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WYKAZ STOSOWANYCH SKRCETCW

autoHSCTipr zeszczepienie autologicznych Kkr wio
(ang autologoushematopoetic stercell transplantation

Clipr zedzi aafg canfiderceSimterval (

CRicagkowi tamng.corplate eiissign

CRBNI cereblon é&ng.cereblon)

CUL4ATbi agko wchodzNce w skgad éangeniinddk su | i

DDBlibi agko wchodzNce w skgad amDNAl eksu | ig
damagebinding proteinl)

D-VTd 1 daratumumab, bortezomib, talidomid, deksametaaog.faratumumab,
bortezomib, thedomide, dexamethasone

FLCiwol ny | ekki §a &Ecu cahg.freedighticmio)g! obul i nowy (
HRTws p - § c zy n ang kazardyratiy k a (

IKZF1 1 czynnik transkrypcyjny Ikarosa(g Ikaros family zinc finger)1

IKZF3 1 czynniktranskrypcyjny Aiolos @ng.lkaros family zinc finger protein)3

IL-27 interleukina 2 éng interleukin2)

IMIDsT | e ki i mmu n cangdnumuhorngdNatogy dr(iys

IFN-2 71 interferon gammaang.interferon gamma)

ISST Mi ndzynar od®wogngstydznygheg Ikternational Staging Systgm

RBXlibi agko wchodzNce w skgad #&ngRINGbexk su | i g
protein 1)

Rdi lenalidomid, deksametazoar(g lenalidomide, dexamethasgne

MM i szpiczak plazmocytowyafig multiplemyeloma

MRD i mierzalna choroba resztkowan@.measurable residual disegse
PD7 progresja chorobyafng.progressive diseaye

Pdi pomalidomid, deksametazoang.pomalidomide, dexamethasgne
PRiczfiSci owang padimhiesppnge (

PFSipr ze Uy ci e wo lang@rogoedsiogireesugvival)s j i (

(FLCist osunek stnUe@® gaEcuch- - w lapgks&inc h i mmu |
freelight chain ratig

SD1 stabilizacja chorobyahg stable diseage
Td i talidomid, deksametazoarfg thalidomide, dexamethasone)
VGPRibardzo dobr a caagivéycgood peatial respompes j a  (

VRd1 bortezomib, lenalidomid, deksametazand bortezomib, lenalidomide,
dexamethasone

VTd 1 bortezomib, talidomid, deksametaz@m@ bortezomib, thatlomide,
dexamethasone



ZARYS PROBLEMU

Szpiczak plazmocytowy afg. multiple myeloma  MM) ] est cho
nowot worowN ukgadu chgonnego, charakteryz
pl azmatycznych, tj . | i mf ocyt - wojrz&vanid nd Ncy
ir-0Unicowani a. Pomi mo faktu, Ue szpiczak
ist anowi okogo 1% wszystkich chor - b n o

hemat oonkol ogicznych MM obejmuje okogo 10
nowot worowyclk hg&egaego [ 1], [ 2] . Wedgug r
Narodowy Instytut Rakaafg.National Cancer Institute NCI ) zapadal noS!
MM w Stanach Zjednoczonych, na podstawie danych epidemiologicznych z lati2010

i 2019, ustabilwygowaigaalkidtdalinie 6,9 przypadk
WPol sce obserwuje sin stagy wzrost zar - w
jakil i czby zgon-w z powodu MM. Wedgug danych
wci Ngu ostatnich dwudzi est uTabelabrlwskaFni ki

Tabela nr 1. Epidemiologia szpiczaka plazmocytowego w Polsce na podstawie danych
z Krajowego Rejestrdlo wot wor - w.

Rok Liczba Wsp-g“]czyLiCZba ZWsp-gczy
zachorowzachor ow umi er al n
1999 829 2,15 762 1,98
2004 1122 2,94 1090 2,85
2009 1132 2,97 1169 3,06
2014 1498 3,89 1282 3,33
2019 1713 4,46 1410 3,67
Obecnie celeml eczeni a MM | est uzyskani e S

(ang.complete remissignCR)z negat ywi zacj N mier amgl nej Cc
measurable residual discad¢RD) , wydguUeni e przeUycia wol
(ang.progressionfreesurvival, PFSpr az ca gk owi t eogevall sunvizag Uy ci a
OS). Obserwowany-l etnosih# p3d5z,e5% -w r5o0ku 200
54%wr oku 2016 wyraUa postnip, j aki dokonag



dw-ch dekad [ 3] . Taanpjespzrugrummwaniarkrali koasolideaji z wi N
| eczenia za pomocN wysokodawkowanej chem

aut ol ogi cznych ko mang. alkologous wematopeietic steny aelh  (

transplantation auteHSCT) orazwpr owadzeni em do | eczeni a
takich jak: | e ki i mmunomodul uj Nce, i nhi bitory
monokonal ne uki erunkowane na antygeny
Pomimoz nacz Nc e | popr awy, MMy pozdstajev nowosvorene ni a

nieuleczanympr owadz Ncym rocznie do 13 000 zgon

iokogo 20 000 zgon-w w krajach Unii Europe

Szczeg-InN grupN lek-w, kt-re istotnice
| eczenia MM sN | eki immunomad@torg drugs IMDS)c e ( an
Pierwszym przedstawicielem te]j grupy byg t
przeci wwymiotni e u kobi et cinUOarnych i z

embriotoksycznych dzi a {go@prowiadzenie 20068 rakuy c h . |

do |l eczenia chorych na MM zapoczNtkowago
trwaj N do dzi S. Obecni e zastosowani e t al
tbtlenalidomi du i pomalidomidu, stanowi pods

stosovanych w rutynowej praktyce klinicznej, w terapii nowo rozpoznanego
inawr ot owego MM [ 5], [ 6] . W Il eczeniu pierw
do auteHSCT rekomendowane | est stosowanie sc
w skojarzeniu z bortezom@im i deksametazonem (VTd) lub z bortezomibem,
deksametazonem i daratumumabera(Dd), alternatywnie lenalidomid w skojarzeniu
zbortezomi bem i deksametazonem (VRd). z |
schorze® wsp-gistniej Ncyicth doubk owm seklui draicg
z zastosowaniem ad SC T , zaleca sin leczenie induk
wskojarzeniu z deksametazonem (Rd) |l ub sc
(VRd) bNd¥ daratumumabem (DRd) .

Pacjenci z nawrotowym lub opornymhae c zeni e MM st anowN szcze
codziennej praktyce klinicznej. ZnaczNcN
podkreSla fakt, Ue poza determinantami kI i
i nii znaczNcy wpJgyw omap aockjreend|ae nri oez, wicnzilyy au
|l enalidomid w toku dotychczasowego | eczen
wczeSniej | eczeni,apciwerapeuiyagN stanowi ecimamat iRd [R]d



lub jego skojarzenie inhibitoremproteasomu drugiej generacji (karfilzomibem [8],

i ksazomi bem [ 91) |l ub przeci wciagem Mo n
el otuzumabem [11]). W przypadku pacjent -
nal enal i domi d o poch oik tsecrhaepneanttaywiNznyiehz alwMieD, s
skojarzenia pomalidomidu z deksametazonem
zprzeci wci agem monokl onal nym (dar at umuma
elotuzumabem [15]), inhibitorem proteasomu (bortezomibem [16]ilx@aniibem [T7],

iksazomibem [18]) lub z lekiem | k i | (cykldfesfarmdem [19]). Ostateczna decyzja

terapeutyczna dotyczNca wyboru odpowiedni
odczynni k-w zaleUnych od pacjenta (wiek, s
powi kania wystfipujNce w trakcie poprzedn
s ame | choroby (czas remisji, obecnoSi ni
opornoSi na poprzednie |inie | eczenia), a
ograniczma j est kryteriami refundacyjnymi posz

Szeroki wyb-r opcji terapeutycznych, |
MM, zobowi Nzuje nas do poggnbiania wiedzy
czNsteczek ofiaz pposeneckiawaych bi omar ker - w
iczynni k-w prognostycznych, pozwal aj Ncych

odnieSi najwinkszN korzySi klinicznN z zac

Przez wiele | at dokgadnyj egochpochkomddych gpo
nieznany, a kolejne doniesienia z bada@E p
| Mi Ds najl epi e]j charakteryzuje okreSlenie

dzi aganie antyangi ogenne, nenstliy posotle dokelrascty-

kom-rek ukgadu odpornoSciowego (tj. | i mf
oddziagujN na interakcje kom-rek MM z mikr
Pomi mo identyfikacji wielu ScieUelke@Mde¢y wn c
u podstaw ich dziagania przypisywany | est

(ang.cereblon , kt -re wraz 2z DbA dafh&gedinding @ae®1), ( ang.
CUL4A (ang.cullin 4A) oraz RBX1 (angRING-box protein}  ws p - gompleks z y
oaktywnoSci | i gazy CREVB[22l tntedakeja IMiDs yz CRBGIR L 4
powoduj e zmi ann profilu bi agek, kt -re p
CRL4RBN a naNtireproiweane na drogfi proteasomaln
kKluczowymiAneosubstratami 0 "N saN kcoznypnl neikksiu tQrRalLnds



IKF1 (ang.lkaros family zinc finger)loraz IKZF3 (anglkaros family zinc finger protein
3) , kt-rych ubi kwi tynacj a [ wt - rna prot
cytotoksyczny wobec komr e k MM oraz modul uj eikakt yehkoSi
NK poprzez regul-acpn-2a[28)[@a. Daychazas opublikoW&ne
wyni ki bada®@ pod¥rawygwy s CRBN: mapgejndiza Uy wot
kom-rek MM oraz hadwkhujyeropbfeo&tyjne dz

ipomal idomidu [27], [28]. ZaS ekspresja b
schemat ami z awi e ri[@%]. \Newiee jednaliBdsmo,[ na emat

predykcyjnego i prognosthycgkh@agddo wyrcadc zlkeamm
CRL4CREN pacjent - -w z rozpoznaniem MM | ec

i mmunomodul uj Ncych.



CEL PRACY

W pracy zbadanoz agadni eni e zal eUnoSci pomi nd
kompleksu ligazy E3 ubikwityny (CRIZ®N) a przebiegiem klinicznym i rokowaniem

u chorych na szpiczaka plazmocytowego, poddanych leczeniu z wykorzystaniem IMiDs.

Wyr -0UOniono nastnfhpapatyce cele szczeg- gow

1. 0Ocena ekspresiji s k g a &Nwv wc drchiwklychp | e k s L
trepanobioptatach pobranych od chorych na MM leczonych IMiDs.

2.0cena =zaleUnoSci pomi ndzy eksPPesj N
auznanymi czynnikami prognostycznynacenianymi w rutynowej praktyce
klinicznej.

3.0cena zaleUnoSci pomi ndz§BN ak upryeskjaM N ¢
odpowi edzi N na | eczenie | MiDs.

4 Weryfikacja zaleUnoSci poffPVidoy!l elgsyyme
wynikami leczenia z wykorzystaniem IMiDs
5.0m- wi eni e moUl i woSci wy k Bf¥Nzjaks tcedun i a k-

terapeutycznego U pacjent-w z rozpozna



WYNIKI

W ramach pracy doktorskiej przeprowadzono retrospektywne badanie
zwy kor zystani em archiwal nych trepanobi op
Z rozpoznaniem szpiczaka plazmocytowego poddanych leczeniu
i mmu n o mo d yw lnstytNaeeHematologii i Transfuzjologii w latach 262015.

Do badania wdNczono (16320%)p apcajcej netn-tw,w w tnyonw o:
MM, poddanych leczeniypierwszej linii z wykorzystaniem talidomidu i 49 (38%)

pacjent-w 2z nawrotowym MM, kt -rzy otr zym:
Medi ana wieku pacjent - w wapomobt Mi De wygnpsd Z
62,5 roku (zakres, 38 5 | at ), szczeg-gowa charakteryst
badanej grupy z o s Tahdj ar 2p Nie ebsesvoveamoi istatngch w

statystycznie r-Unic pomindzy gr Uumismi pod
zwy j Nt ki em predominacj.i pgci UeEs ki ej (6

osteolitycznych (64% vs 28%) w grupie leczonej talidomidem.

Tabelanr2.Szczeg:- gowa charakterystyka kliniczn
PARAMETR n=130
Wiek, lata 62,5 (32-85)
Pgel miiUczy Fni 52 (40%)
kobiety 78 (60%)
|l zotyp biagka nlgG 86 (66%)
IgA 29 (22%)
IgE 1 (1%)
FLC 14 (11%)
ISS | 23 (18%)
Il 42 (32%)
I 36 (28%)
brak danych 29 (22%)
Albumina, g/dl 359 (NO. 54
b 2mikroglobulina, mg/l 4,43 (1.5626.15) n=100
Bi agko monokl on 36 (N2,01)
rFLC <100 43 (33%)
O 100 43 (33%)
brak danych 44 (33%)
Hemoglobina, g/dl 10 69 (53%)
O 10 61 (47%)
Wap @& mmol /| 02,55 108 (83%)
2,55 21 (16%)
brak danych 1 (1%)
Kreatynina, mg/d| o 2 122 (94%)
2 8 (6%)
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Zmiany osteolityczne obecne 66 (50%)

brak 58 (45%)
brak danych 6 (5%)
(I;(!azmocyty w szpiku kostnym, 6755 (125- 95)
Lek i mmunomodul talidomid 81 (62%)
lenalidomid 49 (38%)
Liczba cykli leczenia 6 (1-56)
Dane sN przedstawione | ako: | i czby ( oZdstosowdne ) l ub
s kr - t yng Inter@a@iondl Staging SystenFLC (ang.freelight chain), rFLC &ng.serum fredight
chain ratio).
Ocena ekspresji skgad®®wych kompleksu CRLA4

Wprzeprowadzonym badaniu oceniono ob
CRL4REN 7z wykorzystaniem technik immunohistochemicznychdeztyfikowano
obecnoSi bi agek CRBN, IKZFR addgoiednidwd 1%, 51%, K Z F 1

49 %, 71% i 54% analizowanych trepanobi op!
ekspresjN biagek t WY daNbary CULLAIKZF(PI0OX)s CRL 4
i DDB1-IKZF1 (p=0, 007) . Ni e obserwowano wzaj emn

ekspresj N pozost agy® hanis k gcazdyonwyi ckh- w CRLrdan s
zaleUnych od aktywnoSci kompleksu pod wpg)

Zal eUOnoSci pomindzy ekspr e $5% czgrkikamid owy c h k
klinicznymi MM

W wyni ku przeprowadzonych analiz stat
pacjent-w z ekspresjN CRBN, tj. CRBN (+),
bi agka monokl onal nego ( medi a nmikroglobdiny g/ d | \
(mediana 4,6 mgl/ |l vs 3,9 mg/ I, p=0,047) o
obwodowe|j (< 10 g/ I, p=0,030) w momenci e I
do grupy CRBN{) . Ponadt o, W grupie pacjent- -w z
obserwowan wy Us z e -mikrégldleuliny énediarza 5,04 g/dl vs 3,94 g/dl,
p=0,016) i ni Usze sthinUenie hemoglobiny w
Dodat kowo, zidentyfi kowano zal eUnoSi poIm

dominuj Ncego w presglNi d KZFMM,o0raze K KZrF3 (od
i p<0,0Q).

11



Zal eUOnoSci pomindzy e KE¥Yar euszjyNs ksakngNa doodwpyocwh  e(
leczenie

W analizie zal eUnoSci pomind¥®Vy eks
aodpowi edzi N uzyskanN ,potwieldzndze npg a&ec jogpraa it ew n
CRBN{( +) charakteryzuj N sif | epszymi wy ni |
CRBN¢() . Odpowi edni o cznSciej uzyskiwano (
( ®BRvs<PR, p=0,012)o0r az cCo naj mni ej bardzo dob
( GPRvs<VGPR, p=0,032) w grupie CRBN(+). Do
pacjent - -w z ekspresj N r CWLidAl absprvsiec CH L 4 A
s ikdrzystniejsze wyniki leczenia w zakresie uzyskiwanej odpowiedzi na leczenie
| Mi Ds, odpowi edni ovss¢PR, pr@Q)0T) orazeizyndfrRiej VEPRP R

(O VGPR vs <VGPR p=0,027), w por-wnaniu
Nieobser wowano istotnych statystycznie r-0U
il KZF3, a uzyskanN odpowiedzi N na |l eczenie

ZaleUnoSci pomifndzy ekspBeis joNd |Isekgydaydnoi wyweyhn i CkRal
leczenia z wykorzystaniem IMiDs

W anali zowane|j grupie mediana czasu ot
0,516,9). W ocenianynokresieu d o k ument owano, Ue grupa pe
charatk er yzuj e sin mniejszym ryzykiembeprogre
ekspresji CUL4A(HR=0,66 95% CI 0,440,99; p=0,046). W analizie jednoczynnikowej
zidentyfikowano niekorzystne czynniki prognostyeah| a OS, tj . ekspr
(HR=3,48 95% CI 1,756 , 9 3 ; p<0,001), obecno®l44; z mi an
95% CI 1,314,53 p=0,005), starszy wielpacjenta (HR1,04 95% CI 1,011,08
p=0,008) orazvy Us ze wy|j Sc i ankoglomling Wee knii ebwdd@we;

(HR=1,1Q0 95%CI1,041,15 p<0, 001) . W analizie wielocz
zmi enne niezaleUne, ocenianekw amnallienie I
monokl onal nego, rodzaj biagka monokl onal ne
kostnym, sni&kUemgilebw®l2i ny, al buminy, kreat
hemogl obi ny, l i czbn pogyt ek Kr wi weh kr wi
kompleksu CRL4REN,. Wt oku przeprowadzone ] analizy

niekorzystny wpgyw poni Uszych parametr - w,
s t 11 Ue-mikreglobbldy (HR=1,06; 95% Cl 1,041,12p =0, 026), obecnosS
osteolitcznyc{HR=2,44; 95% CI 1,1%,01; p=0.015), oraz ekspresja DDB1 (HR38;

12



95% Cl 1,656,75; p<0,00l) nar awdopodobi st wogo przeUyci
MM leczonych IMiDs.

Om- wi enie moUl iwoSci terapeutycztf8ch opart
jako punktu uchwytu w leczeniu MM

W pracy pogl Ndowej dokonano przegl Ndu

dotyczNce,j wykorzystania kompleksu jako c
aktual ne doni esieni a w zakresi e iknechani
najwaUniejszych bada@® kIl ini cdNznay ¢MiDs. oceni
Ponadtoscharakteryzowamn k ol ej nN gener acj i czNsteczek
CRL4°RBN (ang.Cereblon E3 ligase modulatgrs CEL Mo Ds ), przedst awi &
ich dzi agamisa,uzdestkyamhle wyni ki bada®& podst a
wczesnych faz oceniajNcych CELMoDs. W art)
wykorzystania kompleksu CRE8®Nd o precyzyjnego kierowani a
droghn proteolizy orygyznycbyciti ageki m ad
tj. PROTACSs(ang proteolysis targeting chimerasi najnowszejme t o d y inUyni

proteomicznej o wysokim potencjale terapeutycznym.

13



WNIOSKI

Uzyskane wyni ki bada@® pr zemavweksprgsiN_ za ¢
CRBN i CUL4A oraz prognostycznym znaczeniem ekspresji DDB1 u chorych na MM
leczonych IMiDs.Real i zacja szczeg-gowych cel -w n

nasf or mugowani e nastfipuj Ncych wniosk-w szc:

1. W 130 archiwalnych r e panobi optatach pobranych od
MM bezpoSrednio przed rozpocziiciem | ecz
obecnoSi biagek zaangaUowanSBihCRBN, t wor z
CUL4A, DDB1 oraz ekspresjnciGRLEYak zal e
| KZF1 oraz |1Kz3, wykorzystuj Nc technik
stosowane w procesie diagnostycznym MM.

2.1stnieje zaleUnoSi pomi indzy ekspresj N
monokl onaimn&gog!l obh2ul i ny or az globinyszym
wek r wi obwodowe|] W momencie rozpocznci a
Podobnie, ekspresja DDB1 z wikNglabuimy j est
oraz niUszym stnUenie hemoglobiny we k
leczeniem opartym na IMiDs.

3. Pjenci w grupie z ekspresjN CRBN chail
|l eczenia w porw vkntamiey doejgrekpsypr esj i sin
uzyskujN znamiennie cznSciej PR oraz
nal Mi Ds. Podobni A, rowecedStec€Chuppge gruph
cznSciej uzyskujN co najmniej PR lub V
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Abstract: Immunomodulatory drugs (IMiDs) are effective in the treatment of multiple myeloma
(MM), myelodysplastic syndrome with deletion of chromosome 5q and other haematological me
lignancies. Recent studies showed that IMiDs bind to cereblon (CRBN), a substrate receptortbe
CRL4CRBN complexto induce the ubiquitination and degradation of IKZF1 ad IKZF3 in MM
cells, contributing to their anti-myeloma activity. We aimed to determine whether the CRIZACRBN
Al i bl Ag POI OAET 06 AOPOAOOEIT DPOAAEAOO OEAe
evaluated the expression of CRL4CRBNcomplex proteins and their downstream targets with
immunohistochemistry (IHC) staining in 130 bonemarrow samplesfrom MM patients treated with
thalidomide or lenalidomide-based regimens.We found that the expression of CRBN and CUL4
was associatedwith the superior IMiD-based treatment response (p = 0.007 and p = 0.007,
respectively). Moreover,the CUL4Aexpressionwasassociatedwith improved PFSHR=0.66,95%
Cl 0.440.99; p = 0.046) and DDB1 expression showed a negative impact on OS both in the univari:
(HR=2.75,95% CI1.65z4.61; p = 0.001) and the multivariate (HR 3.67;95% CI1.7977.49; p <0.001)
analysis. Overall, our data suggest that the expression of DDB1, CUL4A and CRBN assess#d®y
predicts the clinical course of MM patients and identifies patients with a high probability of
responding to IMiD-based therapy.

Keywords: DNA damagebinding protein 1; cereblon; cullin 4a; thalidomide; lenalidomide;
immunomodulatory drugs; multiple myeloma

1. Introduction

Multiple myeloma (MM) is the third most common haematologic malignancy in the
European Union, with approximately 33,000 new cases and 20,000 deaths amdly [1].
Despite the impressive therapeutic progress that has occurred in recent decades, the dev
opment of drug resistance is typical during the clinical course of MM, and most patien
eventually relapse and require further therapy P]. The introduction of thalidomide, a first
in-class immunomodulatory drug (IMiD), in 2006 was one of the milestones in MM therap
history. Thalidomide and its newer derivatives such as lenalidomide and pomalidomide,
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along with proteasome inhibitors, are the backbone of most combination regimens used in
the treatment of MM. In Poland and other European countries, thalidomide-based regimens
are the most common therapy for young and fit newly diagnosed MM patients; lenalido-
mide and next-generation IMiDs are available for relapsed/ refractory groups of patients.
IMiDs have been shown to have a pleiotropic anti-cancer effect, including anti-angiogenic,
anti-proliferative, anti-inflammatory and immune-modulatory effects [3]. The primary
molecular target for IMiDs is cereblon (CRBN), which functions as a substrate receptor in
the cullin-4 RING E3 ubiquitin ligase (CRL4-CRBN) complex co-formed by other proteins,
such as DNA damage-binding protein 1 (DDB1), cullin 4A (CUL4A), and regulator of
cullins-1 (ROC1) [4,5]. By binding CRBN, IMiDs modify the substrate specificity of the
CLR4-CRBN complex leading to ubiquitination and degradation of the lymphoid tran-
scription factors Ikaros (IKZF1) and Aiolos (IKZF3), and the casein kinase 1ex (CK1e) [6-8].
Therefore, the degradation of IKZF1 and IKZF3 decreases the expression of IRF4 and its
downstream target MYC, resulting in growth inhibition of multiple myeloma cells [7,9,10].
In T cells, IKZF1 and IKZF3 are transcriptional repressors of the IL-2 gene [11,12]; their
degradation therefore releases repression and causes an increased production of IL-2,
leading to T and NK cell activation [13].

Recent studies have established a correlation between CRBN expression levels and
clinical response to IMiD treatment, however the results are non-conclusive. High expres-
sion of CRBN in patients receiving thalidomide maintenance for 2 years was associated
with longer PFS in the HOVON-65/GMMG-HD4 trial, while no association was noted
in those on bortezomib maintenance [14]. CRBN high expression has also been shown to
enhance lenalidomide therapy’s effects in terms of treatment response [15]. Conversely, the
loss of CRBN protein and CRBN mRNA level led to lenalidomide resistance in myeloma
cells and a poor outcome in MM patients [9,16,17].

In this study, we separately evaluated the expression of CRL4-CRBN complex proteins
(CRBN, DDB1, CUL4A) and their downstream targets (IKZF1, IKZF3) with IHC staining,
using FFPE bone marrow samples from 130 MM patients treated with IMiDs. In the samples
from MM patients, we aimed to compare the expression of CRBN-CRL4 complex proteins
and their downstream targets in the malignant plasma cells and assess their potential
correlation with the MM patients’ clinical course, despite the type of IMiD therapy or stage
of the disease.

2. Materials and Methods
2.1. Patients and Bone Marrow Samples

The study retrospectively analysed 130 patients diagnosed with MM from 2010 to 2015
at the Institute of Haematology and Transfusion Medicine, Warsaw, Poland. The following
data were obtained about the patients: age, sex, disease stage according to the International
Staging System (ISS), type of monoclonal protein and its concentration, free light chain
(FLC) type and FLC ratio, haemoglobin, calcium and creatinine concentration, the presence
of osteolytic lesions, the percentage of plasma cell infiltration in the bone marrow. All
patients received therapy with IMiDs: 81 with thalidomide for newly diagnosed MM
(NDMM) and 49 with lenalidomide for relapsed/ refractory disease (RRMM). Duplicate
records of the same patients were rejected from the analysis. [HC evaluation was performed
just before the initiation of treatment with thalidomide or lenalidomide-based regimens.
The study was conducted according to the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of the Institute of Haematology and Transfusion
Medicine, Warsaw, Poland.

2.2. Treatment Response

The treatment responses, progression-free survival (PFS) and overall survival (OS),
were evaluated according to the International Myeloma Working Group panel consensus
(19, 20). The study follow-up was defined as the time from the MM diagnosis to death, of
any cause, or to the date of last observation with the cut-off date of 6 August 2018.
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2.3. Immunohistochemistry Staining

All trephine samples had an established diagnosis according to the histopathological
recommendations (WHO and International Myeloma Working Group) for monoclonal
plasma cell proliferative disorders. The trephine biopsies were treated with a combined
fixative and decalcifier solution (40% formaldehyde, glacial acetic acid, NaCl, H,O distilled)
and then routinely processed staining with haematoxylin and eosin. Immunohistochem-
istry was performed using an automated immunohistochemical stainer (Dako Denmark
A/S, Glostrup, Denmark), and mono- and polyclonal antibodies were applied, including
anti-DDB1 (clone: LS-B3138, 1:500 LSBio, Lifespan Biosciences, Seattle, WA, USA), Aio-
los/IZKF3 (clone: NBP2-24495, 1:50, NovusBio, Novus Biologicals, Abingdon, UK), CUL4a
(clone: NBP1-44439, 1:300, NovusBio, Novus Biologicals, Abingdon, UK), anti-CRBN
(cloneCRBN®65, 1:2000, Celgene Corporation, New York, NY, USA) and anti-Ikaros/[ZK1
(clone: ab26083, 1:50, Abcam, Cambridge, UK). Plasma cells were visualised by the re-
action with the CD138 antibody (clone: MI15, RTU, Dako Omnis, Agilent, Santa Clara,
CA, USA). All stainings were performed according to the manufacturer’s instructions,
and the EnVision Detection System (Dako, Denmark A/S, Glostrup, Denmark) was used
for signal detection. A positive staining controls were applied for each antibody: anti-
Ikaros/IZKF1-tonsil, anti-DDB1-adrenal gland, anti-Aiolos/IKZF3-tonsil, CUL4a-colon,
anti-CRBN-liver. Negative (isotype) control stainings were performed using a ready to
use FLEX Negative Mouse Control (a cocktail of mouse IgG1, IgG2a, IgG2b, [gG3 and
IgM; code nr IR750; Dako Denmark A /S, Glostrup, Denmark). All neoplastic cells were
scored independently by two experienced haematopathologists (M.P-S. and A.S-C.) for
each target protein’s immunoreactivity based on staining intensity and the percentage
of cells staining positively. Based on in-house validation, the cut-offs (>30% for anti-
DDBI1, Aiolos/IKZF3, anti-CRBN, >30% for DDB1 and >80% for anti-Ikaros /IKZF1) of
strongly and/or intermediate positive neoplastic plasma cells were implemented as a final
distinction between the positive and negative results of the staining. Two independent
pathologists reviewed the samples, and discrepancies were revised to determine the con-
sensus result. All microphotographs were taken by a microscope DP72 Olympus BX63
camera (Olympus, Tokyo, Japan).

2.4. Statistical Analysis

Categorical variables were compared using the chi-squared test or the Fisher test,
depending on the number of observations in each 2-by-2 table. Continuous variables were
compared using the t-Student test if they followed normal distribution, or the Wilcoxon test
if they did not follow normal distribution. The distribution of the variables was checked by
plotting histograms. A survival function with 95% confidence intervals was estimated using
the Kaplan-Meier method. To estimate the hazard ratios and 95% confidence intervals,
the Cox proportional hazard model was used. For the multivariable models, the forward
stepwise variable selection was applied at a 0.15 significance level. All tests were two-
sided and were performed at a 0.05 significance level. All analyses were performed using
Statistica software, ver. 13.1.

3. Results
3.1. Patients” Characteristics

The patients’ clinical characteristics are summarised in Table 1. Among the 130 patients
included in the analysis, 81 (62%) were treated with thalidomide in the frontline setting and
49 (38%) received lenalidomide for RRMM. The median age of the patients at the initiation
of the IMiD-based treatment was 62.5 years (range, 32-85 years), with female predominance
(52 men and 78 women). The isotype of monoclonal proteins was as follows: IgG in 86
patients (66%), IgA in 29 patients (22%), light chains in 14 patients (11%) and IgE protein in
1 patient (1%). The distribution according to the ISS was 18%, 32% and 28%, with a score
of 1, 2 and 3, respectively (missing data for 22% of patients). A decreased haemoglobin
level (<10 g/dL) was observed in 69 patients (53%), hypercalcemia (>2.55 mmol/L) was
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noticed in 21 patients (16%) and renal impairment was noted in 8 patients (6%). Frontline
treatment with thalidomide was combined with cyclophosphamide and dexamethasone
in the majority of patients (n = 62, 77% of thalidomide-based regimens); lenalidomide
was applied in combination with dexamethasone for all RRMM cases. A comparison
of the patients” baseline characteristics revealed no significant differences between the
IMiD-based treatment groups, except for higher rates of female patients (66% vs. 49%)
and higher rates of osteolytic lesions in the thalidomide group (64% vs. 28%), Supplement
Table S1. The final analyses were performed with data from all of the patients treated with
IMiD-based regimens.

Table 1. Overall clinical patients’ characteristics. Data are shown as a number (percentage) or
median (interquartile range). Abbreviations: ISS—International Staging System; FLC—free light
chain; BM—bone marrow; IMiD—immunomodulatory drug.

Parameter Qverall (1 = 130)
Age, years 62.5 (32-85)
Sex male 52 (40%)
female 78 (60%)
Isotype of M-protein IgG 86 (66%)
IgA 29 (22%)
IgE 1(1%)
FLC 14 (11%)
1SS stage [ 23 (18%)
stage I 42 (32%)
stage I11 36 (28%)
no data 29 (22%)
Albumin, g/dL 3.59 (+0.54) n =128
B2-microglobulin, mg/L 443 (1.56-26.15) n = 100
Serum M-protein, g/dL 3.6 (£2.01)n =125
Serum FLC ratio <100 43 (33%)
>100 43 (33%)
no data 44 (33%)
Haemoglobin, g/dL <10 69 (53%)
>10 61 (47%)
Calcium, mmol/L <2.55 108 (83%)
>2.55 21 (16%)
no data 1(1%)
Creatinine, mg/dL <2mg/dL 122 (94%)
>2mg/dL 8 (6%)
Osteolytic lesions yes 66 (50%)
no 58 (45%)
no data 6 (5%)
BM plasma cells, % 67.5 (12.5-95)
IMiD thalidomide 81 (62%)
lenalidomide 49 (38%)

Cycles of IMiD-based
treatment

6 (1-56)

3.2. CRL4-CRBN Complex Proteins IHC Staining

The IHC staining for all evaluated proteins is shown in Supplement Figures 51 and 52.
According to the predefined cut-off values, the positivity (+) of CRBN, CUL4A, DDBI,
IKZF1 and IKZF3 was observed in 54%, 51%, 49%, 71% and 54% of cases, respectively. We
evaluated the internal associations between the proteins” expression involved in the CRL4-
CRBN complex, and positive ones were observed for pairs: CUL4A-TKZF3 (p = 0.023) and
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DDB1-IKZF1 (p = 0.007). There were no other significant associations for the CRBN-CRL4
complex or its activity-dependent transcriptional factors (IKZ1, IKZF3).

3.3. CRL4-CRBN Complex Proteins” Associations with Clinical Features

The group of patients with CRBN*) had a significantly higher serum concentration of
monoclonal protein (median 4.1 g/dL vs. 2.7 g/dL, p = 0.006), f2-microglobulin (median
4.6 mg/Lvs. 3.9 mg/L, p=0.047) and a haemoglobin concentration lower than 10 g/dL
(p = 0.030) before treatment initiation. The DDB1® was associated with elevated p2-
microglobulin (median 5.04 g/dL vs. 3.94 g/dL, p = 0.016), a haemoglobin concentration
below 10 g/dL (p = 0.036) and a shorter IMiD exposure (median number of cycles 5.7 vs.
6.4; p=0.022). A high expression of proteins involved in B-cell maturation and a switch of
immunoglobulin classes—IKZF1 and IKZF3—were associated with the isotype of serum
monoclonal protein (p = 0.040 and p = 0.0001, respectively).

3.4. CRBN and CUL4a as Predictive Markers of IMiD-Based Treatment Response

Among those analysed, all patients” data had a median number of cycles, with IMiD-
based treatment, of 6 (range, 1-56). The patients with CRBN*) had a significantly superior
response to treatment than those with CRBN®) (ORR > PR vs. SD/PD, p = 0.012; ORR
> VGPR vs. PR/SD/PD, p = 0.032, Table 2). The CUL4A () was also associated with a
better response to treatment than the CUL4A) group of patients (ORR > PR vs. SD/PD,
p=0.007; ORR > VGPR vs. <VGPR, p = 0.027, Table 2). There were no significant dif-
ferences observed in the expression of DDB1, IKZF1 and IKZF3 in terms of treatment
response. After a median follow-up of 4.75 years (range, 0.5-16.9), only CUL4A®) impacts
progression-free survival (HR = 0.66, 95% C1 0.44-0.99; p = 0.046), Figure 1A.

Table 2. Quality of IMiD-based treatment response stratified by CRBN and CUL4A expression.
Abbreviations: CR—complete response; VGPR—very good partial response; PR—partial response;

SD—stable disease; PD—progressive disease; ORR—overall response rate; p-Value < 0.5 is bolded.

CRBN-)  CRBN®™ x Val CUL4A™  CUL4A™ Val
n =60 =70 p-vatue n=64 n=66 p-yatue
1 (%) 7 (%) (%) (%)
CR 1(7) 7 (10) 1(1) 10 (15)
VGPR 8(13) 19 (27) ~ 12(19) 15 (23) ~
PR 19.(32) wee P00 oy 436  P-00H
sD 20 (33) 12(17) 19 (30) 13 (20)
PD 9(15) 7 (10) 12(19) 4(6)
ORR
PRy 31(52) 509 oo B OO, o0
ORR (<PR) 29 (48) 19 (27) 31 (48) 17 (26)
ORR
12 (20) 26(37) 13 (20) 25 (38)
(ESEER) p=0.0321 p=0.027
v ) 44(63) 51 (80) 41 62)

3.5. DDB1 as a Prognostic Marker of MM Patients” Survival upon IMiD-Based Treatment

The median overall survival rate of the analysed group was 4.25 years (range, 0.5-16.9).
The univariate analyses revealed that a poor overall survival rate was associated with
DDB1M (HR =3.48, 95% CI 1.75-6.93; p < 0.001, Figure 1B), the presence of osteolytic lesions
(HR 2.44; 95% CI 1.31-4.53, p = 0.005), an older age (HR 1.04, 95% CI 1.01-1.08, p = 0.008)
and a higher p2-microglobulin concentration (HR 1.10, 95% CI 1.04-1.15, p < 0.001) at
the initiation of IMiD-based treatment (Figure 2). Multivariate Cox analysis using the
forward stepwise elimination method and including all variables assessed in univariate
analysis (age, serum M-protein, the isotype of immunoglobulin, bone marrow plasma cells,
B2-microglobulin, albumin, creatinine, calcium, haemoglobin, platelets and expression
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FProgression fiee suivival probability

of CRL4-CRBN complex proteins) confirmed that a poor prognosis was independently
predicted by DDB1™) (HR 3.38; 95% CI 1.65-6.75; p < 0.001), presence of osteolytic lesions
(HR 2.44; 95% CI11.19-5.01, p = 0.015) and B2-microglobulin concentration (HR 1.06; 95%
CI 1.01-1.12, p = 0.026), Figure 2. As a result, DDB1 expression was confirmed as the
significant prognostic marker in MM patients.
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Figure 1. (A) Kaplan—Meier survival curves for PFS according to CUL4A expression (classified as positive and negative

results of IHC staining), n = 130. (B) Kaplan-Meier survival curves for OS according to DDB1 expression (classified as

positive and negative results of IHC staining), n = 97.

Age (years)

Serum M-protein (g/dl)
Isotype (non-I2G)
B2-microglobulin (mg/l)
Albumin (g/dl)
Haemoglobin [< 10 g/dl)
Platelets (= 100 G/
Caleium (> 2.55 mmol/l)
Creatinine (> 2 mg/dl)
BM plasmacytes (%)
Ostealytic lessions (yes)
DDB1 (positive)

CUL2A (positive)

CRBN (positive)

IKZF1 (positive)

IKZF3 (positive)

0.0m 0.1

Univariate analysis Multivariate analysis

HR (95% CI) HR {95% CI}
» 1.04 (1.01-1.08)
- 1.12(0.95-1.32)
-~ 1.37(0.73-2.59)
o] 1.10(1.04-1.15) o] 1.06 (L.01-1.12]
-~ 0.68 (0.28-1.20)
[l 1.81(0.99-3.27)
—— 2.12(0.825.43) ——— 2.44(093-6.41)
—— 1.25(0.62-2.54)
" ;5 (069-7.46)
- 1.02(0.9-1.03)
——r
——>
b
o
——
——
1

2.44(131-453) —— 2.44 (1.19-5.01)
3.48(1.75-6.93) — 3.38 (1.65-6.75]
0.83 (0.46-1.49)
0.87(0.48-1.58) - 059(031-1.13]
1.37 (0.67-2.78)
1.15(0.62-2.12)

10 0,01 0,1 1 10

Figure 2. Univariate and multivariate Cox regression analyses for OS (1 = 97). If the hazard ratio (HR) is greater than 1,

then the predictor is associated with an increased risk of death.

4. Discussion

To the best of our knowledge, this is the first study showing that the expression of
DDB1 and CUL4A assessed by routine, diagnostic IHC evaluation of bone marrow samples
is associated with the outcome of multiple myeloma patients treated with IMiDs. Our
analyses also revealed that CRBN expression impacts the superior response to thalidomide
or lenalidomide-based treatment in line with previously published data.

It was shown that positive CRBN IHC staining is associated with a superior re-
sponse rate in patients with newly diagnosed and RRMM treated with thalidomide-
dexamethasone (TD) and lenalidomide-dexamethasone (LD) [18]. However, Dimopoulos
etal. used CRBN IHC staining in FFPE bone marrow samples of 23 MM patients and found
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no correlation between the CRBN protein level and the sensitivity or intrinsic resistance
to lenalidomide-based therapy [19]. These conflicting results should be considered in the
context of the limited ability of commercially available assays to measure the CRBN protein
level in MM reliably. Gandhi et al. have developed a novel CRBN monoclonal antibody
CRBN65 and have shown its superiority over other commercially available antibodies in
THC staining [16]. Using the CRBN65 antibody, we found that MM patients with CRBN™
have a superior response rate to thalidomide- or lenalidomide-based therapy compared
to those with CRBN() (ORR >PR vs. SD/PD, p = 0.012; ORR > VGPR vs. PR/PD/SD,
p =0.032). In line with our findings, several studies using different approaches to assessing
CRBN gene expression, such as real-time PCR [15,20] or gene expression profiling [21],
have demonstrated the predictive value of CRBN gene expression in MM patients treated
with TD, LD or pomalidomide with dexamethasone. In general, across all of these studies,
higher CRBN gene expression was associated with a superior response rate to treatment
with IMiD monotherapy [21], or in combination with dexamethasone [15,20,21]. Con-
versely, low CRBN gene expression determined unresponsiveness to the abovementioned
therapy [21]. This recent study also showed that MM patients with hyperdiploid kary-
otype have a better response rate with IMiD-based therapy and achieve a longer time to
next treatment when IMiD-based therapy is applied, compared to their non-hyperdiploid
counterparts [22]. It is postulated that it may be associated with the higher expression of
CRBN which characterises hyperdiploid-myeloma patients [21].

Here, we show that the CUL4A protein level, a component of the CRL4-CRBN
complex, has predictive value in MM patients treated with thalidomide- or lenalidomide-
based therapy with higher response rates (ORR > PR vs. SD/PD, p = 0.007; ORR >
VGPR vs. <VGPR, p = 0.027), translated into a favourable PES (HR = 0.66, 95% CI 0.44-0.99;
p = 0.046). CUL4A has been shown to play an oncogenic role in various cancer types [23-25].
In MM, CUL4A promotes proliferation, invasion and migration of plasma cells [26]. The
positive correlation between the high expression of CUL4A and thalidomide sensitivity
was also demonstrated in prostate cancer cell lines [27].

We also show here that DDB1 expression is independently associated with poor
OS in both univariate and multivariate analyses (HR 3.38; 95% CI 1.65-6.75; p < 0.001).
To the best of our knowledge, this is the first report showing the prognostic impact of
the DDB1 protein level on the survival of MM patients. DDBI is essential for DNA
repair and plays an important role in many signaling pathways related to carcinogenesis.
Moreover, DDB1 overexpression in malignant cells may lead to resistance to anti-cancer
therapy [28]. Recently, a high expression of DDB1 was identified as a poor prognostic factor
in pancreatic cancer [29]. In our study, CRBN™) and DDB1™") were associated with clinical
features corresponding to the high burden of MM disease (a higher serum concentration of
monoclonal protein or f2-microglobulin, as well as a haemoglobin concentration lower
than 10 g/dL). However, there were no significant associations between the expression of
those two proteins. The superior response rate in the CRBN® group of patients confirms
the established mechanism of IMiD action via direct interaction of IMiDs and CRBN. The
DDB1 negative impact on the OS and the lack of associations with response rates or PFS
may indicate that this component of CRL4-CRBN is more involved in other signaling
pathways related to MM cell survival. Therefore, further studies are needed to gain more
insight into the DDB1 mechanism of action in MM cells.

The relationship between the expression of CRL4-CRBN downstream targets and
IMiD activity remains unclear and inconclusive. Lu et al. [8] found that some MM cell
lines with a higher expression of IKZF1 or IKZF3 showed resistance to the lenalidomide.
In contrast, Zhu et al. [30] showed that low IKZF1 transcript levels were correlated with a
poor response to IMiDs. They also found that higher IKZF1, but not IKZF3, gene expression
was associated with better OS. In contrast, Pourabdollah et al. [31] showed that especially
IKZF3 expression is correlated with a better outcome in refractory MM patients treated with
lenalidomide. In our study, we did not observe any associations of IKZF1 /IKZF3 expression
in the response rate or MM patients’ survival. Therefore, the significant associations
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of IKZF1™) and IZKF3™) with the isotype of serum monoclonal protein (p = 0.040 and
p =0.0001, respectively) confirm their contribution to switch immunoglobulin classes
during B-cell maturation [32,33] and verify the reliability of applied assays.

There is an increasing amount of evidence indicating that IMiD-resistance arises,
at least in part, from the acquisition and selection of mutations in genes coding pro-
tein downstream or components of the CLR4&-CRBN complex, especially CRBN and
IKZF1 [34,35]. Consistently, a large-scale genomic and transcriptomic analysis includ-
ing patients with treatment-naive-, lenalidomide-refractory and pomalidomide-refractory
MM recently showed an increase in the frequency of CRBN aberrations (namely, point
mutations, copy number variants, structural variations and exon 10 spliced transcript) with
progressive IMiD exposure. Eventually, alterations in CRBN were found in one third of the
pomalidomide-resistant patients [36]. It needs to be emphasised here that lenalidomide-
refractory patients who harbored CRBN aberrations had a significantly shorter PFS when
pomalidomide-based therapy was applied.

However, one should be aware of several limitations of this study. First, there is
controversy regarding the most appropriate IHC antibodies, testing method and scoring
system for evaluating protein expression using IHC in bone marrow samples. Thus,
it would be important to establish replicable methods for the quantitative evaluation
of CRL4-CRBN complex protein expression in FFPE bone marrow samples from MM
patients. Second, to provide a sufficient sample size, this study was performed in a
retrospective manner, and clinical data were collected from different treatment approaches
(both thalidomide- and lenalidomide-based regimens) applied for newly diagnosed or
relapsed/ refractory MM patients. Third, cytogenetic and molecular data were not available
for an analysed group of MM patients. That additional information might produce more
powered results in terms of response to IMiD treatment or survival estimations.

In the era of multiple treatment options for patients with MM, having reliable predic-
tive tools is crucial in clinical practice. Our results add some novelty to the understanding
of the prognostic and predictive role of some protein components of the CLR4-CRBN
complex in MM patients treated with IMiDs. Nevertheless, given the complexity of the
molecular mechanisms involved in sensitivity or resistance to IMiD-based therapy, the
predictive and prognostic role of the CLR4-CRBN complex cannot be reliably established
without a comprehensive analysis and understanding of genetic, transcriptomic and pro-
teomic data obtained from treatment-naive MM patients, as well as those who have become
resistant to thalidomide, lenalidomide and pomalidomide.

In conclusion, this study revealed that the expression of CUL4A and CRBN assessed
by routine IHC in FFPE bone marrow samples needs further evaluation as a potential
predictive factor for MM patients treated with IMiDs. Moreover, DDB1 expression was
found as an independent prognostic factor for the overall survival of patients with MM.
Therefore, assessment of the CRL4-CRBN expression in bone marrow samples may im-
prove identifying the MM patients who most benefit from IMiD-based therapies, despite
the type of immunomodulatory drug or stage of the disease.

Supplementary Materials: The fo]_lawi_ng are available online at https:/ ,fwww.mdpi.coru/article/
10.3390/jcm10122683/s1. Table 51. Overall clinical patients’ characteristics with detailed division
into thalidomide and lenalidomide-based treatment; Figure S1. The immunochistochemical char-
acterization of malignant plasma cells; Figure 52. Positive and negative DDB1 IHC profiles in
multiple myeloma
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Supplementary materials

Supplementary Table S1. Overall clinical patients’ characteristics with detailed division into thalidomide
and lenalidomide-based treatment.

Abbreviations: ISS - International Staging System; FLC — free light chain; BM — bone marrow; IMiD —
lenalidomide; THAL — thalidomide; LD —
TD — thalidomide, dexamethasone; CTD — cyclophosphamide, thalidomide, dexamethasone; VTD -

immunomodulatory drug; LEN —

lenalidomide, dexamethasone;

bortezomib, thalidomide, dexamethasone; MPT — melphalan, prednisone, thalidomide

LEN-based treatment

THAL-based treatment

Parameter (n=49) (n=81) P-value
Age, years 61.4 (32-80) 63 (47-85) 0.226
Sex male 25 (51%) 27 (34%) 0.046
female 24 (49%) 54 (66%)
Isotype of M-protein lgG 33 (68%) 53 (65%) 0.279
IgA 8 (16%) 21 (26%)
IgE 1(2%) 0
FLC 7 (14%) 7 (9%)
1SS stage | 12 (24%) 11 (12%) 0.052
stage |l 12 (24%) 30 (37%)
stage 1l 8 (16%) 28 (36%)
no data 17 (36%) 12 (15%)
Albumin, g/dI 3.67 (+0.54) 3.56 (+0.54) n=79 0.363
B2-microglobulin, mg/| 3.7 (1.56, 18.64) n=31 4.6 (1.75, 26.15) n=69 0.073
Serum M-protein, g/dl 3.53 (£1,80) n=45 3.63(x2,12) 0.723
Serum FLC ratio <100 14 (29%) 29 (36%) 0.267
>2100 19 (39%) 24 (30%)
no data 16 (32%) 28 (34%)
Haemoglobin, g/dI <10 18 (37%) 43 (53%) 0.071
=10 31 (63%) 38 (47%)
Calcium, mmol/| <2,55 42 (86%) 66 (82%) 0.631
>2,55 7 (14%) 4 (17%)
no data 0 1 (1%)
Creatinine, mg/dl <2 mg/dl 47 (96%) 75 (93%) 0.444
> 2 mg/dl 2 (4%) 6 (7%)
Osteolytic lessions yes 14 (28%) 52 (64%) 0.001
no 29 (59%) 29 (36%)
no data 6 (13%) 0
BM plasma cells, % 65 (17.5-95) n=48 70 (12.5-95) n=80
Cycles of IMiD-based 6 (1-56) 9.5 (3-56) 6 (1-24)
treatment (median, range)

26




Prior lines of treatment n/a 4(1-8) n/a
Treatment regimen LD 49 (100%)
™ 2 (2%)
CTD 62 (77%)
VTD 2 (2%)
MPT 15 (19%)

Supplementary Figure S1. The immunohistochemical characterization of malignant plasma cells (#5
case): A—HE; B—CD138; C — positive IZKF3; D — positive CUL4A; E — positive IKZF1; F — positive CRBN; G —
negative DDB1; (all photographs in 600x magnification).
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Supplementary Figure S2. Positive and negative DDB1 IHC profiles in multiple myeloma; case #1: A — HE;
B - CD138; C — DDBL1 positive (>30% of strongly positive cells); case #2: D - HE; E—CD138; F - DDB1

negative (<30% of strongly positive cells); (arrow — atypical plasma cell with triple nuclei; all photographs
in 600x magnification).
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Simple Summary: Immunomodulatory drugs (IMiDs) are effective in the treatment of multiple
myeloma (MM) and other hematological malignancies. Cereblon (CRBN), a target of IMiDs, forms
the CRL4 E3 ubiquitin ligase complex (CRLA“RBN) with DDB1, CUL4A and RBX1. The insight into the
molecular mechanism of IMiDs action has advanced dramatically since the identification of cereblon
(CRBN) as their direct target. Targeting CRBN by IMiDs modifies CRLA“RBN substrate specificity
towards non-physiological protein targets which are subsequently ubiquitinated and degraded by
the proteasome. To date, IMiDs are the only known group of protein degraders used in clinical
practice. This review provides the current state of knowledge about thalidomide and its derivatives’
mechanisms of action, and highlights the future perspectives for targeted protein degraders.

Abstract: Multiple myeloma (MM] is the second most common hematological malignancy with a
recurrent clinical course. The introduction of immunomodulatory drugs (IMiDs) was one of the
milestones in MM therapy leading to a significant improvement in patients” prognosis. Currently,
IMiDs are the backbone of MM therapy in newly diagnosed and relapsed/refractory settings. It
is now known that IMiDs exert their anti-myeloma activity mainly by binding cereblon (CRBN),
the substrate receptor protein of the CRL4 E3 ubiquitin ligase (CRLACRBN) complex. By binding
CRBN, IMiDs alter its substrate specificity, leading to ubiquitination and proteasomal degradation of
proteins essential for MM cell survival. Following the success of IMiDs, it is not surprising that the
possibility of using the CRLA4CREN complex’s activity to treat MM is being further explored. In this
review, we summarize the current state of knowledge about novel players in the MM therapeutic
landscape, namely the CRBN E3 ligase modulators (CELMoDs), the next generation of IMiDs with
broader biological activity. In addition, we discuss a new strategy of tailored proteolysis called
proteolysis targeting chimeras (PROTACs) using the CRL4CREN o degrade typically undruggable

proteins, which may have relevance for the treatment of MM and other malignancies in the future.

Keywords: multiple myeloma; cereblon; immunomodulatory drugs; cereblon E3 ligase modulators;
proteolysis targeting chimeras

1. Introduction

The ubiquitin-proteasome pathway plays an essential role in the proteins’ degradation.
This process is mediated by a cascade of enzymatic reactions engaging a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3), which are
recycled and activated by ATP during the whole ubiquitination pathway [1]. The role
of E3 is the determination of the substrate specificity for ubiquitination and subsequent
degradation in the proteasome. The human genome encodes more than 600 E3 ubiquitin
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ligases, and the cullin-RING ubiquitin ligases (CRLs) represent the largest E3 ligase family,
which take part in numerous cellular homeostatic processes, e.g., signal transduction,
cell cycle regulation, DNA damage response, regulation of transcription and embryonic
development [2,3]. CRL4 E3 ubiquitin ligase is a complex of RING finger domain protein
(Rocl, also named RBX1), cullind (CUL4) scaffold protein, and DDB1-CUL4 associated
proteins, which determine the substrate specificity for the CRL4 E3 activity. Cereblon
(CRBN) is one of the CRL4 E3 substrate receptors, and this protein is crucial for the
action of small molecules, such as immunomodulatory drugs (IMiDs). Targeting CRBN
by IMiDs modifies its substrate specificity towards non-physiological proteins which
are subsequently ubiquitinated and degraded by the proteasome [4-10], Figure 1A. This
mechanism of action has shown particular relevance in the treatment of multiple myeloma
(MM), the second most common hematological malignancy with a recurrent clinical course
leading to 20,000 deaths per year in the European Union [11]. The introduction of IMiDs-
based treatment has been a game changer for patients with MM, significantly improving
their prognosis.

CRL4CRBN
E3 complex substrate

_—

IMiDs
CELMoDs

NEOsubstrate

P
i G (@) am
proteasome MM

embryopathy

+« MDS with del (5q)

Figure 1. (A) Overview of the ubiquitination process via CRLACRBN g3 ligase complex. The E3 ligase
recognizes the E2-Ub complex and target substrate with subsequent transfer of Ub from E2 to the
substrate. This process results in Ub-substrate transfer to the proteasome and proteolytic degradation
with Ub recycle. The CRL4CREN E3 ligase complex (enlarged) is formed by cereblon (CRBN)—a
substrate recruiter, and other proteins such as DNA damage binding protein 1 (DDB1), cullin 4A
(CULA4A), and regulator of cullins-1 (RBX1). (B) Mechanism of CRBN-mediated effects upon exposure
to thalidomide and its derivatives. Binding IMiDs/CELMoDs to the CRBN leads to the recognition
of different substrates (neosubstrates) for ubiquitination and successive protein degradation.
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