonal malignant
plasma cells (PC) in the bone marrow (BM) together
with production of monoclonal immunoglobulins or light/
heavy chains, resulting in clinical manifestation of the dis-
ease. Osteolysis, hypercalcemia, anemia, immune system
impairment and renal insufficiency are among the most
common clinical manifestations of MM (ref.?3).

With the introduction of new drugs and use of autolo-
gous stem cell transplantation, MM is slowly turning into
a chronic disease. The aim of the treatment is hematologi-
cal remission and eradication of clinical manifestations.
Nevertheless, most MM patients eventually relapse’. This
implies that not all clonogenic malignant cells had been
killed and that the residue of malignant cells persisting
even after treatment contributes to recurrence of the dis-
ease.

For this reason, more accurate monitoring of remis-
sion and relapse by molecular biology techniques is impor-
tant. One of these techniques is allele-specific (ASO) PCR
and a real-time quantitative PCR (RQ-PCR) based on
analysis of junctional regions of rearranged immunoglobu-

lin heavy chain (IGH) gene*. The hypervariable region of
IgH rearrangement is used as a tumor marker for detec-
tion of minimal residual disease in MM. Determination of
such marker and its sequence analysis further allows for
allele-specific (ASO) primers and probe design’.

MRD detection using PCR has major advantages
because of its sensitivity, accuracy, reproducibility, need
of small amount of DNA and widespread and irreplace-
able use in retrospective studies. On the other hand, PCR
methods are more complex, expensive, take more time
and allow detection of only one clone that was present
at the time of diagnosis®. However, detection of tumor
marker by PCR has a wide application for clinical evalu-
ation of patients, for early relapse detection or for quanti-
fication of tumor contamination in healthy hematopoietic
cells for autologous transplantation’.

The use of flow cytometry (FC) for MRD detection
appears to have prognostic significance as well®’. One
current approach is MRD detection using an 8-color poly-
chromatic FC. This technique is also able to differenti-
ate the expression of immunoglobulin light chain (IgL)
k or A (ref.®). MRD detection via FC is applicable in
approximately 90% of MM patients, which is important
for routine practice®. The significance of FC use in MRD
detection was shown in the large studies of Paiva et al. In
these studies, patient treatment response was evaluated
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via immunofixation, serum free light chain, multiparam-
eter FC immunophenotyping and FC together with as-
sessment of high-risk cytogenetics'®'.

Unfortunately, there has never been a comparative
study of PCR vs. FC in a large cohort of patients treated
with widely used treatment regimens. Nevertheless, ac-
cording to some smaller studies - both techniques have
comparable prognostic significance. Nowadays, they are
considered to be complementary tools for MRD monitor-
ings2.

Currently, new technologies for the detection of tu-
mor-specific marker are emerging, such as droplet digi-
tal PCR or next generation sequencing (NGS) (ref.!>%).
However, the qualitative and quantitative detection of
tumor-specific marker by ASO-PCR is still the golden
standard technique’. Nevertheless, the technique of MM-
specific marker detection using ASO-PCR has not been
established in the Czech Republic so far. Therefore, the
aim of this work was to introduce allele-specific qualitative
and quantitative detection of MM-related marker by PCR
on BM and peripheral blood samples of MM patients
in our laboratory for further MRD assessment.

MATERIAL AND METHODS

Patients and samples

Frozen genomic DNA (gDNA) derived from mononu-
clear cells from BM (BMMC) of 10 newly diagnosed and
relapsed MM patients diagnosed between 2006 and 2007
at the Faculty Hospital Brno was included in the study
(Table 1). For 6 patients, gDNA samples of mononuclear
cells from peripheral blood (PBMC) at the time of relapse
were available, for 2 other patients, gDNA samples of
BMMC at the time of relapse were available. gDNA was
isolated using phenol-chloroform extraction, and stored
at-20 °C. Also, gDNA from PBMC of 10 healthy donors
was included in the study. This gDNA was isolated us-
ing QIAamp DNA Mini Kit (Qiagen). All samples were
included only after patients signed the informed consent
approved by Ethical committee of the hospital.

Amplification and sequencing of tumor-specific IgH gene
rearrangement

To identify tumor-related IgH rearrangements, 500 ng
of gDNA was PCR-amplified using sets of primers for IgH
variable (V), diversity (D), and joining (J) gene segments
with 2mM dNTP, 20 mM MgCl,, 5x Buffer and GoTaq
Flexi DNA Polymerase (Promega) (ref.'>'). The reaction
was carried out for initial denaturation at 94 °C for 1 min
and then 33 (40) cycles of denaturation at 94 °C for 30
s, annealing at 62 °C for 30 s, and extension at 72 °C for
30 s, with a final extension of 10 minat 72 °C (ref.").
PCR products were then run on 2% agarose gels to find
clonal products. Clonal PCR products were excised and
purified using MinElute Gel Extraction Kit, QIAquick
PCR Purification Kit or QIAquick Gel Extraction Kit (all
Qiagen) and further sequenced. Purified PCR fragments
were sequenced using BigDye Terminator v3.1 Cycle
Sequencing Kit on ABI3130 DNA Sequencer (Applied

Biosystems). The relevant VH family or JH consensus
primers were used as sequencing primers to obtain the
sequence information (Table 2) (ref.!>161%),

ASO primers design and nested PCR amplification of
tumor-specific IgH gene rearrangement

Patient-specific ASO primers of CDRIII region were
designed using IMGT/V-QUEST (http://www.imgt.org/)
and PrimerBlast (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/) and synthesized by Eurofins MWG Operon
(Ebersberg, Germany) (ref."). Nested PCR amplification
using ASO primers for each IgH sequence identified ear-
lier were performed using 2mM dNTP, 20 mM MgCl2,
5x Buffer and GoTaq Flexi DNA Polymerase (Promega).
PCR was performed as initial denaturation at 94 °C for
1 min, and then 33 cycles of amplification at 94 °C for
30 s 58-62 °C (dependent on specific ASO primer Tm)
for 30 s, and 72 °C for 30 s, with final extension of 10 min
at 72 °C. PCR products were run on 2% agarose gels'.
PCR products from ASO PCR were also sequenced as
described previously, to ensure the detection of the same
sequence.

Table 1. Patient’s baseline characteristics.

Total number of patients 10

Sex: male/female 5/5
Average age at diagnosis (range) [years] 64 (52-81)
ISS stage: I-II-ITI (%) 60-30-10
Durie-Salmon stage: I-II-I1I (%) 40-0-60
Ig isotype: IgG-IgD-LC only (%) 70-10-20
Monoclonal Ig (g/1) 34.7 (0-79.8)

Plasma cells infiltration of bone marrow (%) 31.1 (10.0-81.6)

Table 2. Sequences of the consensual primers used for IgH
rearrangement detection.
(Symbols: R=A/ G, Y=T/C,S=G/C,K=G/T).

Primer Sequence (5™-3")

VHI1FS CAGGTGCAGCTGGTGCARYCTG
VH2FS CAGRTCACCTTGAAGGAGTCTG
VH3FS GAGGTGCAGCTGGTGSAGTCYG
VH4aFS CAGSTGCAGCTGCAGGAGTCSG
VH4bFS CAGGTGCAGCTACARCAGTGGG
VHS5FS GAGGTGCAGCTGKTGCAGTCTG
VH6FS CAGGTACAGCTGCAGCAGTCAG
VHFR2-1 CTGGGTGCGACAGGCCCCTGGACAA
VHFR2-2  TGGATCCGTCAGCCCCCAGGGAAGG
VHFR2-3 GGTCCGCCAGGCTCCAGGGAA
VHFR2-4  TGGATCCGCCAGCCCCCAGGGAAGG
VHFR2-5 GGGTGCGCCAGATGCCCGGGAAAGG
VHFR2-6  TGGATCAGGCAGTCCCCATCGAGAG
VHFR2-7 TTGGGTGCGACAGGCCCCTGGACAA
JHD ACCTGAGGAGACGGTGACCAGGGT
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Design of probes for RQ-PCR

For RQ-PCR analysis of tumor-related sequence
H-chain V- region (VH) family-specific consensus reverse
probes (called L-VH1 to L-VH6) derived from the germ-
line sequence FR3 and designed for use in RQ-PCR in
childhood ALL were used®. Because of the high rate of
somatic hypermutations occurring in MM, novel probes
were required. The new specific IgH probes were de-
signed according to recommendations of Ladetto et al."”
(Eurofins MWG Operon, Ebersberg, Germany) and la-
beled at the 5° end with 6-carboxy-fluorescein (FAM) and
6 carboxytetramethyl rhodamine (TAMRA) at the 3° end.
RQ-PCR reaction was performed in 25 uL with 500 ng
of patient’s gDNA using 1x TagMan Gene Expression
MasterMix (Life Technologies), 10 pmol of each pa-
tient’s specific ASO primer, 5 pmol specific IgH probe.
Reactions were incubated in a 96-well optical plate at 50
°C for 2 min, 95 °C for 10 min, followed by 42 cycles at
95 °C for 15 s and 60 °C for 1 min. All reactions were run
in triplicate on 7500 Real-Time PCR System. Standards
for RQ-PCR were obtained by cloning the tumor-specific
IgH region with the TOPO TA cloning Kit (Invitrogen).
A variable number of white-positive colonies (colonies
with correct plasmid insertion) were grown overnight
in Luria-Bertani broth containing 50 mg/mL ampicillin.
Plasmid DNA was purified using QIAprep Spin Miniprep
Kit (Qiagen). Standard curves were prepared by ten-
fold serial dilutions of plasmid in gDNA obtained from
healthy donors according to the European Study Group
on MRD Detection in ALL (ESG-MRD-ALL criteria)
(ref.?"). Then, the quantitative analysis of tumor-specific

sequence was related to the reference human RNase P
gene (Applied Biosystems).

Monoclonality of the specific sequence was verified
by sequence analysis of PCR product from single colonies
cloned with specific VDJ gene rearrangement of IgH.

RESULTS

gDNA samples of ten patients obtained from BMMC
were used for introduction of tumor-specific marker iden-
tification by PCR. Fifty percent of the patients (5/10)
were suitable both for qualitative and quantitative tumor
marker detection. In 30% (3/10) of patients, the sequence
was not clear and they were assessed as oligoclonal. This
technique was unsuccessful in 20% (2/10) of our patients
(Table 3).

Tumor-specific IgH gene rearrangement amplification
and sequence analysis

The tumor-specific marker was established for 80%
(8/10) patients by PCR with consensual primers (derived
from FR1 and FR2 conservative regions). IGHV3 allele
was present in 30% (3/10) of patients, IGHV2 in 10%
(1/10) and IGHV4 in 10% (1/10) of patients. Sequences
were analyzed using bioinformatic tool IMGT/V-QUEST
for CDR2/3 hypervariable region evaluation. Only pro-
ductive IgH rearranged sequences (in frame junctions,
no stop codon) were used for further work.

Monoclonality of the specific sequence was verified
by direct sequence analysis of cloned PCR product from

Table 3. A summary of individual steps of PCR detection of tumor-specific marker in MM (nd - not done).

ASO PCR qPCR
Patient
alelle ASO primers PCR1I ASO probes standard curves qPCR
1 IGHV2 done done done done quantifiable
2 IGHV3 done done done done quantifiable
3 oligoclonal done done nd nd nd
4 IGHV4 done done done done out of quantitative range
5 IGHV3 done done done done quantifiable
6 oligoclonal done done nd nd nd
7 oligoclonal done done nd nd nd
8 IGHV3 done done done done quantifiable
9 nd nd nd nd nd nd
10 nd nd nd nd nd nd
Table 4. Results of RQ-PCR detection of tumor-specific marker in MM.
Patient  Status ASO probe RNase P Malignant cells./ 10° healthy cells Conclusion

1 1. relapse 14.4 43 348 662,1 positive, quantifiable
5 diagnosis 4239 37 390 226 726,9 positive, quantifiable

1. relapse 1.7 29 462 114,4 positive, quantifiable

1. relapse 3.9 33316 2 327 positive, out of quantitative range

diagnosis 21 963 59 797 734 598,4 positive, quantifiable

1. relapse 68 3 348,1 40 606,7 positive, quantifiable
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plasmid in bacteria in 5 patients. In 3 remaining oligoclo-
nal patients, we identified > 3 different clones.

ASO primer design, testing and qualitative PCR
for tumor-specific marker detection

ASO primers were designed for 5 patients with suc-
cessfully obtained molecular marker and for 1 clone of 3
oligoclonal patients (Supplementary table S1). In 7 pa-
tients, ASO primers were designed according to patient’s
specific gDNA sequence and in 1 case, we used plasmid
sequence with cloned VDIJ region for primer design, be-
cause of higher quality of the sequence. Qualitative cross-
reaction was performed to verify specificity of designed
ASO primers to only one patient. Six out of 8 pairs of
primers were specific for only one patient.

Qualitative PCR with designed ASO primers was per-
formed on gDNA diagnostic samples from 5 patients with
monoclonal sequence. The original clone was present in
follow-up samples of 3 patients at the time of relapse. For
the other 2 patients, samples were not available. Moreover,
PCR was performed on follow-up samples at the time of
relapse for 3 oligoclonal patients as well, where 1 of the
original clones was successfully detected in 1 oligoclonal
patient relapse sample.

ASO probe design and RQ-PCR for tumor-specific
marker detection

Quantitative detection of MRD was performed on 5
monoclonal patients. In these patients, we were able to
clone monoclonal sequence into plasmids in order to ob-
tain standard curves (Supplementary table S2, Fig. S1).
These standard curves fulfilled ESG-MRD-ALL criteria?.
The detection was not performed for oligoclonal patients,
as the plasmids carried different inserts of the VDJ rear-
rangements.

For RQ-PCR analysis of tumor-related marker, we
started with specific consensus probes derived from the
germline sequence of the FR3 region and designed for
use in RQ-PCR in childhood ALL (ref.?°). These consen-
sus probes were used in 2/5 patients (LVH2 and LVH3
probes) and were fully complementary with patient’s
sequences. Because of high rate of somatic hypermuta-
tions occurring in MM, we designed new probes accord-
ing to recommendations of Ladetto et al. for 3/5 patients
(Supplementary table S3) (ref.").

Quantification was based on human RNase P refer-
ence gene. The RQ-PCR reaction was successful for all
5 patients. Four samples were assessed as positive (con-
cordant with qualitative PCR results) and quantifiable
(Table 4). In one patient, MRD was assessed as positive,
out of quantitative range. The RQ-PCR sensitivity was
up to 10°¢

DISCUSSION

The aim of the work was to introduce MM-related
marker identification for further MRD detection by PCR
in our laboratory as a complementary tool for MRD as-
sessment by FC. For the purpose of method introduction,

we used retrospective patient samples from the time of
diagnosis and relapse in order to confirm presence of
clonogenic cells and their tumor-specific marker.

MRD monitoring is important for identification of
patients at increased risk of relapse and plays a key role
in treatment response assessment in clinical trials’. Unlike
MRD detection by FC which can be applied in approxi-
mately 90% of patients with MM thus allowing routine
examination, approaches based on PCR are more com-
plex and can be applied in approximately 75% of patients
with MM because of the extensive heterogeneity of the
disease and presence of several MM clones at the time of
diagnosis®. Although PCR is less applicable than FC, it
is a powerful technique for treatment efficacy assessment
and risk stratification in MM (ref.'?*?%). In this study,
with the PCR detection of clonogenic cells, we were able
to obtain qualitative assessment in 80% of patients and
quantitative data, important for serial monitoring, in 50%
of patients (Table 3).

We preferentially used FR1 or FR2 derived primers, as
we need to obtain sequence of variable regions CDR2/3.
Therefore, FR1/2 derived primers allowed us to obtain
sequence that was shorter and more suitable for our analy-
sis compared to using L derived primers'>?. Further, we
did not use FR3 derived primers because the sequences
obtained after such amplification are too short which in-
creases the risk of false positive results. For comparison,
Owen et al. used FR3 derived primers although this ap-
proach allowed detection of specific IgH rearrangement
only in 56% of patients?’. However, all of the above men-
tioned approaches are possible, as described previously
by van Dongen et al.'s.

In our case, the successfully identified VDJ rearrange-
ments were in accordance with average frequency of VH
variants'®2®, Although it is possible to perform PCR
reaction with several primer families, in approximately
20% cases we were not able to identify specific VDJ re-
arrangement sequence. This was most likely due to the
presence of somatic hypermutations and subsequent loss
of primer binding sites in patient-specific sequence given
by extensive heterogeneity in MM clones*”5. On average,
there are 8% of mutated nucleotides of VDJ rearrange-
ment sequence in MM patients?*3°; however only 2% in
chronic lymphocytic leukemia (CLL) and 4% in follicular
lymphoma’.

As the average homology of a patient’s sequence with
germline sequence is 92.2%, the annealing ability of prim-
ers derived from consensus regions of IgH is limited*® In
our case, the primer design was successful for all patients
with monoclonal sequences (5/10), and for one of the
clones of all patients with oligoclonal sequence (3/10). In
1/10 case, we used sequence obtained from the plasmid
with cloned hypervariable region for the primer design,
as was previously described by Voena et al.™>

We also verified specificity of designed primers to only
one patient by qualitative cross-annealing reaction, as was
shown in 6/8 designed pairs of primers. Specific ASO
primers are used for tumor marker identification and its
further detection during the patient follow-up. However,
we cannot exclude annealing of specific ASO primers on
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different MM patient. The CDR2 and CDR3 regions are
relatively short; therefore, there is a high probability of
similar motifs repetition. Nevertheless, the crucial thing is
that designed ASO primers are not able to amplify healthy
DNA; primers have to be specific for MM (ref.?").

The method used for MRD quantification is RQ-PCR
with ASO primers and probes. The fluorescence signal is
provided by probe derived from the more conservative re-
gion of the VDJ rearrangement (FR3). First, the specific
probe is chosen from previously designed probes for use
in real-time PCR in childhood ALL (ref.?°). Since these
probes can be used for several patients, there was a sig-
nificant reduction in the price of this method compared
to methods using patient-specific probes'32,

Concerning the probes, we confirmed results of
Ladetto et al., who analyzed the effect of mismatch be-
tween probe sequence and sequence of the patient. Probe
was unsuccessful every time in the case of at least three
mismatches. In contrast, probe was always successful in
the case of no or one mismatch. And in the case of two
mismatches, the success of probe annealing was in the
type of substitution: G/C (strong interaction); A/T (weak
interaction) (ref.").

In our study, the RQ-PCR was successful for all
5 monoclonal patients. Four samples were assessed as pos-
itive (concordant with qualitative PCR results) and quan-
tifiable. In one patient, MRD was assessed as positive, but
out of quantitative range. The rate of ASO RQ-PCR is
considerably variable because of significant heterogeneity
of MM cells but approximately ranging from 30% to over
80% (ref.?>?33233), In the remaining 3 oligoclonal patients,
we were not able to perform the quantification because
of the oligoclonal nature of the disease. In these types of
samples, it is not very feasible to prepare standard curves
necessary for the MRD quantification.

The main advantage of MRD detection by RQ-PCR is
its high sensitivity. The sensitivity is dependent on the spe-
cific ASO probe hybridisation and therefore also on the
clone-specific IGHV sequence used for ASO primer and
probe design'’. Therefore, for this reason, we cannot reach
the same sensitivity for all patients. In our work, we were
able to reach RQ-PCR sensitivity of at least 10* and up to
10%. This result is in accordance with other studies since
most studies dealing with RQ-PCR detection of MRD also
reach sensitivity between 10* and 10 (ref.7!33).

Despite all the risks and complications, PCR based
MRD detection has wide application, such as quantifi-
cation of tumor contamination in healthy hematopoi-
etic cells for autologous transplantation or following the
dynamics of clonogenic cells and activity of the tumor
load**%. Its quantification is useful for treatment response
and prognostic assessment as well as for early relapse de-
tecti0n17’22’23’36’37.

CONCLUSION

Standard techniques used for remission evaluation
are able to give only superficial information about the
treatment efficiency because of their limited sensitivity.

There is a need for more sensitive methods to gather more
detailed insight and detection of small tumor cell residues.
One of these methods is PCR detection of tumor-specific
marker for MRD. This approach has some limitations
because of significant heterogeneity of tumor plasma cells
and presence of somatic hypermutations in MM. For this
reason, it is only successful in some patients and also
molecular biological approaches of MM-related marker
detection are provided only in a limited number of labo-
ratories. However, we successfully managed to establish
this method at both qualitative and quantitative level in
MM patients for the first time in the Czech Republic.

ACKNOWLEDGEMENTS

We would like to thank all the patients, their caregivers
and our data-managers for allowing us to do this work. We
would also like to thank John B. Smith for proofreading
the manuscript.

This work was supported by grants of The Ministry of
Education, Youth and Sports: MSM0021622434, grants of
the Ministry of Health, Czech Republic - IGA NT11154,
NT12130, NT14575, grant of the Masaryk University
MUNI/C/0963/2012 and grant of the Grant Agency of
the Czech Republic GAP304/10/1395.

Authorship contribution: RH, SS: mnuscript writing;
LS, LK: experiment design; FK: data analysis; JP, LP, ZA:
clinical data collection.

Conflict of interest statement: The authors state that
there are no conflicts of interest regarding the publication
of this article.

REFERENCES

1. Harris NL, Jaffe ES, Diebold J, Flandrin G, Muller-Hermelink HK,
Vardiman J, Lister TA, Bloomfield CD. World Health Organization clas-
sification of neoplastic diseases of the hematopoietic and lymphoid
tissues: report of the Clinical Advisory Committee meeting-Airlie
House, Virginia, November 1997. J Clin Oncol 1997;17:3835-49.

2. Anderson KC, Carrasco RD. Pathology of myeloma. Annu Rev Pathol
Mech Dis 2011,6:249-74.

3. Hajek R, Adam Z, S¢udla V, Maisnar V, Bacovsky J, Spicka |, Krejéi
M, Kessler P, Minafik J, Sandecka V, Radocha J. Diagnostika a lécba
mnohocetného myelomu: Doporuéeni vypracované Ceskou my-
elomovou skupinou, Myelomovou sekci Ceské hematologické
spolecnosti a Slovenskou myelémovou spoloc¢nosti pro diagnos-
tiku a Ié¢bu mnohocetného myelomu. Transfuze Hematol dnes
2012;18(Suppl 1):1-89.(In Czech).

4. Bakkus MH, Heirman C, Van Riet |, Van Camp B, Thielemans K.
Evidence that multiple myeloma Ig heavy chain VDJ genes con-
tain somatic mutations but show no intraclonal variation. Blood
1992;80(9):2326-35.

5. Voena C, Ladetto M, Astolfi M, Provan D, Gribben JG, Boccadoro M,
Pileri A, Corradini P. A novel nested-PCR strategy for the detection
of rearranged immunoglobulin heavy-chain genes in B cell tumors.
Leukemia 1997;11(10):1793-98.

6. Sarasquete ME, Garcia-Sanz R, Gonzalez D, Martinez J, Mateo G,
Martinez P, Ribera JM, Hernandez JM, Lahuerta JJ, Orfao A, Gonzalez
M, San Miguel JF. Minimal residual disease monitoring in multiple
myeloma: a comparison between allelic-specific oligonucleotide
real-time quantitative polymerase chain reaction and flow cytom-
etry. Haematologica 2005;90(10):1365-72.

7. Davies FE, Rawstron AC, Owen RG, Morgan GJ. Minimal residual dis-
ease monitoring in multiple myeloma. Best Pract Res Clin Haematol
2002;15(1):197-222.



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2014; 158:XX.

. Rihova L, Varmuzova T, Suska R, Zarbochové P, Penka M, Hajek

R. Monitoring of minimal residual disease in multiple myeloma
patients: Development and standardization of method. In 6th
Myeloma workshop: Modern technologies in research of monoclo-
nal gammopathies. Brno, 2011.Brno:Masarykova univerzita.s.8-9.
ISBN 978-80-210-5589-6.

. van Dongen JJ, Lhermitte L, Bottcher S, Almeida J, van der Velden

VH, Flores-Montero J, Rawstron A, AsnafiV, Lécrevisse Q, Lucio P,
Mejstrikova E, Szczepanski T, Kalina T, de Tute R, Briiggemann M,
Sedek L, Cullen M, Langerak AW, Mendonca A, Macintyre E, Martin-
Ayuso M, Hrusak O, Vidriales MB, Orfao A; EuroFlow Consortium
(EU-FP6, LSHB-CT-2006-018708). EuroFlow antibody panels for
standardized n-dimensional flow cytometric immunopheno-
typing of normal, reactive and malignant leukocytes. Leukemia
2012;26(9):1908-75.

. Paiva B, Martinez-Lopez J, Vidriales MB, Mateos MV, Montalban MA,

Fernandez-Redondo E, Alonso L, Oriol A, Teruel Al, de Paz R, Laraia
JG, Bengoechea E, Martin A, Mediavilla JD, Palomera L, de Arriba
F, Bladé J, Orfao A, Lahuerta JJ, San Miguel JF. Comparison of im-
munofixation, serum free light chain, and immunophenotyping for
response evaluation and prognostication in multiple myeloma. J
Clin Oncol 2011;29(12):1627-33.

. Paiva B, Gutiérrez NC, Rosifiol L, Vidriales MB, Montalban MA,

Martinez-Lépez J, Mateos MV, Cibeira MT, Cordén L, Oriol A, Terol MJ,
Echeveste MA, de Paz R, de Arriba F, Palomera L, de la Rubia J, Diaz-
Mediavilla J, Sureda A, Gorosquieta A, Alegre A, Martin A, Hernandez
MT, Lahuerta JJ, Bladé J, San Miguel JF; PETHEMA/GEM (Programa
para el Estudio de la Terapéutica en Hemopatias Malignas/Grupo
Espanol de Mieloma) Cooperative Study Groups. High-risk cyto-
genetics and persistent minimal residual disease by multiparam-
eter flow cytometry predict unsustained complete response after
autologous stem cell transplantation in multiple myeloma. Blood
2012;119(3):687-91.

. Lioznov M, Badbaran A, Fehse B, Bacher U, Zander AR, Kroger NM.

Monitoring of minimal residual disease in multiple myeloma after
allo-SCT: flow cytometry vs PCR-based techniques. Bone Marrow
Transplant 2008;41(10):913-16.

. Ladetto M, Briiggemann M, Monitillo L, Ferrero S, Pepin F, Drandi

D, Barbero D, Palumbo A, Passera R, Boccadoro M, Ritgen M,
Gokbuget N, Zheng J, Carlton V, Trautmann H, Faham M, Pott C.
Next-generation sequencing and real-time quantitative PCR for
minimal residual disease detection in B-cell disorders. Leukemia
2013;doi: 10.1038/leu.2013.375.[Epub ahead of print]

. Drandi D, Kubiczkova L, Dani N, Ferrero S, Barberio D, Monitillo L,

Barbero D, Mantoan B, Genuardi E, Ghione P, Gambella M, Ruggeri M,
Seraci E, Omede P, Hajek R, Boccadoro M, Palumbo A, Cortelazzo S,
Inghirami G, Ladetto M. Improved IgH-based MRD detection by us-
ing DROPLET DIGITAL PCR: a comparison with real time quantitative
PCR in MM and MCL. In American Society of Hematology: Annual
Meeting. New Orleans, 2013.

. van Dongen JJ, Langerak AW, Briiggemann M, Evans PA, Hummel

M, Lavender FL, Delabesse E, Davi F, Schuuring E, Garcia-Sanz R, van
Krieken JH, Droese J, Gonzdlez D, Bastard C, White HE, Spaargaren
M, Gonzélez M, Parreira A, Smith JL, Morgan GJ, Kneba M, Macintyre
EA. Design and standardization of PCR primers and protocols for
detection of clonal immunoglobulin and T-cell receptor gene recom-
binations in suspect lymphoproliferations: report of the BIOMED-2
Concerted Action BMH4-CT98-3936. Leukemia 2003;17(12):2257-
317.

. Ladetto M, Donovan JW, Harig S, Trojan A, Poor C, Schlossnan R,

Anderson KC, Gribben JG. Real-Time polymerase chain reaction of
immunoglobulin rearrangements for quantitative evaluation of
minimal residual disease in multiple myeloma. Biol Blood Marrow
Transplant 2000;6(3):241-53.

. Compagno M, Mantoan B, Astolfi M, Boccadoro M, Ladetto

M. Real-Time Polymerase Chain Reaction of Immunoglobulin
Rearrangements for Quantitative Evaluation of Minimal Residual
Disease in Myeloma. Methods Mol Med. In: Brown RD, Joy Ho P. 2005.
Multiple Myeloma: Methods and protocols. New Jersey: Humana
Press Inc;2005. p.145-163.

. Lefranc MP, Giudicelli V, Kaas Q, Duprat E, Jabado-Michaloud J,

Scaviner D, Ginestoux C, Clément O, Chaume D, Lefranc G. IMGT, the
international ImMunoGeneTics information system. Nucleic Acids
Res 2005;33(Database issue):D593-97.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Donovan JW, Ladetto M, Zou G, Neuberg D, Poor C, Bowers D,
Gribben JG. Immunoglobulin heavy-chain consensus probes for
real-time PCR quantification of residual disease in acute lympho-
blastic leukemia. Blood 2000;95(8):2651-8.

van der Velden VH, Cazzaniga G, Schrauder A, Hancock J, Bader P,
Panzer-Grumayer ER, Flohr T, Sutton R, Cave H, Madsen HO, Cayuela
JM, Trka J, Eckert C, Foroni L, Zur Stadt U, Beldjord K, Raff T, van der
Schoot CE, van Dongen JJ; European Study Group on MRD detection
in ALL (ESG-MRD-ALL). Analysis of minimal residual disease by Ig/
TCR gene rearrangements: guidelines for interpretation of real-time
quantitative PCR data. Leukemia 2007;21(4):604-11.

Bakkus MH, Bouko Y, Samson D, Apperley JF, Thielemans K, Van
Camp B, Benner A, Goldschmidt H, Moos M, Cremer FW. Post-
transplantation tumour load in bone marrow, as assessed by quan-
titative ASO-PCR, is a prognostic parameter in multiple myeloma.
Br J Haematol 2004;126(5):665-74.

Korthals M, Sehnke N, Kronenwett R, Bruns |, Mau J, Zohren F,
Haas R, Kobbe G, Fenk R. The level of minimal residual disease in
the bone marrow of patients with multiple myeloma before high-
dose therapy and autologous blood stem cell transplantation is an
independent predictive parameter. Biol Blood Marrow Transplant
2012;18(3):423-31.e3.

Fenk R, Ak M, Kobbe G, Steidl U, Arnold C, Korthals M, Hiinerlittirkoglu
A, Rohr UP, Kliszewski S, Bernhardt A, Haas R, Kronenwett R. Levels
of minimal residual disease detected by quantitative molecular
monitoring herald relapse in patients with multiple myeloma.
Haematologica 2004;89(5):557-66.

Martinelli G, Terragna C, Zamagni E, Ronconi S, Tosi P, Lemoli RM,
Bandini G, Motta MR, Testoni N, Amabile M, Ottaviani E, Vianelli N,
de Vivo A, Gozzetti A, Tura S, Cavo M. Molecular remission after al-
logeneic or autologous transplantation of hematopoietic stem cells
for multiple myeloma. J Clin Oncol 2000;18(11):2273-81.

Willems P, Verhagen O, Segeren C, Veenhuizen P, Guikema J, Wiemer
E, Groothuis L, Jong TB, Kok H, Bloem A, Bos N, Vellenga E, Mensink E,
Sonneveld P, Lokhorst H, van Der Schoot E, Raymakers R. Consensus
strategy to quantitate malignant cells in myeloma patients is vali-
dated in a multicenter study. Belgium-Dutch Hematology-Oncology
Group. Blood 2000;96(1):63-70.

Owen RG, Johnson RJ, Rawstron AC, Evans PA, Jack A, Smith GM,
Child JA, Morgan GJ. Assessment of IgH PCR strategies in multiple
myeloma. J Clin Pathol 1996;49(8):672-5.

Gonzalez D, van der Burg M, Garcia-Sanz R, Fenton JA, Langerak
AW, Gonzalez M, van Dongen JJ, San Miguel JF, Morgan GJ.
Immunoglobulin gene rearrangements and the pathogenesis of
multiple myeloma. Blood 2007;110(9):3112-21.

Gonzalez D, Balanzategui A, Garcia-Sanz R, Gutiérrez N, Seabra C,
van Dongen JJ, Gonzélez M, San Miguel JF. Incomplete DJH rear-
rangements of the IgH gene are frequent in multiple myeloma pa-
tients: immunobiological characteristics and clinical implications.
Leukemia 2003;17(7):1398-403.

Hadzidimitriou A, Stamatopoulos K, Belessi C, Lalayianni C,
Stavroyianni N, Smilevska T, Hatzi K, Laoutaris N, Anagnostopoulos
A, Kollia P, Fassas A. Immunoglobulin genes in multiple myeloma:
expressed and non-expressed repertoires, heavy and light chain
pairings and somatic mutation patterns in a series of 101 cases.
Haematologica 2006;91(6):781-7.

Ferrero S, Drandi D, Mantoan B, Ghione P, Omedeé P, Ladetto M.
Minimal residual disease detection in lymphoma and multiple
myeloma: impact on therapeutic paradigms. Hematol Oncol
2011;29(4):167-76.

Fenk R, Haas R, Kronenwett R. Molecular monitoring of minimal
residual disease in patients with multiple myeloma. Hematology
2004;9(1):17-33.

Ladetto M, Pagliano G, Ferrero S, Cavallo F, Drandi D, Santo L, Crippa
C, De Rosa L, Pregno P, Grasso M, Liberati AM, Caravita T, Pisani F,
Guglielmelli T, Callea V, Musto P, Cangialosi C, Passera R, Boccadoro
M, Palumbo A. Major tumor shrinking and persistent molecular
remissions after consolidation with bortezomib, thalidomide, and
dexamethasone in patients with autografted myeloma. J Clin Oncol
2010;28(12):2077-84.

Schiller G, Vescio R, Freytes C, Spitzer G, Sahebi F, Lee M, Wu CH, Cao
J,Lee JC, Hong CH, Lichtenstein A, Lill M, Hall J, Berenson R, Berenson
J. Transplantation of CD34+ peripheral blood progenitor cells after
high-dose chemotherapy for patients with advanced multiple my-
eloma. Blood 1995;86(1):390-397.



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2014; 158:XX.

35. Ladetto M, Omedé P, Sametti S, Donovan JW, Astolfi M, Drandi logeneic or autologous transplantation of hematopoietic stem cells
D, Volpato F, Giaccone L, Giaretta F, Palumbo A, Bruno B, Pileri A, for multiple myeloma. J Clin Oncol 2000;18(11):2273-81.
Gribben JG, Boccadoro M. Real-time polymerase chain reaction in 37. Lipinski E, Cremer FW, Ho AD, Goldschmidt H, Moos M. Molecular
multiple myeloma: quantitative analysis of tumor contamination of monitoring of the tumor load predicts progressive disease in pa-
stem cell harvests. Exp Hematol 2002;30(6):529-36. tients with multiple myeloma after high-dose therapy with au-
36. Martinelli G, Terragna C, Zamagni E, Ronconi S, Tosi P, Lemoli RM, tologous peripheral blood stem cell transplantation. Bone Marrow
Bandini G, Motta MR, Testoni N, Amabile M, Ottaviani E, Vianelli N, Transplant 2001;(10):957-62.

de Vivo A, Gozzetti A, Tura S, Cavo M. Molecular remission after al-

Supplementary data

Table S1. Characteristics of used designed ASO primers for qualitative PCR detection of tumor-specific marker in MM.

Patient Clonality Alelle Primer Sequence (5'-3") Length (mer) T (O

forward CACTTATTGATTGGGATGGT 20 56

1 monoclonal IGHV2
reverse TAGTCAAAGTGCAGTCGCT 19 56
forward ATGAGTAGTGACGGGGGTA 19 58

2 monoclonal IGHV3
reverse TGTTGAAACTCTCGCACAGT 20 58
) forward TAGTGGAGGTGAAACCCAAT 20 58

3 oligoclonal IGHV3
reverse TGCTTCATCTCCAGTGCCA 19 58
forward TTACACTGGGAGCACCAAC 19 58

4 monoclonal IGHV4
reverse AGATCGTAATCCGATCTCGC 20 60
forward AAATCACCACCCACGGAGAT 20 60

5 monoclonal IGHV3
reverse TCCGACATCATACGCACAGT 20 60
. forward AGCTATATCACATGATGGAAGT 22 60

6 oligoclonal IGHV3
reverse TAGAACCCCCACTCCCGA 18 58
. forward ~ACCCTAACGTTGGTGATACAA 21 60

7 oligoclonal IGHV1
reverse TAATCATAGTAATCTCTCGCAC 22 60
forward TACTGGTGGTGGTAGCACAT 20 60

8 monoclonal IGHV3
reverse CAATTATCATCCGCTTTCGC 20 58

Table S2. Standard curves parameters for RQ-PCR detection of tumor-specific marker in MM.

Patient Probe Slope Correlation coefficient Quantitative range Sensitivity
| ASO probe -3.33 0.9988 1.00E-06 1.00E-05
RNase P -3.56 0.9995 1.00E-06 1.00E-05
) ASO probe -3.18 0.9959 1.00E-06 1.00E-06
RNase P -3.47 0.9991 1.00E-06 1.00E-06
4 ASO probe -3.33 0.9959 1.00E-05 1.00E-05
RNase P -3.55 0.9985 1.00E-06 1.00E-06
5 ASO probe -3.07 0.9985 1.00E-04 1.00E-04
RNase P -3.47 0.9990 1.00E-04 1.00E-04
g ASO probe -3.35 0.9974 1.00E-06 1.00E-05
RNase P -3.56 0.9995 1.00E-06 1.00E-05

Table S3. Sequences of designed probes for RQ-PCR detection of tumor-specific marker in MM.

Patient Sequence (5'-3") Length (mer)
2 5"FAM: CTCTGGAGATGGTGAATCTGCC-TAMRA 22
4 5"FAM: CCGTGTTTGCGGCGGTCACA -TAMRA 20
5 5" FAM: GCCGTGTCCTCGACCCTCA-TAMRA 19
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Fig. S1. Standard curves for quantitative real-time PCR detection of tumor-specific marker in MM.

A) Patient 1, B) Patient 2, C) Patient 4, D) Patient 5, E) Patient 8.
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Abstract

Inhibition of proteasome, a proteolytic complex responsible for the degradation of ubiquitinated proteins, has emerged as a powerful strategy
for treatment of multiple myeloma (MM), a plasma cell malignancy. First-in-class agent, bortezomib, has demonstrated great positive therapeu-
tic efficacy in MM, both in pre-clinical and in clinical studies. However, despite its high efficiency, a large proportion of patients do not achieve
sufficient clinical response. Therefore, the development of a second-generation of proteasome inhibitors (Pls) with improved pharmacological
properties was needed. Recently, several of these new agents have been introduced into clinics including carfilzomib, marizomib and ixazomib.
Further, new orally administered second-generation Pl oprozomib is being investigated. This review provides an overview of main mechanisms
of action of Pls in MM, focusing on the ongoing development and progress of novel anti-proteasome therapeutics.

Keywords: multiple myeloma e new-generation proteasome inhibitors e bortezomib

Introduction

The degradation of cellular proteins is a tightly regulated and complex
process that plays a central role in regulating cellular function and
maintaining homoeostasis in every eukaryotic cell [1]. The ubiquitin-
proteasome pathway (UPP) represents the major pathway for intra-
cellular protein degradation. More than 80% of cellular proteins are
degraded through this pathway, including those involved in the
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regulation of numerous cellular and physiological functions, such as
cell cycle, apoptosis, transcription, DNA repair, protein quality control
and antigens [2, 3].

Proteasome as a new cell structure was described by Harris group
in the beginning of 1970s as a hollow cylinder and single-torus pro-
teins [4]. Later, it was elucidated that the function of proteasome is
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an ATP-dependent degradation of intracellular proteins, and its speci-
ficity is determined by interaction only with such proteins that are
labelled by polyubiquitin chain or contain a specific amino acid
sequence [1, 5]. For this important discovery, Ciechanover, Hershko
and Rose received the Nobel Prize in chemistry in 2004.

Human 26S proteasome is formed by 20S proteolytic core region
and 19S regulatory particle. 20S proteasome is an abundant, barrel-
shaped molecule consisting of four highly homologous rings that
enclose a central catalytic chamber with proteolytic active sites. Each
of the rings contains seven subunits o and {3, which are arranged one
above the other in the order of o-p-p-o (Fig. 1). While the outer two
a-rings surround a small opening through which only denatured poly-
peptide substrates may pass, two central B-rings contain multiple
proteolytic sites that function together in protein degradation [6, 7].
Each of these two B rings comprises three proteolytic sites - B1
(caspase-like, C-L), B2 (trypsin-like, T-L) and 5 (chymotrypsin-like,
CT-L) [8, 9]. Exposing cells to few stimuli, such as interferon-v,
tumour necrosis factor-o. (TNF-o.) and bacterial lipopolysaccharides,
induces the synthesis of other catalytic subunits that are together
incorporated into alternative proteasome form — immunoproteasome,
which is preferentially expressed in cells of lymphoid origin and plays
a role in major histocompatibility complex class | antigen presentation
and other constitutive proteolytic activities [10-12]. In the 20S immu-
noproteasome (i20S), proteolytically active subunits p1, p2 and B5
are substituted by their equivalents p1i (LMP2) B2i (MECL-1) and B5i
(LMP7; Fig. 1) [13]. Although proteasome contains multiple catalytic
sites, to inhibit its function at the constitutive or immunoproteasome
level, it is sufficient to block only the B5/LMP7 subunit (CT-L) [14,

26S Proteasome

Immunoproteasame

-subunits
IFN-y

B-subunits| TFN-a

a-subunits

Fig. 1 Structure of 26S proteasome and immunoproteasome and its
catalytic subunits. 26S proteasome consists of regulatory particle and
proteolytic core region containing four subunits (arranged as o-f-B-o).
In cells of hematopoietic origin, various stimuli, such as interferon
(IFN)-y and tumour necrosis factor (TNF)-o. induce synthesis of
immunoproteasome. Arrangement of proteolytically active subunits: 1
(B1i) — caspase-like subunit, 32 (B2i) — trypsin-like subunit, p5 (p5i) —
chymotrypsin-like subunit of proteasome and immunoproteasome is
displayed.

15]. Proteins intended for degradation are incorrectly folded proteins
and proteins with short half-life and mostly regulatory function that
are being cut into oligopeptide chains with an average length of 8-12
amino acids [16, 17].

Proteasome inhibitors in multiple
myeloma

It has become evident that defects within the UPP pathway are asso-
ciated with a number of diseases, including cancer; thus, inhibitors of
this pathway should prevent malignant cells from proliferation [18,
19]. The biggest group of proteasome inhibitors (PIs) is short pep-
tides containing covalently attached pharmacophore — a group of
atoms that binds to the catalytic sites of proteasome and thus pre-
vents proper proteasome function [20]. Inhibition of proteasome is
particularly useful for the treatment of multiple myeloma (MM), a
haematological malignancy caused by malignant transformation of
B-lymphocytes into pathological clonal plasma cells (PCs) that
accumulate in the bone marrow (BM) and secrete high amounts of
monoclonal immunoglobulin (1g) [21]. As both normal and malignant
PCs are highly secretory cells, they require a well-developed endo-
plasmic reticulum (ER), expansion of secretory apparatus and
production of chaperone proteins that ensure proper Ig translation
and folding [22]. A stress signalling pathway called the unfolded
protein response (UPR) ensures that the PCs can handle the proper
folding of proteins and prevent the aggregation of accumulating
misfolded proteins. These proteins are then transported out of the ER
and degraded by proteasome [23, 24]. It was shown that treatment of
MM cells with Pls results in the accumulation of misfolded Ig within
the ER, because of inhibition of proteasome function [25]. Such
stress activates the UPR pathway, which is mediated by activation or
translational repression of several transcription factors, such as
XBP-1, ATF6 and PERK/elF24. [25, 26]. Generally, UPR allows the cell
to survive reversible environmental conditions, such as chemical
insult or nutrient deprivation. However, during prolonged stress
caused by PIs, UPR activation leads to cell cycle arrest [27] and
induction of apoptosis [28]. Pls initiate UPR leading to apoptosis
preferentially in cells with high Ig production; thus, partial inhibition
of proteasome in vivo, which is not toxic to patients’ normal cells, is
sufficient to kill MM PCs [29].

Further, the therapeutic success of Pls in MM relies on their pleio-
tropic effects, which decrease both growth and survival of MM cells
and the interaction between MM cells and BM microenvironment
(MM cells adhesion, formation of new blood vessels and cytokine cir-
cuits; Fig. 2). Treatment with PIs has been associated with reports of
increased bone formation markers and decrease in markers of bone
resorption, which are the consequences of enhanced osteoblastogen-
esis and reduced number of osteoclasts [30, 31].

The ability of Pls to kill MM PCs and restore proper bone forma-
tion led to their use in clinics as one of the therapeutic approaches.
Since the approval of first-class Pl bortezomib for the treatment of
MM, response rates and median survival of MM patients have consid-
erably improved [32, 33]. Further, new-generation Pls, such as

© 2014 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



Fig. 2 Effects of proteasome inhibitors
(PlIs; bortezomib) on multiple myeloma
(MM) cells and bone marrow (BM) micro-
environment. Bortezomib affects MM cell
survival and signalling pathways eventu-
ally leading to apoptosis. Also, bortezomib
influences surroundings of MM cells as it
inhibits adhesion of MM cells to BM
microenvironment, angiogenesis and cyto-
kine-mediated interactions.

Microenvironment

J. Cell. Mol. Med. Vol XX, No X, 2014

Table 1 Characteristics of proteasome inhibitors evaluated for multiple myeloma treatment

Inhibitor of

Active moiety Proteasome target Key celullar effects Binding References
proteasome
Bortezomib Boronate Preferentially CT-L/LMP7, NF-xB, caspase-8, 9, Reversible [87]
C-L/LMP2 subunit, p21, p27, p53,
less T-L/MECL-1 subunit Bid and Bax, caveolin-1,
p-H3, EZH2, miR-29b,
miR-15a
Carfilzomib Epoxyketone Preferentially CT-L/LMP7 Caspases-3, 7, 8 and 9, Irreversible [74]
subunit JNK, elF2, NOXA
Marizomib B-lactone Preferentially CT-L/LMP7 Caspase-8, NF-xB Irreversible [119]
subunit, T-L/MECL-1
subunit, less C-L/LMP2
subunit
Ixazomib Boronate Preferentially CT-L/LMP7 Caspase-8, 9 and 3, p53, Reversible [82, 87]
subunit, less C-L/LMP2 p21, NOXA, PUMA, E2F,
and T-L/MECL-1 subunit cyclin D1 and CDK®,
Bip, CHOP, miR-33h
Oprozomib Epoxyketone CT-L/LMP7 subunit Caspases-8, -9, -3, Irreversible [89, 120]
PARP, JNK, NF-«xB
Delanzomib Boronate CT-L/LMP7 subunit NF-xB Reversible [90]

carfilzomib, ixazomib, marizomib and oprozomib, are based on differ-
ent chemical moieties than bortezomib and have modified pharmaco-
logic properties, potentially resulting in better clinical outcome and

© 2014 The Authors.

reduced toxicity for MM patients (Table 1). Some of them are cur-
rently approved for the treatment of MM, the others are being investi-
gated in multiple ongoing clinical studies (Table 2).
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Table 2 Clinical development of the drugs and ongoing pivotal trials in MM (according to myeloma.org and clinicaltrials.gov)

Bortezomib Carfilzomib Marizomib Ixazomib Oprozomib Delanzomib
Stage of Phase Il Phase Il Phase | Phase Il Phase /Il Phase 1/l
development
Pivotal Clinical trials for Various phase llI NCT00461045: NCT01850524: NCT01832727: Studies have
ongoing use with clinical trials Clinical trial of MLN9708 in Multicentre, been
trials transplant, induction, including a NPI-0052 in patients with open-label study terminated
consdolidation and trial comparing patients with newly of oprozomib and
maintenance carfilzomib versus relapsed diagnosed MM dexamethasone
therapy bortezomib or relapsed/ NCT01564537: in patients with
refractory MLN9708 in relapsed and/or
MM relapsed/ refractory MM
refractory MM
Approval EMA: front-line,
non-transplant, relapse
FDA: all settings FDA: relapse Not Not Not approved Not approved
approved approved
Bortezomib adopts an anti-parallel B sheet conformation, which is stabilized by

Bortezomib (Velcade), formerly known as PS-341 (Millennium Phar-
maceuticals, Cambridge, MA, USA), is the first-class Pl that was
approved in 2003 for treatment of refractory MM. In 2005, it was
approved for treatment of MM patients who had received at least one
prior therapy and in 2008 for the treatment of MM patients in first line
[34-36]. Further, in 2012, FDA approved subcutaneous administra-
tion of bortezomib in all approved indications [37]. Chemically, it is a
peptide boronate with molecular formula C19H25BN404 (Fig. 3A).
Bortezomib was synthesized for the first time in the mid-90s of
the last century by Myogenics/ProScript (today Millennium Pharma-
ceuticals). An in vitro study on 60 cancer cell lines confirmed its high
specificity, efficiency and oxidative stability [38]. Further, it was
shown to potently inhibit cell proliferation in different MM cell lines,
either drug sensitive or drug resistant [39]. The first clinical trial using
bortezomib in the treatment of haematological malignancies was
launched in November 1999. In this study, Orlowski ef al. showed
that low doses of bortezomib, used originally to verify its safety, led
to complete remission in a 47-year-old MM patient. Moreover, further
eight patients of 11 enrolled in the study showed at least minimal
response or stable disease [40]. This result was important as it led to
accelerated approval of bortezomib for the treatment of relapsed and
refractory MM, after verification in further phases of clinical trials.

Mechanism of action

Central mechanism of bortezomib function is its covalent binding with
high affinity to CT-L (85) subunit of proteasome or LMP7 subunit of
immunoproteasome; however, its binding to C-L (B1) and T-L (B2)
subunits with lower affinity has been observed as well [41]. The dif-
ferences in its affinity are because of different interactions of its side
chains with each of the subunits [42]. When bound, bortezomib

direct hydrogen bond between the conserved residues (Gly47N,
Thr21N, Thr210, and Ala490) of the B-type subunits and main chain
atoms of the drug. The actual inhibition is mediated by a pharmaco-
phore group, in this case boronic acid derivative. The boronic acid
moiety of the drug ensures increased specificity for the proteasome.
The boron atom covalently interacts with the nucleophilic oxygen lone
pair of Thr107, while Gly47N, stabilizing the oxyanion hole, is hydro-
gen-bridged to one of the acidic boronate hydroxyl groups. The tetra-
hedral boronate adduct is further stabilized by a second acidic
boronate hydroxyl moiety, which hydrogen-bridges the N-terminal
threonine amine atom, functioning as a catalytic proton acceptor.
Then, the resulting adduct is characterized by a low degree of dissoci-
ation, and therefore remains stable for several hours, even if it is a
reversible reaction [42].

Today, the mechanism of action and molecular targets of bortezo-
mib are well characterized. The downstream biological effects of pro-
teasome inhibition are multifactorial, with direct effects on both MM
cells and MM cell microenvironment, and key signalling pathways
influenced by bortezomib are described further in this review.

NF-xB pathway

The initial rationale to use bortezomib in cancer was its inhibitory
effect on inflammation-associated transcription factor, nuclear factor-
kB (NF-xB) through stabilization of its inhibitor I-xB [43]. NF-xB not
only regulates various immune and inflammatory responses, but it is
also involved in several tumour-related processes, such as suppres-
sion of apoptosis and induction of angiogenesis, proliferation and
migration. NF-xB is present in the cytoplasm as an inactive complex
with its inhibitor I-xB and is activated by proteasomal degradation of
I-xB [44]. As Pls inhibit function of proteasome, they prevent degra-
dation of I-«B, subsequent translocation of NF-xB to the nucleus and

© 2014 The Authors.
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Fig. 3 Chemical structures of proteasome
inhibitors. (A) Bortezomib, (B) Carfilzomib,
(C) Ixazomib, (D) Marizomib, (E) Oprozo- ;
mib, (F) Delanzomib. Ixazomib
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Oprozomib

binding to the promoters of target genes (such as anti-apoptotic
genes, interleukin-6 etc.) [45]. It was elucidated that MM cell adhe-
sion to BM stromal cells (BMSCs) induces NF-xB-dependent up-regu-
lation of interleukin-6 (IL-6) expression by BMSCs [46, 47].
Therefore, inhibition of NF-xB could prevent IL-6 expression, which
triggers terminal differentiation of normal B-cells and stimulates
growth of MM cells [48].

Although pre-clinical and clinical studies with bortezomib
showed down-regulation of transcriptional targets of NF-«kB, further
studies demonstrated that bortezomib is able to induce I-«xB down-
regulation that occurred at a transcriptional or post-transcriptional
level in MM cell lines [49]. This study further showed that effect of
bortezomib is cell dependent, as it triggered NF-xB activation via
the canonical pathway, associated with down-regulation of I-xB in
peripheral blood mononuclear cells, but significantly inhibited
NF-«xB in BMSCs. Further, it was demonstrated that bortezomib

© 2014 The Authors.
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promotes non-proteasomal degradation of I-xB, as it activates two
upstream NF-xB-activating kinases (RIP2 and IKKB) and therefore
is able to directly or indirectly (via RIP2) activate IKKpB, which
subsequently phosphorylates I-xB leading to its degradation [49]. A
hypothesis that instead of |-xB stabilization, bortezomib induces
|-xB degradation was confirmed by a later study in which I-xB deg-
radation by bortezomib occurred early before induction of apoptosis
and could be prevented by calpain inhibitors. Therefore, in the
presence of calpain inhibitors, the apoptosis-inducing activity of
bortezomib was dramatically enhanced [50].

As bortezomib inhibits inducible NF-«xB activity in MM cells, but
enhances constitutive NF-«xB activity via activation of the canonical
pathway, bortezomib-induced cytotoxicity cannot be completely
attributed to inhibition of canonical NF-xB activity in MM because
inhibition of both canonical and non-canonical pathways is necessary
to efficiently block total activity [49, 51].
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Apoptotic pathway apoptosis. As caspase-2 functions upstream rather than downstream
of mitochondria, it stimulates release of cytochrome ¢, changes

Inhibition of proteasome promotes programmed cell death of MM within mitochondrial membrane and further caspase-9 activation

cells, as bortezomib is a potent activator of three distinct apoptotic [55].

pathways: the intrinsic pathway mediated by caspase-9 activation, the

extrinsic pathway mediated by caspase-8 and death receptors (DR) . i

activation and thirdly, activation of ER stress response pathway that ~ C€ll cycle and migration

involves caspase-2 (Fig. 4) [52-55].

In the first case, bortezomib induces Bax (pro-apoptotic member In replicating cells in vitro, bortezomib seems to cause cell cycle
of the Bcl-2 family) accumulation, its translocation from cytosol to ~ arrest at the transition of Go/M phase, which further leads to apopto-
mitochondria, conformational change and oligomerization. Such sis in inhibited cells [62]. Bortezomib has also been shown to stabilize
changes lead to inhibition of anti-apoptotic Bcl-2, release of cyto-  the cyclin-dependent kinase (CDK) inhibitors, such as p21 and p27 as
chrome c/Smac from mitochondria and activation of caspase-9 [56, it inhibits their degradation by proteasome, leading to disruption of
57]. Further, it was elucidated that bortezomib induces caspase-  Cell cycle progression, that eventually cause apoptosis as well [39,
dependent apoptosis by promoting up-regulation of NOXA (pro-apop- 61]. This effect is partly mediated through inhibition of the NF-xB
totic BH3 member of Bcl-2 family), and down-regulation of apoptosis ~ Pathway [38].
inhibitors, such as XIAP, Bcl-2 or c-FLIP via NF-kB blockade [58]. Bortezomib in vitro triggered inhibition of VEGF and IL-6 secretion
Bortezomib-induced cell death is also linked to the accumulation of by MM patient-derived endothelial cells (MMECs); therefore, it inhib-
ASF1B, Myc, ODC1, BNIP3, Gadd450, p-SMC1A, SREBF1 and p53  ited function of BM milieu relevant to angiogenesis. The observation
[59]. Also, bortezomib induces p53-dependent apoptosis in MM cells, ~ Was also confirmed using an in vivo model [63]. Notably, bortezomib
as it activates and stabilizes the tumour suppressor p53 protein via IS @ potent inhibitor of cell migration, as it is able to decrease caveo-
cleavage of the ubiquitin-ligation enzyme MDM2. Another mechanism  lin-1 expression and prevent phosphorylation of caveolin-1in MM cell
of bortezomib-mediated apoptosis is via activation of extrinsic apop-  lines. Caveolin-1is a protein involved in cell motility or migration in a
totic pathway, as was demonstrated by an increased activity of c-Jun ~ number of tissues and its activation requires VEGF-triggered thyro-
N-terminal kinase (JNK) and increase in death-inducing receptors Fas ~ Sine phosphorylation. As bortezomib also decreases VEGF secretion
and DR5 that further enhanced Fas-mediated signalling and caspase- i the BM microenvironment, it prevents activation of caveolin-1 [64].
8 activation [58, 60, 61]. It was further elucidated that bortezomib Using GEP70 and GEP80 models, Shaughnessy et al. found
activates caspase-2, which is associated with ER stress-initiasted ~ Proteasome 26S subunit, non-ATPase4 (PSMD4) and two other
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proteasome genes to be up-regulated by bortezomib but not by
immunomodulatory agents, dexamethasone or melphalan. Function
of PSMD4 is binding and selecting ubiquitin-conjugates for destruc-
tion. Further analysis revealed that expression levels of PSMD4
(mapped to 1921 region) are highly sensitive to copy number, as
patients with high PSMD4 expression had four copies of 1921 and
patients with low expression had two copies. Authors anticipated that
observed up-regulation of PSMD4 could be caused by preferential
killing of normal PCs with two copies of 121, as more than 90% of
PCs of MM patients tend to have more than two copies of 1g21. Both
higher PSMD4 expression levels and higher 1921 copy numbers
affected clinical outcome adversely [65].

Effect of bortezomib on MM side population

Bortezomib was also shown to reduce tumourigenicity of MM as it
targets the side population (SP) fraction of MM cells. The MM SP
cells show high tumourigenic potential and self-renewal capability
and are further characterized by up-regulation of polycomb-related
genes, such as EZH2 and EPC1. As bortezomib can reduce levels of
p-histone H3 and EZH2, it effectively increased apoptosis and induced
G2/M arrest in MM SP [66].

Bortezomib and microRNA

It was shown in vitro that bortezomib influences also microRNA (miR-
NA) expression, as the treatment of MM cell lines with bortezomib led
to a dose-dependent increase in apoptotic cells and up-regulation of
miR-29b. In this study, enforced expression of miR-29b also strongly
increased bortezomib-induced growth inhibition, and thus potentiated
its anti-MM activity. Moreover, phosphatidylinositol-3-kinase (PI3K)/
AKT pathway played a major role in the regulation of miR-29b-Sp1
(transcription factor Specificity protein 1) loop and induction of apop-
tosis in MM cells [67]. Two other miRNAs, miR-15a and miR-16, are
down-regulated in primary MM cells, their expression inversely corre-
lated with the expression of VEGF and their ectopic overexpression
in vivo resulted in inhibition of tumour growth and angiogenesis [68].
In vitro treatment of MM cells by bortezomib led to up-regulation of
miR-15a in MM cells, although it was inhibited by MM-BMSCs. Inter-
estingly, as MM-BMSCs are able to suppress miR-15a expression,
they provide survival support and protect MM cells from bortezomib-
induced apoptosis, as they block repression of bortezomib down-
stream targets (VEGF, cyclin D, Bcl-2; Fig. 5) [69].

Further effects

Bortezomib prevents repair of damaged DNA, reduces adhesion of
MM cells to BM cells by inhibiting the mitogen-activated protein
kinase (MAPK) signalling pathway and inhibits tumour angiogenesis
[39, 70]. Angiogenesis in the BM environment plays an important role
in MM pathogenesis and disease progression. It was shown in pre-
clinical models using MMECs that bortezomib inhibited cell prolifera-

© 2014 The Authors.
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— Bortezomib

spl

miR-15a

Fig. 5 Effect of bortezomib on miR-15a and miR-29b. Bortezomib
up-regulates expression of miR-15a and miR-29b, which supports
bortezomib-mediated effects on cell differentiation, proliferation and
survival. However, expression of miR-15a is suppressed by bone
marrow stromal cells (BMSCs) that protect multiple myeloma (MM)
cells from bortezomib-induced apoptosis, as they block repression of
bortezomib downstream targets (VEGF, cyclin D, Bcl-2-B-cell lymphoma,
Sp1-transcription factor Specificity protein 1).

tion, chemotaxis, adhesion and capillary formation, which further
supported its angiogenic inhibitory activity in vivo. Furthermore, it
inhibited the expression and secretion of several pro-angiogenic
factors, including VEGF [63].

Bortezomib also participates in osteoclasts apoptosis and osteo-
blasts differentiation. It was elucidated that it promotes matrix miner-
alization and calcium deposition by osteoprogenitor cells and primary
mesenchymal stem cells (MSCs) via Wnt-independent activation of
B-catenin/TCF (transcription factor) signalling and nuclear accumula-
tion of B-catenin. Both these factors are required for promoting MSCs
differentiation into osteoblasts [71].

Second-generation of
proteasome inhibitors

The phenomenal success of bortezomib in MM treatment increased
the interest of scientific community in Pls. Optimization of the doses
of bortezomib and its combination with other anticancer therapeutics
reduced its negative side effects and partially suppressed resistance.
Further, new generation of Pls was developed and was expected to
bring even better results. Carfilzomib, ixazomib and marizomib repre-
sent the second-generation Pls and offer many benefits in terms of
increased overall effectiveness, reduced negative off-target effects
and overcoming resistance to bortezomib because of their different
chemical structure, biological properties, mechanism of action, irre-
versibility/reversibility of proteasome inhibition and usage [72].
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Carfilzomih

Carfilzomib, an irreversible inhibitor of proteasome (also known as
PR-171, Kyprolis; Onyx Pharmaceuticals, San Francisco, CA, USA), is
a tetrapeptide epoxyketone with molecular formula C40H57N507
(Fig. 3B). Peptide epoxyketones are the most advanced and specific
Pls known to date, as were shown in pre-clinical studies, where car-
filzomib targeted haematological-specific immunoproteasome. Its
promising characteristics and potential to overcome drug resistance
led in 2012 to its approval by FDA for MM treatment (www.fda.gov).

Mechanism of action

Carfilzomib binds to CT-L (B5) catalytic subunit of the proteasome or
LMP7 subunit of immunoproteasome with higher selectivity than
bortezomib [73]. In this case, inhibition is an irreversible process that
decreases proteasomal activity to less than 20%; therefore, restora-
tion of proteasome activity in cells is only possible by new synthesis
of individual subunits and their further compilation into new protea-
some [74].

Carfilzomib forms a unique six-atom ring structure with B5 sub-
unit leading to intramolecular cyclization and morpholino adduction.
This intermolecular cyclization is a two-step mechanism. In the first
step, oxygen from hydroxyl group of Thri1 nucleophilically attacks
carbon of epoxyketone, which subsequently leads to formation of
hemiacetal. The second step is a nucleophilic attack of the a-amino
nitrogen of Thr1 to G2 carbon-epoxide ring, resulting in the formation
of the morpholine adduct [75, 76].

Compared to bortezomib, carfilzomib has only little off-target
activity outside the proteasome, can induce apoptosis of bortezomib-
naive and even bortezomib-pre-treated MM cells without increased
toxicity and is also more effective in xenograft models, which is con-
sistent with its higher affinity for the proteasome [74, 77].

In MM cells exposed to carfilzomib, induction of both external and
internal apoptotic cascade was observed, with significant elevations
of caspases-3, -7, -8 and -9. Programmed cell death has been associ-
ated with activation of JNK, mitochondrial membrane depolarization
and cytochrome c release. Moreover, an initial decrease in phosphor-
ylated elF2 was observed, in connection with the ER stress that is
induced by accumulation of non-functional proteins and increased
levels of NOXA (pro-apoptotic member of Bcl-2 family) [15, 74].

Recently, it has been elucidated that carfilzomib promotes MSCs
differentiation into osteoblasts with a mechanism similar to that used
by bortezomib. It was also shown that carfilzomib does not affect
B-catenin gene expression, implying that it induces activation of
B-catenin/TCF activity by blocking B-catenin degradation [78].

Ixazomih

Ixazomib (MLN9708, Takeda/Millenium Pharmaceuticals), an ana-
logue of boric acid, is the first orally administered, reversible PI,
which has demonstrated greater potential activity against MM cells
than bortezomib in in vivo pre-clinical studies [79]. This second-gen-
eration Pl with chemical formula C20H23BCI2N209 is immediately

hydrolyed in aqueous solution or plasma to MLN2238, a biologically
active form (Fig. 3C) [80]. Therefore, it is capable of a wider distribu-
tion in blood in a stable form and has greater pharmacodynamic
effects in tissues [81].

Mechanism of action

Ixazomib (its active form MLN2238), just like bortezomib, inhibits
particularly the CT-L (B5) subunit of the 20S proteasome. Moreover,
in higher concentrations, it is able to inhibit C-L (1) and T-L subunit
(B2) and induce accumulation of ubiquitinated proteins [79, 82]. It
has a shorter 20S proteasome dissociation half-life than bortezomib
and an improved pharmacokinetic and pharmacodynamic profile.
Both ixazomib and bortezomib showed time-dependent reversible
proteasome inhibition; however, proteasome dissociation half-life for
ixazomib was determined to be about 6-fold faster than that of bort-
ezomib (half-life of 18 and 110 min. respectively) [82].

Ixazomib is responsible for caspase-dependent induction of apop-
tosis and inhibition of cell cycle in MM cells. Administration of the
drug leads to activation of caspase-8, -9 and -3, increased levels of
p53, p21, pro-apoptotic proteins NOXA, PUMA, transcription factor
E2F and vice versa reduced levels of cyclin D1 and CDKG. Treatment
with ixazomib also induced expression of Bip and CHOP — heat shock
protein and transcription factor connected with ER, which expression
is induced by cellular stress and is involved in mediating apoptosis.
Further, ixazomib effectively inhibits the canonical and non-canonical
NF-«B pathways in MM supporting cells, thus influencing cytokines
important for growth and survival of MM cells secreted by BMSCs. In
this way, cyto-protective effects of BM microenvironment on MM
cells are disrupted. It was also shown that ixazomib inhibits tumour-
associated angiogenic activity, as the number of VEGFR2- and
PECAM-positive cells (cells containing two distinct markers of angio-
genesis) was reduced [79]. Study on mouse models revealed that
unlike bortezomib, ixazomib possibly relieves bone osteolysis, the
most common symptom of MM [80].

MicroRNA profiling of MM cells treated with ixazomib showed
increased expression of miR-33b. Increased expression of this
miRNA is associated with reduced migration and viability of MM
cells as well as with increased apoptosis and sensitivity of MM to
ixazomib. Moreover, overexpression of miR-33b led to negative
regulation of oncogene PIM-1. Therefore, Tian ef al. proposed that
miR-33b acts as a tumour suppressor which is involved in the
apoptosis of MM cells induced by ixazomib treatment, leading to
inhibition of tumour growth and increased survival of human MM
xenograft models [83].

Marizomib

Marizomib, also known as NPI-0052 or Salinosporamid A (Nereus
Pharmaceuticals), is a secondary metabolite of obligate marine bacte-
rium, actinomycetes Salinispora tropica; it is the first natural PI,
which has been included in MM clinical research [84]. Chemically,
marizomib is bicycle B-lactone-y-lactam with molecular formula
C15H20CINO4 (Fig. 3D). Unlike all others Pls, it does not contain a
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peptide chain in its structure; therefore, it is structurally distinct from
bortezomib and carfilzomib. In pre-clinical studies with MM cell lines,
marizomib was shown to be highly effective [85]. The combination of
bortezomib with marizomib would allow using individual drugs in
such concentrations that are non-toxic for patients and improve com-
bined anti-myeloma effect of drugs [86].

Mechanism of action

Unlike bortezomib and carfilzomib, which are selective for the CT-L
activity of the proteasome, marizomib inhibits all three enzymatic
activities of the proteasome as it binds irreversibly with high affinity
to the CT-L (B5) and T-L (B2) catalytic sites as well as with lower
affinity to the C-L (B1) subunit [87]. It contains a B-lactone ring that
is uniquely substituted with a chloroethyl group playing a role in its
irreversible properties. This group binds to the S2 binding pocket of
the active site, and as chlorine behaves as a leaving group, it is elimi-
nated to render a stable cyclic ether end product following acylation
of the catalytic enzyme active site Thr10" by the p-lactone of the
inhibitor [42].

Comparably to bortezomib, marizomib inhibits the canonical
NF-«B pathway and related secretion pathways, such as IL-6, TNF-a
and IL-1B. [87]. On the other hand, unlike bortezomib, which acti-
vates both caspase-8 and -9, the apoptotic effect of marizomib is
mainly mediated by caspase-8 activation and, to a lesser extent, by
caspase-9. As the mechanism of caspases activation by marizomib is
different than in bortezomib-mediated activation and relies primarily
on caspase-8 activation, it allows to overcome the resistance of MM
cells to apoptosis also with Bcl-2 mutations, leading to overexpres-
sion of Bcl-2. It was shown that overexpression of Bcl-2 in MM cells
confers drug resistance and partially protects MM cells against bort-
ezomib; however, caspase-9 activation by marizomib is minimally
affected by Bcl-2 overexpression [87]. Apoptotic signal leads to the
release of cytochrome ¢ and Smac proteins from mitochondria to the
cytoplasm, generation of oxygen radicals and activation of caspases.
Moreover, marizomib is able to induce apoptosis in MM cells even in
the presence of MM growth factors IL-6 and insulin growth factor-1
(IGF-1) and is involved in blocking IL-6 secretion in BMSCs without
affecting their viability. Notably, marizomib significantly blocks MM
cells migration induced by VEGF and thus confirms its anti-angio-
genic effect [87].

Novel proteasome inhibitors

Oprozomib

Oprozomib (ONX0912; Onyx Pharmaceuticals), a new orally bioavail-
able and selective peptide epoxyketone PI, represents a derivate of
carfilzomib, which irreversibly inhibits proteasome resulting in longer
duration of inhibition compared with bortezomib (Fig. 3E). Just like
bortezomib and carfilzomib, oprozomib is highly selective for CT-L
(p5) subunit of proteasome; however, in contrast with bortezomib, it
specifically inhibits only N-terminal threonine active proteasome
subunits [88].

© 2014 The Authors.
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The orally bioavailable oprozomib inhibits proteasome with the
same efficacy as intravenously delivered carfilzomib, although in
higher concentrations of the drug. It is able to activate JNK and inhibit
NF-xB pathways [88, 89]. Further in vitro study using MM cell lines
showed that oprozomib inhibits growth, migration and induces apop-
tosis of MM cell lines and its activity is associated with activation of
caspase-8, -9 and -3, and poly(ADP) ribose polymerase (PARP). Opr-
ozomib, suchlike carfilzomib, directly inhibits osteoclasts differentia-
tion and function in vitro. Conversely, it directly stimulates
transforming growth factor-B (TGF-B) and MAPK signalling pathways
leading to increased activity of UPR, which results in enhanced osteo-
blasts differentiation and matrix mineralization. Therefore, in MM,
oprozomib in a similar way as carfilzomib, shifts the BM microenvi-
ronment from catabolic to anabolic state. Efficacy of oprozomib was
also tested in vivo using mouse models. Comparably to carfilzomib,
oprozomib inhibited MM growth, prolonged survival of mouse mod-
els, decreased tumour burden and inhibited bone resorption [31, 88].
Moreover, oprozomib in combination with low-dose bortezomib
showed a synergistic anti-MM activity. However, mechanisms medi-
ating combined anti-MM activity of both Pls remain to be defined
[88].

Delanzomib

Delanzomib (CEP-18770; Teva Pharmaceuticals, North Wales, PA,
USA) is an orally active, reversible, boronic acid-based PI. Suchlike
bortezomib, it exhibits high potency primarily against CT-L (B5) and
then C-L (B1) activity (Fig. 3F).

An in vitro study showed that it effectively decreases NF-«B activ-
ity and expression of several NF-xB downstream effectors; further-
more, it has strong anti-angiogenic activity and potently represses
receptor activator of NF-«B ligand (RANKL)-induced osteoclastogene-
sis [90]. Further in vitro study on MM cell lines compared delanzomib
with bortezomib in terms of specificity and activity profiles. While the
two Pls show comparable proteasome inhibitory effects on cell lines,
ex vivo study on pre-clinical mouse model of human MM showed that
delanzomib induced an improved response in MM tumours and is
active also against bortezomib-resistant cells [91].

Delanzomib was shown in pre-clinical and clinical studies to be
effective in combination with melphalan or bortezomib with favour-
able cytotoxicity profile [92, 93]. Although it showed promising effect
and favourable toxicity in the initial studies, its further research has
been suspended because of unmanageable toxicity (Teva, personal
communication).

Mechanism of resistance and cross-
resistance of Pls

Despite high efficacy of bortezomib, there are still MM patients that
are primarily resistant or develop secondary resistance to bortezomib
during treatment [94]. So far, several molecular mechanisms of resis-
tance development have been identified. One of them is Ala49Thr
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mutation in the 5 subunit (PSMB5) of the proteasome, which is situ-
ated in a binding site for bortezomib and leads to excessive synthesis
of PSMB5. Higher levels of PSMB5 at the RNA or protein level were
shown to be connected with resistance to bortezomib [95, 96]. High-
throughput RNA screen of MM cell lines further revealed a panel of
genes — their suppression enhanced bortezomib sensitivity. These
genes included proteasome subunits o- and B-type (PSMAS, PSMB2,
PSMB3 and PSMB7) as well as Aurora kinase A, CDK5 and modula-
tors of the aggresome pathway. Moreover, the authors confirmed that
CDK5 knockdown sensitized MM cell lines to bortezomib and other
Pls [97]. In addition, factors downstream of proteasome enzymatic
complex can mediate resistance to bortezomib, as was observed in a
study where increased resistance of tumour cells to the treatment
correlated with elevated levels of anti-apoptotic proteins from the Bcl-
2 family and heat shock proteins Hsp27, Hsp70 and Hsp90 [87, 98].
Zhang et al. revealed that in bortezomib-adapted cell lines, the treat-
ment continued to inhibit proteasome enzymatic activity. However, it
did not lead to induction of UPR and accumulation of pro-apoptotic
proteins p53, Mcl-1S and NOXA because the cells displayed increased
expression of factors protecting them from bortezomib-mediated ER
stress [99]. More recently, other signalling pathways have been
described to mediate bortezomib resistance. It was evaluated that
interactions between Notch receptors on MM cells and Notch ligand
DIl expressed on MM-BMSCs could contribute to bortezomib resis-
tance. Activation of Notch signalling leads to up-regulation of CYP1A,
a cytochrome P-450 enzyme involved in the metabolism of a variety
of xenobiotic compounds [100]. Blockade of Notch pathway and inhi-
bition of CYP1A expression was able to increase sensitivity of MM
cells to bortezomib in vitro [101]. Further in vitro study on MM cell
line with no mutation in g5 subunit revealed evidence that increased
IGF-1 signalling through enhanced IGF-1 secretion and IGF-1R activa-
tion was also associated with resistance to bortezomib [102]. Newly,
the focus is on POMP (proteasome maturation protein), which is
involved in addition of catalytically active p subunits to the hemipro-
teasome ring initially formed by structural o Subunits. In bortezomib-
resistant cell lines the levels of POMP mRNA are enhanced compared
to their drug-sensitive counterparts. POMP overexpression, that is
influenced by NF erythroid-2 (NRF-2), contributes to Pl resistance in
MM [103].

It was described that bortezomib-resistant cells display a marked
cross-resistance to p5-targeted cytotoxic peptides, but not to other
classes of therapeutic drugs, therefore cross-resistance of bortezo-
mib-resistant cells is restricted to (peptide) drugs that primarily target
the proteasome B5-subunit [96]. Therefore, drugs with similar mech-
anism of action as bortezomib, such as ixazomib and delanzomib, will
unlikely overcome bortezomib resistance. However, new drugs that
are hased on epoxyketone pharmacophore, such as carfilzomib or
oprozomib, differ in terms of their chemical structure and mechanism
of action. Moreover, carfilzomib is a more selective inhibitor of the
CT-L activity of proteasome and immunoproteasome and shows pro-
longed irreversible inhibition of proteasome — thus it could overcome
resistance to bortezomib [77, 104]. In fact, carfilzomib was shown in
pre-clinical experiments to overcome bortezomib resistance [74].
Nevertheless, new study using mouse MM model and gene expres-
sion profiling revealed that bortezomib-resistant cells show cross-
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resistance to ixazomib and carfilzomib as well. Results of this study
also suggested that resistance to one drug class reprograms resistant
clones for increased sensitivity to a distinct class of drugs, such as
inhibitors of histone deacetylases [105]. Taken together, the results
from pre-clinical studies are contradictory so far; although irreversible
Pls demonstrate an ability to overcome some forms of bortezomib-
mediated resistance, further studies using e.g. combination of
irreversible Pls with other chemotherapeutic agents may identify
strategies to enhance efficacy or decrease toxic effects. Further, there
is a need for additional analyses from currently ongoing studies, which
include bortezomib-refractory patients who are treated with either
analogues of boric acid Pls, such as ixazomib, or epoxyketones, such
as carfilzomib.

Induction of neuropathy

Peripheral neuropathy (PN) is a significant and most common dose-
limiting toxicity of Pls. The pathophysiology and molecular basis of
bortezomib-induced PN is not completely understood and current
knowledge is limited. Damage of mitochondria and ER seems to play
a key role in bortezomib-induced PN genesis, as bortezomib can acti-
vate the mitochondrial-based apoptotic pathway [106]. Generally,
dipeptide boronates inhibit active proteasome subunits, but also ser-
ine proteases. Although inhibition of proteasome by bortezomib has
originally been shown to be several orders of magnitude stronger
than inhibition of serine proteases [107], it has been revealed that
bortezomib inhibits also an ATP-dependent serine protease in mito-
chondria — HtrA2/0mi. As HtrA2 protects neurons from apoptosis, it
is now believed that its inhibition is the cause of PN in MM [108]. In
contrast with bortezomib, peptide epoxyketones, such as carfilzomib
and oprozomib, specifically inhibit only N-terminal threonine active
proteasome subunits. This difference may be responsible for the
favourable toxicity profiles and relatively low rates of PN associated
with epoxyketone PIs.

Further proposed mechanism of bortezomib-induced PN genesis
is dysregulation of neutrophins, as bortezomib inhibits activation of
NF-«B and thus blocks the transcription of nerve growth factor-medi-
ated neuron survival [109].

A GEP study compared patients with grade 2-4 late-onset
bortezomib-induced PN, patients developing early-onset grade 2-4
bortezomib-induced PN and patients who did not develop bortezo-
mib-induced PN. Results suggested that patients with early-onset
grade 2-4 bortezomib-induced PN have dysregulated genes involved
in control of transcription, apoptosis and AMPK-mediated signalling.
Out of them, AMPK-mediated signalling is of particular interest,
because this enzyme stimulates the signalling pathways that replenish
cellular ATP supplies in response to low glucose, hypoxia, ischaemia
or heat shock, which might be triggered in MM cells in response to
bortezomib. On the other hand, patients with late-onset grade 2-4
bortezomib-induced PN showed 27 differentially expressed genes
when compared to the first group, with the enrichment of expression
of genes involved in transcription regulation as well as in the develop-
ment and function of the nervous system, including SOD2 and
MY05A [110]. Moreover, the authors suggested an interaction
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Table 3 Key features of different proteasome inhibitors

J. Cell. Mol. Med. Vol XX, No X, 2014

Inhibitor of proteasome 1€ 50 for CT-L activity

IC 50 for C-L activity

IC 50 for T-L activity  Half-life (minutes)  Application

Bortezomib 7.9 £ 0.5 nM 53 £ 10 nM 590 + 67 nM 110 Intravenous
Carfilzomib <5 nM 2400 nM 3600 nM <30 Intravenous
Marizomib 35+ 03nM 430 + 34 nM 28 + 2 nM 10-15 Intravenous
[xazomib 3.4 nM 31 nM 3500 nM 18 Oral
Oprozomib 36 nM/82 nM ND ND 30-90 Oral
Delanzomib 3.8 nM ND ND ND Oral
between MM-related factors and the patient’s genetic background in Conclusion

the development of bortezomib-induced PN, as several of single
nucleotide polymorphisms (SNPs) were associated with early-onset
bortezomib-induced PN (SNPs located in caspase 9, RDM1, ALOX12,
IGF1R and LSM1 genes). In addition, SNPs associated with late-onset
bortezomib-induced PN were preferentially located in DNA repair
genes (SNPs in ERCC3, ERCC4, ATM, BRCA1, EXO1 and MRET1A
genes) [110].

Apart of mechanisms mentioned above, another possible mecha-
nism for different rates of PN induced by Pls is their diverse protea-
some dissociation half-life, pharmacokinetics and pharmacondynamics
(Table 3). It was shown that in the group of boronic acid Pls, ixazo-
mib has a six-fold faster proteasome dissociation half-life than bort-
ezomib, greater overall tumour pharmacodynamic effect than
bortezomib and prolonged overall survival in a mouse model. All of
these features might stand for lower toxicity [82]. Further, as was
tested on a fruit fly model, the group of epoxyketone Pls exerts signif-
icantly milder impact on neuromusculatory system than bortezomib
[111].

Proteasome inhibitors in other
diseases

Besides MM, bortezomib has been described to be effective in several
other lymphoid malignancies; it demonstrated clinical potential in the
treatment of mantle cell lymphoma (MCL) and non-Hodgkin lym-
phoma and is effective also in treatment of newly diagnosed Wald-
enstrom macroglobulinaemia (WM) [112-114]. In 2007, FDA granted
approval to single-agent bortezomib for the treatment of relapsed/
refractory MCL patients [115] and currently it is tested in multiple
clinical trials as a component of cytotoxic chemotherapeutic regimens
[116]. Further experience with second-generation Pls, such as car-
filzomib is limited. Carfilzomib in combination with other drugs was
tested in B-cell lymphomas (DLBCL, MCL) to overcome bortezomib
resistance with promising results [117]. Also, it is under investigation
in WM patients. Although the data are still immature, the biggest
advantage of this drug seems to be the lack of neurotoxicity [118].

© 2014 The Authors.

The inhibition of proteasome has become an impressively success-
ful strategy in MM treatment for the past 10 years, because of the
particular sensitivity of MM cells to the mechanism of action of
such agents. Today, therapies based on bortezomib belong to the
standards of care for both relapsed/refractory and previously
untreated MM patients, dramatically improving outcome of these
patients. Although the exact mechanisms of action of Pls are not
yet fully defined, four major mediators of direct anti-MM activity
have been identified: transcription factor NF-«xB, pro- and anti-apop-
totic factors, p53 protein and UPR leading to ER stress response.
However, the effect of Pls should be understood as a complex pro-
cess involving many signalling pathways as neither the inhibition of
NF-xB nor inactivating mutations of p53 are able to evoke apopto-
sis of MM cells induced by Pls. Detailed studies of mechanism of
Pls action have a great potential for the discovery of possible
molecular targets of new-generation drugs. Continuing development
of new-generation Pls will likely offer further opportunities and bet-
ter regimens in terms of treatment efficacy, acceptable tolerability,
administration and quality of life of MM patients. Nowadays, Pls
are the most effective group of anti-MM drugs, and they will surely
be a cornerstone in all combination regimens used in MM treat-
ment even in the future.
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The miR-29 family in hematological malignancies
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Background. MicroRNAs are short non-coding regulators of gene expression. The human miR-29 family consists of
three members: miR-29a, miR-29b and miR-29¢c. Members of this family were found to be aberrantly expressed in vari-
ous types of tumors, including hematological malignancies. This family was described to have both oncogenic and
tumor suppressor features influencing various pathological processes, such as tumor growth and apoptosis. This review
summarizes current knowledge about the miR-29 family in selected hematological malignancies.

Conclusion. Recent research of miR-29 family in hematological malignancies has proven its oncogenic as well as tu-
mor suppressive potential. Nevertheless, the level of current evidence is not sufficient, and data remain inconclusive.
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INTRODUCTION

MicroRNAs (miRNAs) are short, non-coding and
highly conserved RNAs, approximately 22 bp in size!. The
genes for miRNAs represent 1-2% of all known eukaryotic
genes?. They regulate gene expression, both at transcrip-
tional and translational levels. A single miRNA molecule
can control expression of various genes and vice versa, one
gene can be regulated by various miRNAs®. MiRNAs act
in a wide range of physiological biological processes, such
as cell proliferation, differentiation, apoptosis and hema-
topoiesis*®. As all of these processes, as well as miRNAs
levels, are dysregulated in solid tumors and hematological
malignancies, it was confirmed that there is an associa-
tion between miRNAs and cancer’. Despite the fact that
miRNAs were discovered in 1993 (ref.?), it was only in
2002 that miR-15a and miR-16-1 were identified as poten-
tial cancer genes in the pathogenesis of chronic lympho-
cytic leukemia (CLL) highlighting the direct link between
miRNAs deregulation and hematological malignancy®.

Genes for miRNA are frequently located at fragile
sites and genomic regions involved in cancers, such as
minimal regions of loss of heterozygosity, minimal re-
gions of amplification (minimal amplicons), or common
breakpoint regions, explaining the contribution of miR-
NAs to cancerogenesis'®. Such localization may lead to
upregulation of miRNAs levels or their downregulation
during pathological processes. Further, depending on the
mRNA target which miRNAs bind and regulate, they can
act either as oncogenes (also called oncomirs) or as tumor
suppressors''. Due to overexpression of miRNA targeting
tumor suppressor gene, anti-oncogenic mechanisms can
be inhibited, whereas defects of miRNA repressing onco-
gene can lead to gain of oncogenic features. Both these
roles have been demonstrated in tumors'>™. In general,

miRNAs can affect specific cell development (e.g. B cell)
or alter expression of components in miRNA biogenesis
in hematological malignancies.

Canonical model of the miRNAS biosynthetic pathway
involves several steps as shown in Fig. 1. In the nucleus,
RNA polymerase II transcribes miRNA genes into long
primary precursors - pri-miRNAs. These are recognized
and cleaved by microprocessor complex including ribo-
nuclease Drosha and dsRNA-binding protein Pasha (or
DGCRS) (ref.">'¢). Secondary precursors are short, about
70 nucleotides stem-loop structures, known as pre-miR-
NAs that are further actively transported to cytoplasm
by exportins, Ran-GTP dependent transporters. In the
cytoplasm, pre-miRNAs are processed near the terminal
loop by RNase III type endonuclease Dicer, which is in
complex with dsRNA-binding protein TRBP (TAR RNA
binding protein), and this generates mature miRNA/
miRNA* duplexes''®. Subsequently, one strand of mature
miRNA (so-called guide strand), which is less stable at the
duplex 5’end, is incorporated into the Argonaut protein,
a central part of multiprotein complex miRISC (miRNA-
induced silencing complex). The other strand, called the
passenger strand (miRNAY), is released from the duplex
and degraded. The question of gene fate now lies in the
RISC complex with incorporated mature miRNA because
this is the site where gene mRNA and miRNA pair. If the
complementarity between the seed sequence of miRNA
(2-8 nucleotides at 5’end) and the 3’UTR of the target
mRNA is perfect, mRNA is cleaved and degraded. In the
other case, low degree of complementarity leads to inhibi-
tion of mRNA translation (Fig. 1) (ref.").
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Fig. 1. MiRNA biogenesis. miRNA genes are transcribed in
the nucleus, into long primary precursors - pri-miRNAs. Then,
they are cleaved by Drosha and Pasha. Secondary precursors
are short, stem-loop structures, known as pre-miRNAs that are
further actively transported to cytoplasm by exportins. In the
cytoplasm, pre-miRNAs are processed near the terminal loop by
RNase III type endonuclease Dicer, and this generates mature
miRNA/miRNA* duplexes.

THE MIR-29 FAMILY

In the human miR-29 family, the precursors are
transcribed into two clusters, miR-29a/miR-29b-1 from
chromosome region 7q32, and miR-29b-2/miR-29¢ from
chromosome region 1q32. As the only difference between
miR-29b-1 and miR-29b-2 is their localization in different
parts of genome, they both form identical mature miR-
29b. The first discovered member of the family was miR-
29a in HeLa cells in 2001 (ref.?°), followed by miR-29b
and miR-29c¢ (ref.?"??).

The members of the miR-29 family have identical seed
sequence, similar expression patterns as well as function.
The only differences among miR-29 members were re-
ported in their expression levels in various cancerous tis-
sues as some studies claim that miR-29a or miR-29¢ do
not follow the same expression pattern as miR-29b (ref.?*).
It was described that in lung cancer, only miR-29b-2 was
differentially expressed®*. Further, miR-29b was found
to be differentially expressed in cholangiocytes and in
brain malignancies®2¢. Another study demonstrated that
expression of miR-29a and miR-29c in cervical cancer
was decreased?’. These results suggest that miR-29 is not
tissue-specific.

MIR-29 UNDER PHYSIOLOGICAL CONDITIONS
The miR-29 family regulates several signaling pathways

that are involved in various physiological and pathological
processes. Physiologically, it takes part in regulation of

cell cycle and proliferation®”°, senescence® -, differentia-
tion®*34, apoptosis?>2830:353 metastasis’’*®, DNA methyla-
tion**# and immune regulation*>*, as well as regulation
of extracellular matrix (ECM).

MiR-29 in cell cycle, proliferation and differentiation

Progression through the eukaryotic cell cycle is driven
by cyclin-dependent kinases (CDKSs), which are regulated
by interaction with oscillatory expressed proteins called
cyclins*. In cell cycle progression, from G1 to S phase,
cyclin D1 binds CDK6 and CDK4 which then phosphory-
late and inactivate Rb protein. These CDKs are essential
for response to mitogenic stimuli, therefore the loss of
CDKG6 affects production of terminally differentiated
cells (Fig. 2) (ref.*). It was demonstrated that 3’UTR of
CDKS6 contains 2 conserved sequence motifs with perfect
homology to miR-29 seed sequence; therefore, CDK6 was
suggested as a direct target of miR-29 (ref.?).

In terms of its role in cell differentiation, miR-29b has
multiple functions in osteoblastogenesis - to control col-
lagen expression during ECM maturation is one of them.
However, this process does not happen in immature cells.
Instead, miR-29b helps to maintain the differentiated phe-
notype in osteoblasts through regulating collagen. On the
other hand, miR-29b downregulates negative regulators of
signaling pathways to promote osteoblastogenesis. Both
these miR-29b roles regulate osteoblast differentiation*.
In another study, miR-29a and miR-29¢ were shown to be
induced by the Wnt pathway that is critical in osteoblast
differentiation. During the late phases of osteoblast differ-
entiation, the expression of these miRNAs is upregulated
and increased. Beside this, miR-29a and miR-29¢ down-
regulate osteoblast differentiation by targeting osteonec-
tin, an essential protein for bone remodeling?®.

Apart from osteoblast differentiation, miR-29 was re-
ported to play a role in muscle cells development. The
miR-29 family enhances myogenic differentiation through
its involvement in the NF-«xB-YY1 regulatory loop. In myo-
genesis, downregulated transcription factors NF-«B and
Yin Yang 1 (YY) decrease miR-29 levels and this in turn
induces differentiation by targeting YY1 (ref.>*).

Another experiment showed that miR-29 together
with miR-142 also regulates monocytic and granulocytic
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Fig. 2. MiR-29 function in cell cycle. (A) Cell cycle without
miR-29 influence, (B) MiR-29 inhibits Cdk6 which cannot bind
with cyclin D and phosphorylate Rb; therefore, cell is not dif-
ferentiated.
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(myeloid) differentiation. Targeting CDK6 by miR-29, as
well as targeting cyclin T2 (CCNT?2), a component of pos-
itive transcription elongation factor b (P-TEFb), by either
miR-29 or miR-142 increases myeloid differentiation®.

Aging processes and senescence

MiR-29 might be a pro-aging miRNA as it accumulates
during aging and its upregulation is associated with DNA
damage response. MiR-29 is part of the signaling pathway
involving Ppm1d/Wip1 phosphatase, a key DNA damage
response regulator, and the p53 tumor suppressor (Fig. 3)
(ref.?"). Further effects of miR-29 during cellular senes-
cence were described in association with B-Myb which is
an oncogene and a transcription factor for various genes
involved in proliferation*®. Besides these functions, B-Myb
is able to induce senescence by inhibition of its transcrip-
tion®. One of the options for repressing abundant B-Myb
mRNA is through binding of Rb-E2F complexes to B-Myb
promoter®. The other option of B-Myb repression at the
posttranscriptional level involves miRNAs. MiR-29 to-
gether with miR-30 directly targets B-Myb 3'UTR and
reduce its expression in cells undergoing senescence’.
These facts are also consistent with miR-29 suppressor
function in cancer.

ECM regulation

ECM regulation includes formation of extracellular
matrix key proteins, e.g. various collagen (COL) isoforms,
elastins, metalloproteinases, etc (ref.?**%). In osteoblasts,
miR-29 regulates essential proteins of bone ECM. It me-
diates translational inhibition and decreases COL1A1,
COL5A3, COL4A2 synthesis; furthermore, it maintains
differentiated phenotype in mature cells*®. The broad spec-
trum of collagens and other related genes, e.g. matrix me-
tallopeptidase 2, which are miR-29 targets, was confirmed
and even extended in a study done on rats. There were
20 genes for collagen predicted as miR-29 targets which
makes this miRNA unique because no other miRNA tar-
geted more than 11 collagen genes?.

Regulation of these proteins by miR-29 is implicated
in the development of fibrosis in many organs®>* and
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Fig. 3. Inhibition of p53 pathway by miR-29. Upregulation of
miR-29 with increasing age and DNA damage inhibits Wip1
phosphatase. After that, Wipl phosphatase cannot repress
DNA damage responsefactors and p53. Wipl and mdm?2 are
not transcribed by p53 which is not phosphorylated. Cell cycle
is arrested.

systemic sclerosis®*. Not only in mice developing liver fi-
brosis, but also in patients with hepatic fibrosis, the miR-
29 family was significantly downregulated and inhibited
collagen expression in hepatic stellate cells®>. A significant
decrease was also found in the Iungs of idiopathic pulmo-
nary fibrosis patients™.

MIR-29 IN HEMATOLOGICAL MALIGNANCIES

Despite the range of physiological processes the miR-
29 family is involved in, most studies concentrate on its
pathological function and tumor suppressive or oncomir
(oncogenic miRNA) effects in various cancers. In terms
of solid tumors and hematological malignancies, both
these roles have been proven; they are believed to depend
on cellular context or tissue specificity. Although expres-
sion of miR-29 was found to be altered in cancer, its role
in pathogenesis of hematological malignancies is still
poorly understood®. There is, however, a predominance
of publications supporting the tumor suppressor role of
the miR-29 family. By targeting oncogenes, the miR-29
family helps prevent carcinogenesis; therefore, in cancer,
its levels are downregulated (Table 1) (ref.!>°¢7).

Furthermore, it was observed that miR-29 is associ-
ated with some cytogenetic aberrations. MiR-29, among
other miRNAs, was found to be down-regulated in acute
myeloid leukemia (AML) patients with 11q23 balanced
translocation compared to AML patients without this
translocation’®. Further, Garzon et al. observed that miR-
29a and miR-29b are downregulated in primary AML
samples with monosomy of chromosome 7. However,
forced expression of these miRNAs had first anti-prolif-
erative effects and later anti-apoptotic effects in AML cell
lines and primary AML blasts, thus inhibiting cell growth
and induced apoptosis by targeting Mcl-1 (Myeloid cell
leukemia-1) (ref.?®). In AML patients with monosomy of
chromosome 7 or deletion of 7q, a link between miR-29a
and oncogene Ski was described as the nuclear oncogene
Ski is upregulated and miR-29a located on 7q32 is down-
regulated in these AML patients. Further, it was shown
that miR-29a targets Ski, as their expression is inversely
correlated, which suggest the tumor suppressive role of
miR-29a (ref.’*). Although previous study reported also tu-
mor suppressor miR-29 family to be upregulated in AML
patients with mutations in the nucleophosmin (NPM)
gene when compared to wild type NPM (ref.’®); however,
this was not confirmed and miR-29 downregulation was
described in AML patients independently of the NPM
status®.

A genome-wide profiling study on CLL (chronic lym-
phocytic leukemia) revealed that miR-29 precursors are
upregulated®. Afterwards, another study demonstrated
downregulated miR-29a in aggressive CLL compared to
indolent CLL (ref.®). Interestingly, miR-29a was found
to be the second and miR-29c the fifth most represented
miRNA among the most expressed miRNAs in CLL
(ref.®?).

Despite some knowledge about miR-29 in other hema-
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tological malignancies, little is known about this miRNA
in mantle cell lymphoma (MCL) and further research in
this field is needed. One report showed notably decreased
miR-29 levels in MCL patients, which were associated
with higher levels of its target CDK6 and with shorter
overall survival of MCL patients. Therefore, the use of
miR-29 as a prognostic marker and pathogenetic factor
in MCL was suggested®.

Besides studying direct miR-29 family effects and its
participation in regulation, there is an effort to apply miR-
29 as novel biomarkers. The analysis of miR-29a together
with miR-142-3p indicated that these miRNAs could be
used as AML molecular diagnostic markers. Because of
their key role in regulation of normal myeloid differentia-
tion, miR-29a and miR-142-3p abnormal expression was
shown to be involved in AML development, as it directly
affected target genes important in AML (ref.®°). Recently,
the first evidence of miR-29a as an unfavorable prognostic
marker in AML was indicated, as downregulation of miR-
29a was shown to be associated with advanced clinical
features and poor prognosis in pediatric AML patients®.

Apoptosis in hematological malignancies

Majority of studies show that miR-29 family effects
in cancer are anti-apoptotic. However, in studied hemato-
logical malignancies, the miR-29 levels were lower than
in physiological conditions. Therefore the tumor suppres-
sive impact of miR-29 on cancer cells is poor (Table 1).
MiR-29 family was described to target genes involved in
regulation of apoptosis, such as Bcl-2 (B-cell leukemia/
lymphoma) family members and a key anti-apoptotic pro-
tein Mcl-1 that are often dysregulated in malignant cells
(Table 2). Constitutive Mcl-1 expression can cause malig-
nant transformation as was demonstrated in transgenic
mice®. MiR-29b negatively regulates Mcl-1 protein expres-
sion; low miR-29b levels upregulate Mcl-1 expression and
thus induce anti-apoptotic signals and may play a role
in tumor development. On the other hand, experiments
with enforced miR-29b expression showed sensitivity to
cell death which might be valuable in cancer therapy?®.
In multiple myeloma (MM), a plasma cell malignancy,

the miR-29b tumor suppressor effects are implicated as
well. It was shown that miR-29b is downregulated in MM;
howeyver, its overexpression can downregulate Mcl-1 ex-
pression and is associated with caspase-3 activation. By
targeting critical oncogenic pathways, miR-29b inhibits
growth and induces apoptosis of MM cells'?.

Another miR-29 family target is Tcll (T-cell leukemia/
lymphoma 1) gene), a significant oncogene involved in
CLL pathogenesis. Tcll operates as a coactivator of the
Akt oncoprotein that is important in the anti-apoptotic
pathway in B- and T-cells®>%¢. Pekarsky et al. demonstrated
that miR-29 family members are partly natural Tcll inhibi-
tors and that downregulated miR-29 levels in aggressive
CLL might be a causal event in disease pathogenesis™®.
Another study suggested that the downregulation of miR-
29 upregulates Tcll in aggressive CLL, and thus develops
aggressive phenotype'*.

Amodio et al. recently identified new miR-29b tar-
get Spl, a transcription factor that participates in cell
cycle regulation and apoptosis®’. In MM, Sp1 is involved
in cell survival and promotes MM cell growth®®. Spl is
downregulated by miR-29 but it was demonstrated that
the forced expression of miR-29b in cell lines inhibited
cell growth and triggered apoptosis in vitro and in vivo
in a murine model. Besides this, miR-29b-Sp1 regulatory
loop was described. Not only miR-29b influences Sp1 but
also Sp1 negatively regulates miR-29b. Upregulated Sp1
transcriptionally inhibits miR-29b and silenced Sp1 in-
creases miR-29b levels. All of this may prevent the tumor
formation in a model of MM (ref.").

A study done by Garzon et al. describes the effects
of miR-29 on both apoptosis and proliferation in AML
cells. The forced expression of miR-29a and miR-29b led
to cell growth inhibition and induction of apoptosis. After
the transfection of the miRNAs, the first observed effect
was inhibition of apoptosis. It was confirmed that Mcl-
1 and other anti-apoptotic genes are miR-29 targets and
that this miRNA also upregulates proapoptotic genes.
The anti-proliferative effect was observed later after the
transfection, which means that the miR-29-dependent pro-
liferation is not a result of apoptosis. For studying miR-29

Table 1. MiR-29 involvement in cancer.

Target MiR-29 function MiR-29 regulation Cancer development
Oncogene Tumor suppressor upregulated no
downregulated induced
Tumor suppressor Oncomir upregulated induced
downregulated no

Table 2. Oncogenes as miR-29 targets in hematological malignancies.

Target Function miR-29 member References
Mcl-1 Cell survival, proliferation, apoptosis miR-29b 12,25.64

Tcl-1 Apoptosis not specified 35

Spl Cell growth, survival miR-29b o7

SKI Nuclear corepressor complexes miR-29a 58

CDKG6 Cell cycle not specified »
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impact on proliferation, CDK6, a miR-29 target, was cho-
sen. Transfection of miR-29b into AML cells indirectly led
to decreased Rb phosphorylation through CDK6, which
resulted in decreased proliferation?®.

Tumor initiation and growth

Although tumor suppressor effect of miR-29a was elu-
cidated, some studies show that the miR-29 family has
also tumor promoting effects, but this oncomir function
still remains poorly understood. The first example of a
miRNA initiating AML in vivo was reported by Han et
al. They showed that miR-29a was highly expressed in hu-
man AML and its overexpression led to higher incidence
of AML. MiR-29a can induce AML by converting my-
eloid progenitors into self-renewing leukemia stem cells,
thus showing oncogenic potential’’. The same was dem-
onstrated in CLL where miR-29a was overexpressed in
indolent CLL in comparison to normal B cells. Howeyver,
a hypothesis of solely miR-29 initiating leukemia was not
confirmed™.

As for MM, one of its main characteristics is bone
disease which is a result of imbalance between osteoblasts
and osteoclasts bone formation caused by MM cells. It
was found that miR-29b expression decreases during os-
teoclast differentiation in vitro and suppresses its targets
c-Fos and metalloproteinase 2. miR-29b-based treatment
of MM-related disease was suggested when the results
showed enforced miR-29b expression disrupting osteoclast
differentiation and overcoming osteoclast activation®.

CIRCULATING MIR-29

In 2008, the discovery of miRNA present in body
fluids was reported. MiRNAs were found in almost all
body fluids, e.g. serum, plasma, saliva, urine, etc (ref.”
3). Interestingly, under unfavorable conditions, such as
boiling, storage at room temperature, low or high pH or
repeated cycles of freeze-thawing, plasma miRNAs were
found to be unconventionally stable. Possibly, there are
two mechanisms by which circulating miRNAs are pro-
tected from degradation. The first possibility is to form ri-
bonucloeprotein complexes of miRNA and RNA-binding
protein, e.g. Ago2 (ref.”), NPM-1 (ref.”) or high-density
lipoproteins (HDLs) (ref.’®). The other option is packag-
ing in small vesicles. Depending on the size and form of
release, these small vesicles can be exosomes, which are
released from endosome membrane, or microvesicles, that
are shed directly from plasma membrane, or even apop-
totic bodies”*°. Current evidence shows that the major-
ity of circulating miRNAs are bound to proteins rather
than found in vesicles. This aside, it seems that cells can
actively select which miRNAs will be released from cells
and which will stay within the cell®'. However, little is
known about circulating miRNA origins and factors in
their regulation and other underlying mechanisms need
to be determined.

Our own data showed the presence of circulating
serum miR-29a in MM patients. Serum levels of miR-
29a were able to distinguish MM patients from healthy

donors. Although further analysis is required, it is pos-
sible that circulating miRNAs represent a novel and eas-
ily accessible putative marker®?. Such a marker would be
important and highly clinically relevant in diseases such
as MM, where frequent testing of bone marrow is not
ethically permissible.

The question of comparing established biomarkers
and circulating miRNAs was investigated in patients
with CLL (ref.??). A set of 3 miRNAs, including miR-
29a, was able to distinguish healthy controls from CLL
patients. Furthermore, another set of miRNAs, including
miR-29a, was compared with IgV, and zeta-associated
protein (ZAP) status, an established clinical risk stratifier
in CLL (ref.®*). This miRNA set could separate ZAP-70"
and ZAP-70 samples but did not correlate with IgV,, mu-
tation status®’.

CONCLUSION

First dismissed as a type of junk RNA, miRNAs were
demonstrated to be pivotal in gene regulation. In recent
years, miRNAs have also been discovered to be important
players in cancer pathogenesis and understanding of their
significance has broadened. MiRNAs function both as
tumor suppressors and oncomirs.

MiR-29 is involved in various physiological processes,
such as proliferation, differentiation, apoptosis and senes-
cence. It has also been shown that the miR-29 family is
deregulated in hematological malignancies as well as in
solid tumors. The analyses are influenced by heterogene-
ity of the diseases, detection methods used, various ge-
netic background of patients/control groups, and different
disease stage. In some cases, small data sets may impair
data validation. However, its specific role in hematological
malignancies remains unclear.
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Combination of serum microRNA-320a and microRNA-320b as a
marker for Waldenstrom macroglobulinemia

To the Editor: IgM monoclonal gammopathies are a group of diseases characterized by
increased level of IgM immunoglobulin produced by one clone of B cells. These diseases
range from benign (monoclonal gammopathy of undetermined significance, MGUS) to
malignant, such as Waldenstrom macroglobulinemia (WM) or to a lesser extent multiple
myeloma (MM) [1,2]. The criteria that differentiate WM from IgM-MGUS are based on the
extent of bone marrow (BM) involvement, amount of serum concentration of the M-
protein, presence or absence of symptomatic disease or more recently, MYD88 (L265P) or
CXCR4 mutations [3-6]. Despite that, new criteria for the differential diagnosis between
these conditions are still needed, circulating microRNAs (miRNAs) being one of them. Cir-
culating miRNAs are present in different body fluids; they reflect physiological or pathologi-
cal conditions and can be used for patient classification [7,8]. Thus, we aimed to investigate
the ability of serum miRNAs to distinguish WM from IgM-MGUS as well as IgM-MM
patients and healthy donors (HD).

For this purpose, circulating miRNAs were isolated from serum samples and screen-
ing of 667 miRNAs using TagMan Low Density arrays was performed on five WM
patients, five IgM-MGUS, five I[gM-MM patients, and five HD samples to identify differ-
ently expressed circulating miRNAs in WM (Supporting Information Fig. S1). Out of
deregulated miRNAs, miR-320b, miR-320a, miR-151-5P, and let-7a were further validated
by quantitative real-time PCR (qPCR) on a larger cohort of 21 WM, 15 IgM-MGUS, 10
IgM-MM, and 18 HD serum samples (Supporting Information Table S1), as they were
present at the top of the list of deregulated miRNAs between IgM-MGUS, HD, and WM
and showed highest fold change and most favorable expression (Ct < 30). In addition,
some of the miRNA levels were correlated with clinically important parameters and
MYDS88 (L265P) mutation status.

MiR-320a and miR-320b showed different expression between WM and all other
groups of samples (P < 0.05). Let-7a and miR-151-5P were significantly decreased in
WM samples as compared with HD (all P < 0.05) and IgM-MGUS samples (all P <
0.05) but not with IgM-MM (P = 0.285 and P = 0.286, respectively). As only miR-320a
and miR-320b remained statistically significant, only these two miRNAs were chosen for
further analyses (Supporting Information Table S2).

Receiver Operating Characteristic curves (ROC) were used to evaluate diagnostic
effectiveness of miR-320b and miR-320a and to estimate the appropriate cutoff (Support-
ing Information Table S3). MiR-320b was more potent than miR-320a to distinguish
WM from HD with sensitivity of 85.7% and specificity of 94.4% using cutoff value of
1,072 copies per 1 ng of miRNA/RNA. However, combination of miR-320b with miR-
320a improved sensitivity up to 90.5% with specificity of 94.4% using cutoff value
—0.6253 obtained from nominal logistic regression model (Fig. 1A). More importantly,
miR-320b discriminated WM from IgM-MGUS with specificity of 73.3% and sensitivity
of 85.7% using cutoff value of 1,072 copies per 1 ng of total miRNA/RNA, and combina-
tion of miR-320b with miR-320a reached specificity of 73.3% and increased sensitivity up
to 90.5% with cutoff defined as —0.2373 (Fig. 1B). Furthermore, miR-320b distinguished

also WM from IgM-MM with sensitivity of 71.4% and specificity of 80.0% with cutoff
904 copies per 1 ng of total miRNA/RNA, and together with miR-320a, the two-miRNA
based combination yielded sensitivity of 81.0% and specificity of 100.0% with cutoff value
defined as —1.4322 (Fig. 1C).

Additionally, associations between miR-320a and miR-320b expression levels and
important disease parameters of IgM-MGUS, WM, and IgM-MM were investigated. In
IgM-MGUS group, a positive correlation was found between levels of miR-320b and
albumin (P < 0.05; r, = 0.521) and moderate positive correlation between levels of
miR-320b and calcium (P < 0.06; ry = 0.509). In WM group, levels of miR-320a nega-
tively correlated with B,-microglobulin (P < 0.05; r, = —0.468) and with percentage of
lymphoplasmacytic cells infiltration in the BM (P < 0.05; r; = —0.573). Next, in IgM-
MM group, miR-320b and miR-320a negatively correlated with levels of M-Ig (P <
0.05; r¢ = —0.782 and r; = —0.636, respectively), and there was a positive correlation
between levels of miR-320a and lactate dehydrogenase (P < 0.05; r; = 0.818). All asso-
ciations are present in Supporting Information Table S4. We also evaluated mutation
status of MYD88 (L265P) in all available PB samples (Supporting Information Fig. S2).
Levels of miR-320a were significantly lower in MYD88 (L265P) positive patients (P =
0.032), and there was an identical trend for miR-320b, although not significant (P =
0.079).

Both miR-320a and miR-320b were observed in higher concentrations in cellular frac-
tions in comparison with cell-free fractions, and interestingly, more copies of these
microRNAs were observed in the CD19-fraction. Additionally, both miR-320a and miR-
320b were present in exosomes as well as in exosome-depleted samples; however, their
levels tend to be increased in exosomal fractions (Supporting Information Fig. S3).

The investigation of molecular features of IgM-monoclonal gammopathies is essential
to identify specific risk markers for disease development. Routinely, differentiation of
IgM-MGUS from WM is possible only by trepanobiopsy, as neither BM aspiration nor
flow-cytometry provide sufficient data for diagnosis. Therefore, in this study, we focused
on the role of circulating serum miRNAs as biomarkers of WM. Combination of miR-
320a and miR-320b served as the best indicator for WM as it was able to distinguish
WM from HD, but more importantly WM from premalignant IgM-MGUS and malig-
nant IgM-MM. Our data suggest that such miRNAs combination might be a novel effec-
tive tool for WM discrimination which, however, needs further validation and study.
Although the amount of patients with mutant MYD88 (L265P) was small, it can be
hypothesized that mutation in MYD88 might be connected to lower miRNA levels; how-
ever, underlying biology again needs to be elucidated. It still remains an open question, if
studied miRNAs are actively or passively secreted from tumor cells; nevertheless, it is
plausible to assume that they are actively transported in vesicles, as they are present pri-
marily in exosomes. Association of low levels of these miRNAs with WM diagnosis sug-
gests their involvement in the disease; however, the origin of such miRNAs in circulation
still remains unclear. Nonetheless, considering the minimally invasive character of serum
sampling, reproducibility, and easy detection of circulating miRNA, they may provide a
convenient and inexpensive method to establish the diagnosis of WM or to predict the
evolution of IgM-MGUS.
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Figure 1. Receiver operating characteristics (ROC) curves. ROC curves for combination of miR-320a and miR-320b distinguishing (A) WM from HD with area
under the curve (AUC) = 0.921, (B) WM from IgM-MGUS with AUC = 0.743, (C) WM from IgM-MM with AUC = 0.924.
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18. MikroRNA u mnohocetného myelomu

Lenka Kubiczkova, Sabina Sevcikova, Roman Hajek

Mnohoéetny myelom (MM) je maligni lymfoproliferativni onemocnéni charakte-
rizované infiltraci kostni dfené patologickymi plazmocyty, osteolytickymi lézemi
skeletu a pritomnosti monoklondlniho imunoglobulinu v séru a/nebo mo¢i. Inci-
dence MM je 4/100 000 obyvatel v CR. Incidence vzriistd s vékem, s medidnem 65
let pti diagnoze [1]. MM je povazovan za obtizné lé¢itelné, nicméné jiz vylécitelné
onemocnéni s pétiletym medidnem preziti niz$im nez 40 % [2]. Jedna skupina
MM pacientit (10-15%) je povazovana za vysoce rizikovou (high-risk), jelikoz
u nich dochazi k rapidni progresi onemocnéni, pacienti dosahuji kratsi remise
s naslednym vyvojem refraktorni nemoci [3,4].

Pro MM je typicka genomickd nestabilita. Cytogeneticka analyza MM bunék
ukazuje na ¢asté mutace a chromozomalni aberace. Aneuplodie je velice ¢astd,
mezi nejcastéjs$i zmény patti reciproké chromozomalni translokace IgH lokusu,
monosomie chromozomu 13, ztrata kritkého raménka chromozomu 17 a zisk
dlouhého raménka chromozomu 1. Ve srovnani s ostatnimi hematologickymi ma-
lignitami, které jsou charakterizovany malym poctem genetickych aberaci, jsou
tyto zmény u MM casté, nékteré jsou navic pouzivany jako prognostické markery
[5,6]. Pravé heterogenita tohoto onemocnéni je pravdépodobné spojena s moleku-
larni charakteristikou maligniho klonu [3].

V posledni dobé ptichazi do popiedi zajmu také problematika miRNA v patoge-
nezi a progresi MM. Z metodického hlediska jsou dva zakladni piistupy ke studiu
miRNA u MM, a to screeningovy (spiSe transla¢ni) a funkéni (zakladni vyzkum).
V této kapitole se nejdrive budeme vénovat vysledkim globalniho profilovani ex-
prese miRNA a dale konkrétnim miRNA a jejich souvislosti s patogenezi MM.

18.1. MikroRNA v patogenezi mnohocetného myelomu

Prvni abstrakta zabyvajici se ulohou miRNA v patogenezi MM byla prezento-
vana v roce 2005 na setkdni Americké hematologické spole¢nosti. Jako prvni
byly popsany expresni profily miRNA u myelomovych linii a vzorkt pacientt
a bylo zji$téno, Ze jak buné¢né linie, tak maligni, CD138+ plazmatické bunky
(PC - plasma cells) pacientt maji odlisnou expresi nékterych miRNA (miR-
-125b, miR-133a, miR-1 nebo miR-124a) ve srovnani s PC zdravych darci [7].
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Dalsi préce, ve které byla pouzita kvantitativni PCR (qQRT-PCR), popisuje zvy-
$enou expresi let-7a, miR-16, miR-17-5p a miR-19b, a naopak snizenou expre-
si miR-372, miR-143 a miR-155 u MM pacientt a buné¢nych linii ve srovnani
se zdravymi kontrolami [8]. Exprese miR-15 a miR-21 se v této studii vyznamné
nelisila mezi zdravymi darci a nemocnymi, coz je v rozporu s pozdéjsi studii,
ktera identifikovala miR-21 jako onkogen s antiapoptotickou funkei [9]. Pomoci
chromatinové imunoprecipitace bylo zji$téno, Ze se STAT3 podili na regulaci
exprese miR-21 v IL-6 zavislych PC po pridavku IL-6. Zda se, ze u téchto bu-
nék je transkripce miR-21 kontrolovdna pomoci IL-6 a zprostfedkovana aktiva-
ci STAT3, coz napomaha prezivani malignich bunék. Navic ektopickd exprese
miR-21 za nepiitomnosti IL-6 vedla ke snizeni apoptézy bunék, coz potvrzuje
ucast miR-21 v procesu apoptdzy, kterd je zprostiedkovand pomoci STAT3 [9].

V pilotni studii zabyvajici se tlohou miRNA v maligni transformaci PC byla
pomoci miRNA mikro¢ipt a nasledné qRT-PCR srovnavana exprese miRNA jak
u zdravych darcti, tak u osob s monoklonalni gamapatii nejasného vyznamu
(MGUS - monoclonal gammopathy of undetermined significance), pacientt
s MM a u buné¢nych linii. Byly identifikovany specifické profily miRNA popisuji-
cijak PCv MM, MGUS a MM liniich, tak transformaci z MGUS do MM. U MGUS
bylo nalezeno 48 miRNA, u MM pacienti jiz 96 odli$né exprimovanych miRNA
ve srovnani se zdravymi darci. U obou skupin, MM i MGUS, byla pozorovéna
zvy$end exprese miR-21, klastru miR-106-25 a miR-181a/b, nicméné pouze u MM
byla stanovena zvy$end exprese miR-32 a klastru miR-17-92. Zd4 se tedy, Ze se tyto
miRNA podileji na progresi onemocnéni a napomahaji transformaci z MGUS do
MM (obr. 18.1.) [10].

V névaznosti na ziskané poznatky byla provedena (u PC zdravych darctt a MM
pacientt) srovnavaci analyza expresniho profilu miRNA a expresniho profilu ko-

B-lymfocyt germinalniho centra Myc
mpm2t

Dicer

Mnohocetny myelom
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tmir-21 tmir-181a/b

tmiR-106-25 tmir-17-92

tmiR-181a/b tmir-32

tmir-1 t miR-193b-365

tmir-133a I miR-192-194-215
{miR-15a/16

Obr. 18.1. Schematické znazornéni transformace plazmatické bunky. Reprezentativni
mikroRNA a geny vyznamné deregulované u jedinctd s MGUS a MM ve srovnani se zdra-
vymi jedinci.
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Tab. 18.1. Deregulované mikroRNA v plazmatickych bunkdach pacientli s mnohocet-
nym myelomem (MM). Pfevzato z [38].

MikroRNA Lokus Exprese u MM PCs Cilové geny Literatura
miR-181a/b | 1g32.1 zvysena PCAF, HOXA11, [[10,11,17]
TCL
miR-1 20q13.33 | zvysend [10,18,27]
zvysena u MM pacientl
s t(14;16)/t(14;20)
zvysena u MM pacientl s t(14;16)
miR-15b 3925.33 |zvysena [10,11,16,17]

snizena u MM relapst/
refraktornich MM
miR-221 Xp11.3 zvysena [10,11,17,18, 27]
zvysena u pacient( s t(4;14)
snizend u pacientu s deleci RB

miR-222 Xp11.3 zvysena u MGUS P27, PTEN [10,11,17,27]
zvysena
zvysena u pacientC s (4;14)

miR-106b-25 |7q22.1 zvysena P21, BIM, E2F1, [[10,11,16]

PCAF
miR-17-92 13931.3 | zvy3end u miR-17, miR-19a, [10,11,16,18]
miR-19b, miR-20a, miR-92a

zvysena u miR-17, miR-18a, P21, BIM, E2F1,

miR-19a, miR-20a, miR-92a PTEN
zvysena u miR-92a
snizena u miR-19a, miR-19b,
miR-20a u pacient( s deleci RB

dujicich genti (GEP - gene expression profiling), kterd prokazala souvislost mezi
globalni zvy$enou expresi miRNA a §patnou prognézou high-risk MM pacientii
[11]. Dalsi studie by mohly podpofit tuto souvislost, jelikoz bylo pozorovano, ze
vy$$i viabilita MM bunék souvisi s vyfazenim z funkce Argonaut (EIF2C2/AGO2)
komplexu, ktery je hlavnim regulatorem maturace a funkce miRNA a jehoz expre-
se je zvy$end u high-risk MM [12,13]. EIF2C2/AGO?2 se navic podili na diferenci-
aci B-lymfocytt [14] a je zndm jako marker nddorové progrese u MM [15]. V této
studii byla také navrzena hypotéza, Ze miRNA mohou piisobit synergisticky, a tim
vyznamné prispivat k progresi MM.

Jind miRNA mikro¢ipovd srovnavaci studie odhalila zvy$enou expresi klastru
miR-193b-365 u PC MM pacienttt [16]. Dale byly porovnany expresni miRNA
profily PC MM pacientt s profily normalnich PC a byla zjisténa vyznamné zvyse-
nd exprese miR-222, miR-221, miR-382, miR-181a a miR-181b a snizena exprese
miR-15a a miR-16 [17]. Gutierrez et al. ve své praci porovnali miRNA expresni
profil PC 60 MM pacientt s PC zdravych darcti a pozorovali snizenou expresi 11
miRNA (miR-375, miR-650, miR-214, miR-135b, miR-196a, miR-155, miR-203,
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miR-95, miR-486, miR-10 a miR-196b), z nichz pouze miR-155 byla jiz diive po-
psdna v souvislosi s lymfoidnimi burikami [18].

Nedavno publikovand prace popisuje 40 miRNA se sniZzenou expresi v PC MM
pacientd ve srovndni se zdravymi darci, z nichz 6 miRNA (miR-214, miR-135b,
miR-196a, miR-155, miR-203 a miR-486) se shoduje s miRNA publikovanymi
skupinou Gutierreze et al. Navic vysledky klastrovaci analyzy 54 MM pacientt po-
ukazaly na tfi miRNA, a to miR-296, miR-194 a let-7f, jejichZ zvy$end exprese sou-
visi s lep§im prezivanim pacientt [19].

Stanovené expresni profily PC MM pacientt nejsou jednotné, nicméné nékteré
miRNA byly potvrzeny ve vice studiich, jak je zndzornéno v tab. 18.1.

18.2. Rezistence nalécbu a mikroRNA
v mnohocetném myelomu

Pritomnost miRNA je také spojovana s rezistenci viic¢i nékterym léktim. Bortezo-
mib (Velcade, dfive PS-341, Millennium Pharmaceuticals, Inc.) patfi do skupiny
inhibitorti proteazomu. Jednd se o dipeptid kyseliny borité, vykazujici protind-
dorové ucinky [20]. Bortezomib byl schvalen k 1é¢bé MM v relapsu i pro 1é¢bu
nové diagnostikovanych pacientt [21]. V roce 2009 byly popsany expresni drahy
miRNA, které souviseji s lé¢ebnou odpovédi k bortezomibu. Srovnani expresnich
profilii linii rezistentnich a citlivych k bortezomibu odhalilo 22 deregulovanych
miRNA, z toho zvy$enou expresi mély miR-155, miR-342-3p, miR-181a, miR-181b,
miR-128 a miR-20b, naopak snizena exprese byla pozorovana u let-7b, let-7i,
let-7d, let-7¢c, miR-222, miR-221, miR-23a, miR-27a a miR-29a. Mezi predikované
cile téchto miRNA patti geny zapojené do buné¢ného cyklu, bunééného ristu,
apoptdzy a ubikvitinace. Nésledné, pro stanoveni klinického vyznamu uvedenych
miRNA, byly korelovany expresni profily miRNA PC pacientti rezistentnich a cit-
livych k bortezomibu s jejich odpovédi na 1é¢bu. Bylo zjisténo, Ze pacienti citlivi
k terapii bortezomibem méli stejny profil deregulovanych miRNA jako linie citlivé
k bortezomibu a stejné tak profil pacientt rezistentnich k bortezomibu inklinoval
k profilu stanovenému na liniich [22].

V dal$i studii, zabyvajici se zménou expresnich profilt miRNA béhem ziskané
1ékové rezistence, byly srovnany modelové expresni profily miRNA mezi MM bu-
néénymi liniemi (RPMI-8226 a U266) se ziskanou rezistenci k doxorubicinu
a melfalanu a jejich parentédlnimi liniemi. Vysledky expresni analyzy byly valido-
vany pomoci qRT-PCR a vyznamné zmény byly pozorovany u miR-21 a miR-181a
a miR-181b. Exprese miR-21 byla zvy$ena u obou klont linii rezistentnich k mel-
falanu. Prekvapivé bylo zjisténo, Ze exprese miR-181a a miR-181b byla sniZena
u U266 doxorubicin rezistentni linie, ale zvy$end u RPMI-8226 doxorubicin rezis-
tentni linie. Zda se, Ze zmény vedouci k 1ékové rezistenci jsou nahodné a efekt
miRNA je zavisly na kontextu [23].
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18.3. Mechanizmus deregulace mikroRNA
v mnohocetném myelomu

Nové studie, navazujici na predchozi objevy, ¢aste¢né vysvétluji mechanizmus de-
regulace miRNA u MM. Srovnavaci mikroc¢ipova analyza miRNA a analyza poc¢tu
kopif (CNV - copy number variations) DNA nebo GEP MM linii objasnily de-
regulaci 16 miRNA, jejichz geny lezi v oblastech chromozomi, které jsou ¢asto
predmétem ruznych alelovych zmén u MM. Mezi nejéastéjsi zmény pattily zisky
chromozomd. Bylo zjiténo, Ze miR-548-1 se vyskytovala s nejvyssi cetnosti (94 %)
v oblastech zisku chromozomu, zatimco miR-130b, miR-185, miR-648 a miR-649
(v8echny lezi v oblasti 22q11.21) jsou zastoupeny v oblastech ztrity chromozo-
mu. Mezi dalsi ¢asto deregulované miRNA pattily miR-22 lezici v oblasti 17p13.3,
miR-106b a miR-25 v oblasti 7q22.1, miR-15a v oblasti 13q14.3, miR-21 v oblasti
17q23.1 a miR-92b, ktera se nachazi v oblasti 1q22 [24]. Klastr miR-15a/16-1 byl
dale podrobnéji studovan a bylo zjisténo, ze u pacientt s deleci chromozomu 13
zcela chybi miR-15a a miR-16, nicméné u pacientt bez delece chromozomu 13
byla exprese miR-15a a miR-16 také vyznamné snizena [17].

Dalsi studie, srovnavajici CNV s ¢ipy mapujicimi jednonukleotidové polymor-
fizmy (SNP - single nucleotide polymorphism), ukdzala, Ze exprese miR-15a
a miR-16 neni zavisld na statutu chromozomu 13, ale obecné je u MM pacientt
exprese zminénych miRNA oproti normdlnim PC zvysena [25].

Byla také nalezena korelace mezi $esti intragenovymi miRNA a geny, uvnitf
kterych se miRNA nachazeji. Tyto geny jsou deregulovany u MM linii a pacientii
a nékteré jsou dulezité v patogenezi MM, jako MEST a miR-335 nebo EVL a miR-
-342-3p [26]. V jiné praci byla nalezena souvislost mezi 32 intragenovymi miRNA
a geny, uvnitt kterych lezi; nékteré z téchto gent jsou opét vyznamné deregulova-
ny u MM pacientt. Studie potvrdila jiz vy$e zminéné korelace, navic byla zjisténa
souvislost mezi genem COPZ2 a miR-152 [24]. Ziskané vysledky naznacuji, Ze
zména poctu kopii genu souvisi se zvy$enou expresi jeho intragenovych miRNA,
coz by ¢aste¢né vysvétlovalo mechanizmus zménéné exprese miRNA u MM.

JelikoZ je myelom velmi heterogenni onemocnéni, pro které jsou charakteristic-
ké komplexni cytogenetické aberace, je velmi pravdépodobné, Ze tyto aberace
ovliviuji také expresi miRNA. V nedavné studii bylo 60 MM pacientti rozdéleno
na zakladé transloka¢nich partnert IgH genu a statutu RB genu do rtiznych cyto-
genetickych podskupin a tyto podskupiny pacientii byly srovnany s jejich expresi
365 miRNA. Vysledky klastrovaci analyzy poukazaly na zvy$enou expresi miR-1
a miR-133a, které souviseji s translokaci t(14;16) [18]. Zménéna exprese jinych
miRNA byla dale popsana v souvislosti s translokacemi t(4;14), t(11;14) nebo
t(14;16) [18,27]. Nové bylo popsano pét miRNA, které byly zvySeny u pacientii
s t(11;14), a to miR-122a, miR-33, miR-489, miR-519 a miR-555 [19].

Dal$i moznosti deregulace miRNA je zména v jejich zpracovani nebo maturaci.
Jiz dtive zminéna studie EIF2C2/AGO2 komplexu uvadi, ze ubytek AGO2 souvisi
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se zastavou rustu a apoptozou u MM bunék [11]. V souladu s tim bylo prokézano,
ze zménénd hladina enzymu Dicer, ale ne enzymu Drosha, muZe souviset s pro-
gresi MM. Autofi pozorovali podobnou hladinu enzymu Dicer u PC zdravych
darct a pacientd s MGUS, ktera je v§ak oproti doutnajicimu myelomu a MM pa-
cientim vyznamné zvy$end. Navic bylo pozorovéano, ze skupina pacientt s vy$si
hladinou enzymu Dicer méla delsi dobu do progrese [28].

Zminéné vysledky jsou vSak v rozporu s neddvno provedenou studii, ve které
nizsi exprese genu DICER1 u skupiny MM pacienti souvisi s del$i dobou do pro-
grese nemoci [19]. Zd4 se tedy, Ze regula¢ni mechanizmy ovliviiujici jak miRNA
maturaci, tak jejich funkci se mohou podilet na zménéné expresi miRNA, dalsi
studie ur¢ité pomohou objasnit zminéné nesrovnalosti.

18.4. MikroRNA ovliviujici kritické geny
u mnohocetného myelomu

Mnoho védeckych skupin se zabyvalo otazkami, jak dilezité jsou z funkéniho hle-
diska zmény v expresi miRNA a jak tyto zmény souvisi s patogenezi MM. Pro
zodpovézeni téchto otdzek jsou vyuzivany razné pristupy od predikce cilovych
gent pomoci in silico modeld az po pokusy s transgennimi zvitaty.

Je znamo, Ze kodujici geny, které se podileji na procesu kancerogeneze u MM,
jsou cilem pro deregulované miRNA. Bylo prokazano, ze klastr miR-17-92, nacha-
zejici se v oblasti 13q31-32, ovliviiuje expresi genu PTEN, genu pro transkripéni
faktor E2F1 a BIM [29,30]. U transgennich mysi se zvySenou expresi tohoto klas-
tru v lymfocytech byly pozorovany lymfoproliferativni a autoimunitni onemocné-
ni a ¢asnd umrti. Déle bylo zji$téno, Ze purifikované mysi CD4+ lymfocyty se zvy-
$enou expresi miR-17-92 obsahovaly snizené mnozstvi proteintt PTEN a BIM, coz
naznacuje, ze miR-17-92 klastr ovliviiuje tyto nadorové supresory [29]. Brzy nato
byla publikovana dalsi studie, ve které bylo prokazano, ze zminény klastr je ne-
zbytny pro vyvoj B-lymfocyta. Neptitomnost miR-17-92 vedla ke zvy$ené hladiné
pro-apoptotického proteinu BIM, a tim k zastavé vyvoje z pro-B do pre-B stadia
[30]. Zd4 se tedy, ze zvy$ena exprese miR-17-92 negativné reguluje zminéné nado-
rové supresory a prispiva k transformaci PC a progresi MM.

Predikce in silico také ukazala, Ze cilem miR-21 a klastru miR-106-25 jsou mezi
jinymi nadorové supresory PTEN, BIM a p21, a proto je pravdépodobné, Ze se tyto
miRNA mohou podilet na vyvoji plné rozvinutého myelomu [10].

Jina miRNA, miR-19a/b, ovliviiuje drahu STAT-3/IL-6, ktera je dulezita v patoge-
nezi MM. Bylo prokdzano, Ze miR-19a/b pfimo ovliviiuje SOCS1 (negativni reguld-
tor IL-6), a tim ptispiva k jeho casté deregulaci u MM bunék [10]. Také miR-21,
zminéna vyse, plisobi jako onkogen a podili se na regulaci této drahy [9].

Jak jiz bylo zminéno dfive, miR-15a a miR-16-1 lezi v oblasti chromozomu
13q14.3, ktera je deletovana u vice nez 50 % pacientti s MM. Tato delece je pova-
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Zovéna za primdrni mutaci, ktera se podili na patogenezi MM [31]. MiR-15a/16
jsou povazovany za nadorové supresory podilejici se na proliferaci MM bunék
in vitro i in vivo tim, Ze inhibuji AKT serin/treonin proteinovou kindzu (AKT3),
ribozomalni protein S6, MAP kindzy a NFkB aktivator MAP3KIP3 [17]. Dale
bylo prokdzano, Ze miR-15a/16 nejen reguluji expresi genti buné¢ného cyklu,
jako jsou cykliny D1 a D2, dale CDC25A, ale rovnéz ovliviiuji expresi gent spo-
jenych s apoptdzou: BCL2 nebo MCL1 [32]. Navic ektopicka exprese miR-15a/16
negativné reguluje angiogenezi pomoci VEGF [17]. Nedavno byla popséana tlo-
ha miR-15a/16 v mikroprostfedi kostni dfené. Bylo zji§téno, Ze exprese miR-
15a/16 je v MM burkach po ovlivnéni cytotoxickymi latkami vys$si. Nicméné po
interakci téchto bunék se stromdlnimi buiikami kostni dfené odvozenymi od
MM (MM-BMSC) pacienta, byla pozorovana snizend exprese miR-15a/16
u myelomovych bunék. Divodem byla zvy$ena produkce IL-6 stromalnimi bun-
kami, ktery inhiboval expresi zminénych miRNA. Zda se tedy, ze mikroprostte-
di je dulezité pro preziti MM bunék a chrani je pted ptsobenim lékat pomoci
sekrece IL-6, ktery inhibuje expresi miR-15a/16 [33].

Nové publikované prace se dale zaméfuji na vztah miRNA k nadorovému su-
presoru p53. Vysledky screeningové metody umoznujici identifikovat miRNA,
které negativné reguluji signalizaci p53 pomoci pfimé interakce s genem TP53,
naznacily, Ze miR-25 a miR-30d mohou ovliviiovat p53. Navic byla exprese miR-25
a miR-30d zvysena v PC MM pacientti a u miR-25 zvy$end exprese korelovala se
snizenou expresi mRNA TP53 [34]. Také miR-181a byla popséana jako negativni
regulator exprese genu TP53, coZ potvrzuje spojitost mezi p53 a aberantn{ miRNA
expresi [35]. Je zndmo, Ze miR-34a je transkrip¢nim cilem p53 zprosttedkovéavaji-
cim apoptédzu [36]. U MM pacientts byla pozorovana hypermetylovand miR-34a
v oblasti 1p36. JelikoZ se u krevnich nddorovych onemocnéni nevyskytuje mutace
TP53 tak ¢asto jako u solidnich nadort, mohla by hypermetylace miRNA ¢aste¢né
vysvétlit dysregulaci p53 signalizace [37]. V dalsi studii byla nalezena sniZend ex-
prese miR-192, miR-194 a miR-215 u ¢asti novych diagndéz MM pacientii. Dalsi
pokusy in vitro prokézaly, Ze pfi pouZziti molekularnich inhibitordt MDM2 mohou
byt tyto miRNA transkripéné aktivovany pomoci p53 a posléze mohou modulovat
expresi MDM2. Je tedy patrné, ze miR-192, miR-194 a miR-215 ovliviiuji MDM2/
TP53 regula¢ni osu a kontroluji rovnovéhu mezi MDM2 a p53. Navic miR-215
a miR-192 ovliviuji signélni drahu IGF, a tim zabranuji zvy$ené migraci PC do
kostni dfené [35].

W Zavér

Béhem poslednich let bylo provedeno mnoho studii srovnavajicich globalni pro-
fil CD138+PC MM pacientt a zdravych darctt pomoci rtiznych high-throughput
screeningovych metod, od oligonukleotidovych ¢ipti az po qRT-PCR profilovani.
Kazda z metod ma své silné a slabé stranky poskytujici rozdilné vysledky, ke kte-
rym navic pfispiva velka heterogenita onemocnéni. Obecné bylo doposud ve vét-
$§iné praci u myelomu identifikovano vice miRNA se zvy$enou expresi u PC nez se
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snizenou expresi. Vyjimkou je prace Guttiereze et al., kterd popisuje vice miRNA
se snizenou expresi (tab. 18.1.).

Déle mtizeme Fici, Ze ani identifikace jednotlivych miRNA neni jednotna, coz
miize byt zptisobeno nékolika faktory. Za prvé je v kazdé studii rozdilny soubor
pacientt a kontrol a rozdilna velikost souboru. Jak jiz bylo zminéno, je MM velmi
heterogenni onemocnéni a kazdy pacient ma jinou kombinaci genetickych muta-
ci a cytogenetickych aberaci, coz se miize projevit na rozdilné subklasifikaci do
skupin ve srovnani se zdravymi darci. Za druhé, pacienti mohou mit v réiznych
stadiich onemocnéni odli§né profily miRNA. Naptiklad miR-15 byla popsana
jako zvy$end u novych diagnoz, ale sniZzend u relapst [10,11]. V neposledni fadé
se na odli$nostech podileji rozdily ve zpracovani vzorku, purifikaci PC, extrakci
miRNA a déle rozdilné mikro¢ipové platformy a rtizné verze ¢ipu.

Dnes jiz vime, Ze zménénd exprese miRNA u MM muze mit pfi¢iny genetické,
cytogenetické nebo epigenetické. Byly také popsany specifické miRNA charakteri-
zujici progresi MM, lepsi prognézu nebo rezistenci vici léktim. Mechanizmus de-
regulace neni zatim presné znam, vime jiz, Ze v pozadi stoji jak zména v cilovém
genu pro miRNA, tak zmény v poctu kopii lokust, ve kterych se nachdzi miRNA,
defekty v biogenezi miRNA a epigenetické zmény. Snahou dalsich studii by mélo
byt objasnéni komplexity regulace miRNA a identifikace terapeutickych cila.

M Podékovani
Tato prace byla podpotena vyzkumnymi projekty MSMT CR MSMO0021622434,
GA CR GAP304/10/1395 a IGA MZ CR NT11154 a NT12130.
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