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1. Finansowanie
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Interdyscyplinarne Studia Doktoranckie” realizowanego na Wydziale Biologii i Ochrony
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2020, Os priorytetowa lll. Szkolnictwo wyzsze dla gospodarki i rozwoju, Dziatanie 3.2 Studia
doktoranckie. Nr projektu: POWR.03.02.00-1P.08—-00-DOK/16. Realizowany
w latach 2018-2023. Kierownik — prof. dr hab. Agnieszka Marczak.
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4. Wprowadzenie

4.1. Uzasadnienie podjetej tematyki badawczej

Nowotwory ukfadu krwiotwdrczego sg niejednorodng grupa choréb o ztozonej
patogenezie, co stwarza powazne wyzwanie dla wspodfczesnej medycyny. Szacuje sie,
ze najwiekszy odsetek wsrdd biataczek u dorostych stanowi ostra biataczka szpikowa®.
Szpiczak mnogi z kolei jest drugim co do czestosci wystepowania, po chtoniaku
nieziarniczym, nowotworem uktadu krwiotwdrczego?™. Jest to choroba wywodzaca sie
z limfoidalnych  komérek B i charakteryzujgca klonalng proliferacja komodrek
plazmatycznych. Na obraz morfologiczny oraz kliniczny w petni rozwinietej choroby
sktadajg sie: naciek z komodrek plazmatycznych w szpiku kostnym lub innych tkankach,
wystepowanie biatka monoklonalnego w surowicy lub moczu, hiperkalcemia, niewydolnos¢
nerek, niedokrwisto$¢, zmiany kostne oraz inne zaburzenia, do ktérych zaliczyé mozna:
zespdt nadlepkosci, amyloidoze i nawracajgce zakazenia bakteryjne>™. Chociaz czestosé
wystepowania szpiczaka mnogiego wzrasta z wiekiem i czesciej wystepuje u pacjentéw

60 — 70 letnich, to jednak diagnozowany jest rowniez u os6b mtodszych 8.

W arsenale terapeutycznym chorych na szpiczaka mnogiego znajdujg sie leki
o roéznych mechanizmach dziatania. Wymieni¢ tu nalezy: leki alkilujgce (melfalan,
bendamustyna), immunomodulujgce (talidomid, lenalidomid, pomalidomid), inhibitory
deacetylazy histonowej (vorinostat, panobinostat), inhibitory proteasomu (bortezomib,
carfilzomib, iksazomib) oraz przeciwciata monoklonalne (daratumumab, izatuksymab).
Strategie leczenia rdznig sie w zaleznosci od wieku pacjenta, chordb wspdtistniejgcych,

stadium choroby, wynikéw badan cytogenetycznych oraz innych czynnikow.

Terapia duzymi dawkami melfalanu (MEL) wspomagana przeszczepem komorek
macierzystych od lat uwazana jest za standard leczenia pierwszego rzutu chorych
na szpiczaka mnogiego, ktorzy kwalifikujg sie do przeszczepu®®. Lek ten jest pochodna
iperytu azotowego i wykazuje silne dziatanie alkilujgce. Kazda z dwdch grup
2-chloroetylowych melfalanu tworzy karboniowe zwigzki posrednie, ktdre wigzg sie
kowalencyjnie z atomem azotu guaniny lub adeniny DNA. Prowadzi to do miedzy
lub  wewnatrz strukturalnego sieciowania DNA, powstawania monoadduktéw

oraz komplekséw DNA — biatko'®12. Mechanizm ten ostatecznie prowadzi do zaktécenia
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replikacji i transkrypcji DNA oraz zahamowania cyklu komdrkowego co skutkuje $miercig
komorki. Leki alkilujgce, w tym melfalan, sg szczegélnie aktywne w komdrkach szybko

proliferujgcych, w tym komérkach biataczkowych®.

Komérki biataczkowe, ze wzgledu na szybkos¢ proliferacji, wymagajg duzych ilosci
sktadnikdw odzywczych i aminokwaséw. Melfalan jest transportowany do komoérek
gtéwnie przez duzy neutralny transporter aminokwaséw 1 (ang. large neutral amino acid
transporter 1, LAT1)!3, ktoérego poziom ekspresji w tkankach nowotworowych,
a szczegdlnie w szybko dzielgcych sie komdrkach biataczkowych, jest znaczaco wyzszy

w poréwnaniu z poziomem obserwowanym w prawidtowych, aktywowanych limfocytach

T13,14

Pomimo, iz terapia duzymi dawkami melfalanu, a nastepnie przeszczep komérek
krwiotwdrczych, pozostaje kluczowym elementem terapii pacjentéw chorujacych
na szpiczaka mnogiego, to jej stosowanie ograniczone jest przez wystepowanie licznych
dziatan niepozadanych, w tym: kardiotoksyczno$é, hepatotoksycznosé¢, mielosupresje,
niewydolno$¢ nerek a takie zmiany w tkance pfuc. Wysokie dawki lekdéw
przeciwnowotworowych ostabiajg uktad odpornosciowy pacjentdw wptywajgc na system
obronny organizmu®®. Konsekwencjg tej terapii moze byé réwniez wystepowanie wtérnych
nowotwordw, w tym ostrych biataczek®. Innym problemem jest pojawienie sie opornosci
wielolekowej podczas stosowania chemioterapii. Wszystko to sktania naukowcow na catym
Swiecie do poszukiwania nowych metod terapeutycznych, charakteryzujgcych sie wyzszg

skutecznosciag przeciwnowotworowag oraz lepszym profilem bezpieczenstwa.

Jedng z metod poprawy skutecznosci terapeutycznej lekéw jest regulacja ich
aktywnosci farmakologicznej poprzez modyfikacje struktury chemicznej. Wiadomym jest,
ze budowa chemiczna leku determinuje jego witasciwosci fizykochemiczne oraz wptywa
na aktywnos¢ farmakologiczng!’. Modyfikacja struktury lekdw przeciwnowotworowych
oraz okreslenie zaleznosci miedzy ich budowg chemiczng, a aktywnoscig biologiczng jest
podstawg do opracowania zwigzkéw o optymalnej strukturze i wtasciwosciach. Celowane
projektowanie lekéw przeciwnowotworowych, a nastepnie przeprowadzenie
wysokoprzepustowych badan in vitro minimalizuje ryzyko stworzenia czgsteczek
nieaktywnych oraz pozwala na wybranie nowej struktury do dalszych badan

przedklinicznych i klinicznych.
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W niniejszej rozprawie doktorskiej oceniono skutecznosé¢ modyfikacji dwéch grup
funkcyjnych — karboksylowej oraz aminowej obecnych w czgsteczce melfalanu. W | etapie
badarn dokonano analizy zaleznosci struktura chemiczna czasteczki — jej aktywnosc
biologiczna. W tym celu w czasteczce melfalanu zmodyfikowano kolejno: grupe
karboksylowg, grupe aminowg oraz obie te grupy funkcyjne. Etap Il badain miat na celu
synteze kolejnych pochodnych, zaprojektowanych na podstawie wynikéw aktywnosci
biologicznej uzyskanych w | etapie. Po kazdym etapie przeprowadzono selekcje zwigzkdw.
W jej wyniku wybrano najefektywniejsze modyfikacje struktury melfalanu, aby w etapie llI
przeprowadzi¢ badania ich wptywu na DNA i pozna¢ szlaki s$mierci komoérek
nowotworowych: szpiczaka mnogiego (RPMI8226) ostrej biataczki monocytowej (THP1)
oraz ostrej biataczki promielocytowej (HL60). Wykonano réwniez analize cytotoksycznosci
wzgledem komorek prawidtowych — jednojadrzastych komérek krwi obwodowej cztowieka
(PBMC). Badania te pozwolity na poznanie cytotoksycznego igenotoksycznego profilu
nowych, nieopisanych jeszcze w literaturze, pochodnych melfalanu, analize ich Sciezek
sygnatowych w komodrce oraz wykazanie zaleznosci pomiedzy ich strukturg chemiczna
a aktywnoscig biologiczng. Wykonana praca oraz otrzymane wyniki stanowig istotny wktad

w wiedze o samym leku (melfalanie), jak réwniez o jego nowych analogach.
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4.2. Hipoteza badawcza

Zastosowane modyfikacje struktury czasteczki melfalanu zwiekszajg aktywnos¢
przeciwnowotworowg macierzystego zwigzku w komodrkach biataczkowych (THP1, HL60)

oraz komoérkach szpiczaka mnogiego (RPMI18226).

4.3. Cel gtéwny pracy

Celem nadrzednym niniejszej rozprawy doktorskiej byfta analiza wfasciwosci
biologicznych nowych, otrzymanych drogg syntezy chemicznej, pochodnych melfalanu
oraz wytypowanie tej struktury, ktéra wykazuje wyzszg aktywnos¢ przeciwnowotworowg
niz zwigzek macierzysty wzgledem komodrek szpiczaka mnogiego oraz komérek ostrej

biataczki monocytowej i promielocytowe;.

4.4. Cele szczegotowe pracy

a. Opracowanie warunkdéw syntezy oraz otrzymanie nowych pochodnych.

b. Przeprowadzenie metodg in silico analizy ADMET (ang. Absorption, Distribution,
Metabolism, Excretion and Toxicity ) badanych pochodnych pozwalajgca na okreslenie
ich wtasciwosci lekopodobnych (ang. drug — like).

c. Analiza wtasciwosci cytotoksycznych otrzymanych analogdédw melfalanu wobec komdrek
nowotworowych oraz komérek prawidtowych.

d. Analiza wtasciwosci genotoksycznych nowych zwigzkébw wobec komdrek
nowotworowych.

e. Ocena zdolnosci badanych zwigzkéw do indukowania programowanej smierci komaérki.

Okreslenie gtéwnych szlakdw molekularnych odpowiedzialnych za aktywnos¢

biologiczng pochodnych melfalanu.

g. Analiza wptywu badanych zwigzkéw na strukture DNA.
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4.5. Materiaty i metody badawcze

Nowotworowe linie komorkowe oraz komorki prawidtowe

Materiat badawczy wykorzystany w eksperymentach stanowity trzy linie komérkowe:

e RPMI8226 (komorki szpiczaka mnogiego, ang. multiple myeloma cell line, ATCC® CCL—
155™),

e HL60 (komodrki ludzkiej ostrej biataczki promielocytowej, ang. acute promyelocytic
leukemia cell line, ATCC® CCL-240™),

e THP1 (komorki ludzkiej ostrej biataczki monocytowej, ang. acute monocytic leukemia

cell line, ATCC® TIB-202™).

Analize cytotoksycznosci badanych zwigzkéw wykonano takze wzgledem komoarek
prawidtowych — PBMC (jednojgdrzaste komoérki krwi obwodowej, ang. peripheral blood

mononuclear cells).

Melfalan oraz badane pochodne

W ramach niniejszej pracy doktorskiej zsyntetyzowano oraz oceniono biologiczng

aktywnos¢ nastepujgcych zwigzkéw (Rysunek 1):

MEL:

kwas 2—amino—3—[4—[bis(2—chloroetylo)amino]fenylo]propanowy;

EE-MEL:

ester etylowy kwasu 2—amino—3—[4—[bis(2—chloroetylo)amino]fenylo]propanowego;

EM-MEL:

ester metylowy kwasu 2—amino—3—[4—[bis(2—chloroetylo)amino]fenylo]propanowego;

MOR-MEL:

kwas 2—(morfolinometylidenoamino)—3—[4—[bis(2—chloroetylo)amino]fenylo]propanowy;

DIPR-MEL:

kwas 2—(N,N—di—(n—propylo)amino—3—[4—[bis(2—chloroetylo)amino]fenylo]propanowy;
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EE-MOR-MEL:
ester etylowy kwasu 2—(morfolinometylidenoamino)—3—[4—[bis(2—chloroetylo)amino]

fenylo]propanowego;

EM-MOR-MEL:
ester metylowy kwasu 2—(morfolinometylidenoamino)—3—[4—[bis(2—chloroetylo)amino]

fenylo]propanowego;

EE-DIPR—-MEL:
ester etylowy kwasu 2—(N,N-di—(n—propylo)amino—3—[4—[bis(2—chloroetylo)amino]

fenylo] propanowego;

EM-DIPR-MEL:
ester metylowy kwasu 2—(N,N-di—(n—propylo)amino—3—[4—[bis(2—chloroetylo)amino]

fenylo] propanowego;

EM-I-MEL:
ester metylowy kwasu 2—(indolinometylidenoamino)—3—[4—[bis(2—chloroetylo)amino]

fenylo]propanowego;

EM-T-MEL:
ester metylowy kwasu 2—(tiomorfolinometylidenoamino)—3—[4—[bis(2—chloroetylo)amino]

fenylo]propanowego;

EM-MORPIP-MEL:
ester metylowy kwasu 2-[(4—(4—morfolino)piperydynometylidenoamino]—3—[4—[bis(2—

chloroetylo)amino]fenylo]propanowego.

Szczegdtowy opis syntezy pochodnych otrzymanych w | etapie badan zawarty zostat
w patencie PL220880 B1, natomiast synteze pochodnych uzyskanych w Il etapie badan

opisano szczegétowo w publikacji Il1.

10
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O. OH

(S)
NH,

c|/\/NwCI
MEL

C13H1gC1LNO,
m.cz. 305,20 g/mol

e

OCH; OC,H; O. OH O. OH
H H
(s (s
//C\ AN //C\
N"TNTTY NN~
K/O L\
|
cl N_~ci c|/\/N\/\CI C|A/NwCI c|/\/N\/\CI
EM-MEL EE-MEL MOR-MEL DIPR-MEL
C14H50ClN;0; Cy5H2,C1N,0, C1gH25ClN305 CpH31CILN;0,
m.cz. 319,23 g/mol m.cz. 333,25 g/mol m.cz. 402,32 g/mol m.cz. 416,39 g/mol
OC2H5 OCH3 002 OCH3
a N g Nea CI/\/N\/\CI a N
EE-MOR-MEL EM-MOR-MEL  EE-DIPR-MEL EM-DIPR-MEL
CygH2CIN305 C1gH27CIN504 CaH35CloNz0, C21H33ClN50,
m.cz. 430,37 g/mol m.cz. 416,34 g/mol m.cz. 444,44 g/mol m.cz. 430,41 g/mol
( IlEtap )
0. _OCH;, O, _OCH; O. OCH,
H N H H
//C\ / //c\ //C\
N™ N K){J N™ N /\ N™ "N :j
\L——H |
— \,/S L N N
Cl/\/N\/\c| Cl/\/N\/\c| CI/\/N\/\C|
EM-I-MEL EM-T-MEL EM-MORPIP-MEL
CQHHZECIZNSOZ C19H27C|2N3OZS CZ4HSBCIZN403
m.cz. 446,37 g/mol m.cz. 432,41 g/mol m.cz. 499,47 g/mol

Rysunek 1. Struktura chemiczna badanych pochodnych melfalanu.
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Metody badawcze

W celu realizacji badan wykorzystane zostaty ponizsze techniki badawcze:

1. Metody analityczne w syntezie chemicznej:
e Chromatografia cienkowarstwowa,
e Wysokosprawna chromatografia cieczowa.
2. Metody potwierdzajace strukture chemiczng zwigzkdow:
e Spektroskopia w podczerwieni,
e Spektroskopia magnetycznego rezonansu jadrowego,

e Spektroskopia masowa wysokiej rozdzielczosci.

Ponadto, dla kazdego z nowo otrzymanych zwigzkéw zmierzono jego temperature

topnienia oraz wyznaczono skrecalnos¢ wtasciwag.

3. Test cytotoksycznosci z uzyciem soli sodowej resazuryny.
4. Metody analizy fragmentacji DNA:
e alkaliczna wersji testu kometowego,
e test TUNEL (ang. TdT — mediated dUTP Nick — End Labeling assay).

5. Oznaczenie frakcji komérek apoptotycznych i nekrotycznych metodg podwadjnego
barwienia z wykorzystaniem mieszaniny fluorochroméw: jodku propidyny
oraz Hoechst 33342.

6. Zbadanie zaburzen strukturalnych btony komodrkowej metodg podwdjnego
barwienia z wykorzystaniem mieszaniny fluorochroméw: jodku propidyny
oraz aneksyny V sprzezonej z izotiocyjanianem fluoresceiny (FITC, ang. fluorescein
isothiocyanate).

7. Analiza kondensacji chromatyny z wykorzystaniem mieszaniny fluorochroméw:
Vybrant® DyeCycle™ Violet oraz SYTOX® AADvanced™.

8. Badanie zmian potencjatu btony mitochondrialnej za pomocg sondy
fluorescencyjnej -1 (jodek 5,5',6,6'-tetrachloro-1,1',3,3'-tetraetylo-
benzimidazolilokarbocyjaniny).

9. Badanie wewnatrzkomérkowego poziomu jondw wapnia za pomocg sondy

fluorescencyjnej Fluo — 4NW.
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12.
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14.
15.
16.

Aktywnos¢ przeciwnowotworowa nowych pochodnych melfalanu
w komorkach biataczek szpikowych oraz szpiczaka mnogiego

Analiza aktywnosci kaspaz: 2, 3/7, 8 9 metodg spektrofluorymetryczng
z zastosowaniem sond fluorescencyjnych.

Badanie fosforylacji histonu H2AX poprzez barwienie immunofluorescencyjne.
Badanie struktury DNA metodg spektroskopii dichroizmu kotowego.

Pomiar potencjatu zeta oraz dynamicznego rozpraszania swiatta.

Analiza rozktadu cyklu komérkowego metodg cytometrii przeptyowe;j.

Analiza QSAR (ang. Quantitative Structure Activity Relationship) metodg in silico.

Analiza statystyczna otrzymanych danych eksperymentalnych.
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Aktywnos¢ przeciwnowotworowa nowych pochodnych melfalanu
w komorkach biataczek szpikowych oraz szpiczaka mnogiego

5. Omowienie prac wchodzacych w sktad rozprawy doktorskiej

Istota problemu leczenia szpiczaka mnogiego oraz rola melfalanu zostaty przeze
mnie poruszone w pracy przeglagdowej [publikacja nr 1]. W publikacji tej opisana zostata
zaréwno farmakokinetyka oraz farmakodynamika melfalanu, skutki uboczne terapii,
mechanizmy prowadzgce do powstawania lekoopornosci, jak i kliniczne zastosowanie
melfalanu w terapii skojarzonej z nowymi terapeutykami. Pochylitam sie nad analizg
najnowszych badan klinicznych, aby odpowiedzieé¢ na pytanie, czy terapia mieloablacyjna
za pomoca wysokich dawek melfalanu potgczona z autologicznym przeszczepem komoérek
macierzystych poprawia ogdlng odpowiedz na leczenie oraz przezycie wolne od progresji
pomimo znaczne] toksycznosci ogdlnoustrojowej. Badania wykazujg, ze nowe terapie
stanowig kamien milowy w walce z nowotworami krwi i przyczyniajg sie do znacznego
wzrostu przezywalnosci pacjentéw. Pomimo tego, terapia wysokimi dawkami melfalanu,
a nastepnie przeszczep komdrek macierzystych uktadu krwiotwdrczego wcigz pozostajg
kluczowe w leczeniu chorych z nowo rozpoznanym szpiczakiem mnogim, ktérzy

kwalifikujg sie do przeszczepu.

Wazng czes$é tego artykutu stanowi przeglad prac naukowych, ktérych celem byto
opracowanie zwigzkéw na bazie melfalanu przezwyciezajgcych problem wysokiej
toksycznosci  ogdlnoustrojowej, lekoopornosci oraz poprawiajgcych  aktywnosé
przeciwnowotworowg tego leku. Tworzenie koniugatéw, proleku melfalanu, jak rowniez
celowana modyfikacja struktury jego czasteczki sg obiecujgcym kierunkiem w celu

opracowania nowego leku o lepszych wtasciwosciach terapeutycznych.

Czasteczka melfalanu zawiera w swojej strukturze dwie grupy funkcyjne — grupe
karboksylowg oraz grupe aminowg. Podstawg dla zaprojektowania nowych analogdow
melfalanu badanych przeze mnie w | etapie badan [publikacja nr 1] byty wnioski
z wezesniejszych badan przeprowadzonych w zespole Pani Profesor Agnieszki Marczak,
dotyczace oceny modyfikacji czgsteczek innych lekéw, takich jak doksorubicynal®2°
czy kladrybina?l. Ponadto, badania innych naukowcéw wykazaty, ze amidynowe analogi
melfalanu w zastosowanym modelu in vitro zmniejszajg liczbe komodrek raka sutka??23,
Konkluzjg wynikajgcg z tych badan jest to, ze zamiana grupy di—N—propyloaminowej

na amidynowg stanowi skuteczny rodzaj modyfikacji struktury czgsteczki melfalanu
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skutkujacy wzrostem aktywnosci przeciwnowotworowej nowego zwigzku w poréwnaniu
do wyjsciowego leku. Dlatego tez jednym z celéw modyfikacji chemicznej melfalanu
przeprowadzonej w | etapie prac bylo zastgpienie grupy di—-N—propyloaminowej reszta
amidynowg podstawiong pierscieniem morfolinowym lub dwoma tafAcuchami
n—propylowymi. Morfolina jest heterocyklicznym zwigzkiem chemicznym zawierajgcym
w swojej strukturze dwa heteroatomy — tlenu i azotu. Atom tlenu w tym pierscieniu
zwieksza powinowactwo wigzania, uczestniczgc w interakcjach typu donor — akceptor.
Ponadto, atom tlenu, poprzez swojg elektroujemnos¢, zmniejsza zasadowos¢ atomu azotu
pierscienia morfolinowego?*?>. Dwa heteroatomy w grupie amidynowej w pozycji 1,4
zapewniajg elastyczng konformacje pierscienia. Dzieki takiej konstrukcji grupa ta moze
uczestniczy¢ w interakcjach lipofilowo — hydrofilowych. Morfolina moduluje wtasciwosci
catej struktury, poniewaz obecno$¢ stabo zasadowego azotu w pozycji 4 w stosunku

do atomu tlenu zwieksza rozpuszczalno$é takiego zwigzku??’.

Dane literaturowe dostarczaja natomiast dowoddw na to, ze dodanie estrowej grupy

funkcyjnej zwieksza lipofilowo$¢ zwigzku?®?° oraz jego biodostepnoéé3-33,

Dlatego
kolejnym celem modyfikacji chemicznej melfalanu byta estryfikacja grupy karboksylowe;.

W rezultacie, w | etapie badan otrzymano osiem pochodnych melfalanu:

e zmodyfikowanych wytacznie w grupie aminowej poprzez zastgpienie grupy di—N—
propyloaminowej grupg amidynowa zawierajgcg pierscien morfolinowy (MOR—MEL) lub
dwa tancuchy n—propylowe (DIPR-MEL),

e zmodyfikowanych wytgcznie w grupie karboksylowej poprzez otrzymanie estru
metylowego (EM-MEL) oraz etylowego (EE-MEL) melfalanu,

e 7 modyfikacjg w obu grupach funkcyjnych. W ten sposdb uzyskano ester metylowy
oraz etylowy melfalanu zawierajacy pierscien morfolinowy (EM-MOR-MEL, EE-MOR-
MEL) oraz ester metylowy i etylowy zawierajgcy dwa taricuchy n—propylowe (EM—DIPR—

MEL, EE-DIPR—-MEL).

Wedtug wytycznych National Cancer Institute (NCI) nowe zwigzki chemiczne
o potencjale przeciwnowotworowym powinny, w pierwszym etapie, zosta¢ szczegdétowo
scharakteryzowane pod katem ich aktywnosci cytotoksycznej w badaniach in vitro. Analizy
nowo otrzymanych analogdw melfalanu rozpoczeto wiec od oceny ich witasciwosci

cytotoksycznych oraz wyznaczenia stezen do kolejnych badan. Cytotoksyczne dziatanie MEL
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i jego pochodnych byto zalezne od dawki. Okreslono parametr ICso (ang. inhibitory
concentration), czyli stezenie niezbedne do zahamowania proliferacji o 50% w stosunku
do komadrek stanowigcych grupe kontrolng. Wszystkie badane zwigzki oprdcz pochodnych,
ktore ulegty modyfikacji tylko w grupie aminowej (MOR—MEL i DIPR-MEL) wykazaty wyzszg
cytotoksycznos$é wzgledem komdrek szpiczaka mnogiego oraz komodrek biataczkowych
niz zwigzek macierzysty [publikacja nr Il, Figure 1]. W przypadku komdérek RPMI8226
najwyzszg cytotoksycznos¢ zaobserwowano po inkubacji z estrami melfalanu (EE-MEL
oraz EM-MEL) natomiast komorki linii THP1 oraz HL60 byty najbardziej wrazliwe
na dziatanie cytotoksyczne po inkubacji z estrami melfalanu dodatkowo modyfikowanymi
pierscieniem morfolinowym (EE-MOR-MEL oraz EM-MOR-MEL). Jednoczesnie
zaobserwowano stabsze dziatanie cytotoksyczne analogéw EE-MEL, EM—MEL oraz EM—
MOR-MEL wzgledem jednojadrzastych komodrek krwi obwodowej. Szczegdlnie pochodna
EM—-MOR-MEL charakteryzowata sie niskg cytotoksycznoscia wzgledem komodrek
prawidtowych przy jednoczesnie wysokim potencjale cytotoksycznym wobec komodrek
nowotworowych. Pochodne, ktére nie wykazywaty wyiszej cytotoksycznosci niz lek
macierzysty, czyli MOR—MEL oraz DIPR-MEL zostaty wyeliminowane z dalszych badan.
Do okreslenia kolejnych parametréw wybrano, na podstawie krzywych przezywalnosci,
po jednym stezeniu na linie komdrkowg: RPMI8226: 3 uM, HL60: 0,7 uM, THP1: 0,3 uM.
Poszczegdlne stezenia stanowity wartosc srednig pomiedzy najsilniej, a najstabiej dziatajaca
pochodng. Wybdr jednego stezenia dla danej linii komdrkowej miat na celu umozliwienie

poréwnania dziatania zwigzkédw na réznych etapach badan.

Kolejng czescig badan byta analiza mechanizméw wewngatrzkomorkowych
zwigzanych z cytotoksycznym dziataniem badanych zwigzkdéw. Poniewaz gtéwnym
mechanizmem dziatania melfalanu jest alkilowanie, oceniono wptyw nowych zwigzkdw
na strukture DNA wykonujac alkaliczng wersje testu kometowego oraz test TUNEL. Komérki
wszystkich badanych linii wykazaty zwiekszony poziom uszkodzern DNA po inkubacji
z badanymi zwigzkami [publikacja nr Il, Figure 4]. Komdrki szpiczaka mnogiego byty
szczegblne podatne na indukcje uszkodzen. Test kometowy jednoznacznie wykazat,
ze wszystkie badane pochodne, w szczegdlnosci po 24 i 48 godzinach inkubacji, wywotuja
uszkodzenia DNA, a zmiany te s3 istotne statystycznie w poréwnaniu nie tylko wobec

kontroli ale zwtaszcza w stosunku do macierzystego leku.
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Zdolnos¢ lekow do indukcji apoptozy uznawana jest za wazne kryterium oceny
ich skutecznosci terapeutycznej. Dlatego kolejnym etapem badan byta ocena wtasciwosci
proapoptotycznych pochodnych EE-MEL, EM-MEL, EE-MOR-MEL, EM-MOR-MEL, EE—-
DIPR-MEL oraz EM—-DIPR—MEL. Wykonano szereg badan w celu oceny wystepowania zmian
morfologicznych i biochemicznych, ktére sygnalizowatyby programowang smier¢ komaérki.
Podczas analizy kondensacji chromatyny oraz eksternalizacji fosfatydyloseryny
zaobserwowano zmiany w komérkach charakterystyczne dla procesu apoptozy. Najwyzsze
zmiany zaobserwowano po 24 i 48 godzinach inkubacji, gtdwnie z estrami melfalanu
oraz estrami melfalanu zawierajgcymi reszte morfoliny, co korelowato z wynikami

otrzymanymi w badaniach cytotoksycznosci [publikacja nr I, Figure 2, Figure 3].

Apoptoza jest ztozonym molekularnie procesem $mierci komérki, w inicjacje
ktorego zaangazowanych jest wiele biatek. Wyrézni¢ mozna kilka szlakéw aktywacji
apoptozy, w tym wewnatrzpochodny i zewnatrzpochodny. W ich przebiegu biorg udziat
enzymy z rodziny endopeptydaz zwane kaspazami, ktére mozna podzieli¢ na inicjatorowe
(kaspaza 2, 8, 9, 10 oraz 12) oraz efektorowe (kaspaza 3, 6 oraz 7). Opierajgc sie na tej
wiedzy, okreslono szczegdétowy proces aktywowania apoptozy w komodrkach
nowotworowych po inkubacji z badanymi analogami. Zbadano aktywnos¢: kaspazy 8
zaangazowanej gtéwnie w zewnetrzny szlak apoptozy, 9 biorgcej udziat w wewnetrznym
szlaku oraz kaspaz 3/7 zaangazowanych w oba te szlaki. W przypadku komérek linii HL60
oraz THP1 najwyzszy wzrost aktywacji egzekutorowej kaspazy 3 zaobserwowano
po 24—godzinnej inkubacji z pochodnymi EE-MEL, EM—MEL, EE-MOR-MEL, EM—MOR-MEL
[publikacja nr Il, Figure 5]. Zmiany w aktywnosci tej proteazy cysteinowej byty od 1,5
do 2—krotnie wyzsze wzgledem macierzystego leku. W komadrkach szpiczaka mnogiego
obserwowano najnizszy poziom aktywacji kaspazy 3. Aby oceni¢ mechanizmy molekularne
lezgce u podstaw aktywacji kaspazy 3 zbadano aktywnos¢ kaspazy 8 oraz kaspazy 9.
Znaczace zmiany w aktywnosci tych enzymoéw zaobserwowano tylko w komadrkach ostrej
biataczki promielocytowej i monocytowej. Po 24—godzinnej inkubacji z badanymi
analogami MEL, w komérkach biataczkowych zaobserwowano wzrost aktywnosci kaspazy
9, co Swiadczy¢ moze o aktywacji wewnatrzpochodnej drogi apoptozy. Zaobserwowano
rowniez wzrost aktywnosci kaspazy 8. Poziom tej proteazy cysteinowej byt nizszy niz

dla kaspazy 9. Sugeruje to dominacje wewnetrznego szlaku apoptozy.
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Innym waznym markerem procesu apoptozy jest zmiana homeostazy wapnia.
W komoérkach, ktére ulegty apoptozie obserwowane jest uwolnienie jonéw wapnia
z retikulum endoplazmatycznego oraz wzrost ich zawartosci w  cytozolu
oraz mitochondriach. Najwyzszy wzrost wewngtrzkomérkowego poziomu jondéw wapnia
zaobserwowano w komorkach linii THP1, a zmiany widoczne byty juz po 4 godzinach
inkubacji z badanymi pochodnymi [publikacja nr I, Figure 6]. W przypadku komarek linii
RPMI8226 zmiany homeostazy wapnia byty nieznaczne. Dane te korelowaty
z wczesniejszymi wynikami  oznaczania  aktywnosci  kaspaz = egzekutorowych

oraz inicjatorowych.

Podsumowujgc | etap badan mozina stwierdzié, ze kluczem dla zwiekszenia
cytotoksycznych, genotoksycznych oraz proapoptotycznych wtasciwosci melfalanu jest
modyfikacja grupy karboksylowej poprzez jej estryfikacje oraz zamiana grupy di-N-
propyloaminowej na amidynowg zawierajacg pierscien morfolinowy, ktéry w swojej
strukturze zawiera dwa heteroatomy. Taka zmiana struktury melfalanu powoduje wzrost
fragmentacji DNA co koreluje ze wzmocnieniem efektu cytotoksycznego. Wiasciwosci
proapoptotyczne badanych analogdw rdéwniez sg istotnie wyzisze w pordwnaniu
do melfalanu. Natomiast ich mechanizm dziatania jest rézny w zaleznosci od rodzaju
komodrek nowotworowych. W przypadku komérek biataczkowych aktywacji ulega gtéwnie
mitochondrialny szlak apoptozy. W przypadku komodrek szpiczaka mnogiego mozliwa jest
aktywacja innych proteaz zaangazowanych w faze inicjatorowg programowanej Smierci

komorki lub inicjacja innego niz apoptoza mechanizmu smierci komaorki.

Etap Il badarn miat na celu potwierdzenie przyjetej strategii modyfikacji struktury
melfalanu [publikacja nr lll]. W zwigzku z tym, w Sieci Badawczej tukasiewicz—Instytucie
Chemii Przemystowej w Warszawie pod kierownictwem pana dr inz. Piotra Krzeczynskiego
zaprojektowano oraz zsyntetyzowano kolejne pochodne wykorzystujgc wiedze zdobyta
w | etapie badan. Otrzymano analogi estréw metylowych melfalanu podstawione w grupie
amidynowej  tiomorfoling  (EM-T-MEL), indoling (EM-I-MEL) oraz 4-(4-
morfolinylo)piperydyng (EM-MORPIP-MEL). Planowano otrzyma¢ rdéwniez pochodng
podstawiong tiazoling, jednakze proby jej syntezy nie powiodty sie. Zsyntetyzowana w Il
etapie pochodna tiomorfolinowa wpisuje sie w przyjeta wczesdniej strategie, poniewaz

posiada w swojej strukturze dwa heteroatomy — atom azotu w pozycji 1 oraz atom siarki
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w pozycji 4. Ciekawym wydata sie tez préoba syntezy i badan nad uktadem dotychczas nie
testowanym, czyli zastosowaniem w grupie amidynowej struktury bicyklicznej
sktadajacej sie z dwdch pierscieni (analog z reszty indoliny) oraz struktury bicyklicznej
zawierajgcej dodatkowo dwa atomy azotu i atom tlenu (analog z reszta 4—(4—
morfolinylo)piperydyny). Oprdcz opisanych  modyfikacji otrzymane pochodne
przeksztatcono w estry metylowe zgodnie z wczesniejszymi wnioskami, ze analogi z grupg
estrowg wykazujg wyzszg cytotoksycznos¢ niz analogi zawierajgce wolng grupe

karboksylowg [publikacja nr I, Figure 1].

Nowoczesne podejscie do procesu opracowywania nowych lekéw wymaga
zdefiniowania tzw. wiasciwosci lekopodobnych czasteczki o potencjale leczniczym,
czyli ocenienia jej wtasciwosci fizykochemicznych (rozpuszczalnosé, stabilnosé itp),
jak réwniez okreslenia, czy czasteczka ta posiada na tyle zadowalajgce parametry absorbgji,
dystrybucji, metabolizmu, wydalania oraz toksycznosci (ang. Absorption, Distribution,
Metabolism, Excretion and Toxicity; ADMET), ze z duzym prawdopodobiefdstwem przejdzie
pomyslnie pierwszy etap badan klinicznych’. Aby okresli¢, czy zsyntetyzowane pochodne
posiadajg
wtasciwosci lekopodobne, wykonano obliczenia in silico kilku parametréow dla badanych
zwigzkdw, a nastepnie sprawdzono czy spetniajg one zatozenia reguty Pigtek Lipinskiego
i definicji Vebera. Zgodnie z regutami Lipinskiego kandydat na lek powinien spetniac
nastepujgce kryteria: masa czgsteczkowa (MW) < 500 Da; lipofilowos¢ opisana jako
logP < 5; liczba akceptoréw wigzan wodorowych (HBA) < 10; oraz liczba donoréw wigzan
wodorowych (HBD) < 534  Wszystkie badane zwigzki wykazaly zgodnoscé
z zasadami Lipinskiego oraz tylko jedno naruszenie zasad Vebera [publikacja nr lll, Table
1]. Liczba wigzan rotacyjnych byta nieco wieksza niz liczba okreslona w regule Vebera.
Zaden z nowo zsyntetyzowanych zwigzkéw nie byt substratem dla glikoproteiny P —
btonowego transportera, zdolnego do wusuwania czgsteczek leku z komorki
nowotworowej®. Wykonano réwniez wykresy RADAR, ktére uwzgledniajg istotne
wiasciwosci fizykochemiczne czgsteczki, takie jak: lipofilowosé, wielkosé, polarnosé,
rozpuszczalno$é, nasycenie oraz elastycznos¢. Dla wszystkich badanych zwigzkdéw pieé
z sze$ciu analizowanych witasciwosci byto zgodnych z wfasciwosciami typowymi dla

zwigzkéw nalezgcych do grupy zwigzkéw lekopodobnych [publikacja nr lll, Figure 2].
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Mozna przewidywad, iz badane zwigzki nie bedg biodostepne w zadawalajgcym stopniu

po podaniu doustnym. Zaleca sie podanie dozylne.

Analogicznie jak w etapie |, kolejnym celem badan byta analiza wtasciwosci
cytotoksycznych, genotoksycznych oraz proapoptotycznych pochodnych EM—-I-MEL, EM—
T-MEL oraz EM-MORPIP-MEL. Oceniono aktywnos¢ cytotoksyczng zwigzkéw wobec
komodrek nowotworowych i prawidtowych oraz okreslono wartosci ICso. Pochodna EM—-T—
MEL wykazata najwyzszg cytotoksycznos¢ wobec komérek nowotworowych, a jej wartosci
ICso byty okoto 10—krotnie (THP1), 5—krotnie (HL60) i 2—krotnie (RPMI8226) nizsze niz dla
niezmodyfikowanego melfalanu. Jednocze$nie EM-T-MEL okazat sie znacznie mniej (2,5—
krotnie) cytotoksyczny dla jednojadrzastych komaérek krwi obwodowej niz melfalan. Analog
EM—-I-MEL réwniez byt bardziej cytotoksyczny niz MEL, wykazujgc znaczgco nizsze wartosci
ICso gtodwnie w linii komorkowej THP1 [publikacja nr lll, Figure 3]. Zaréwno w | jak i Il etapie
badan zaobserwowano znaczgce rdznice we wrazliwosci komodrek prawidtowych
oraz biataczkowych na badane zwigzkii Nowe pochodne, ze wzgledu
na mniejszg polarnosé czgsteczki w poréwnaniu z melfalanem, prawdopodobnie mogg by¢
transportowane do komérek nowotworowych przez inne receptory btonowe, ktére ulegajg
nadekspresji w komédrkach biataczkowych: MCT-1, -2, —4; OAT-1; OCTN-1; FLIPT-1
oraz OCT-6%.

Aktywnos$¢ cytotoksyczna pochodnej EM—MORPIP-MEL byta poréwnywalna (THP1)
lub mniejsza (HL60, PRMP8226) niz leku macierzystego, dlatego zostata ona

wyeliminowana z dalszych analiz.

Z cytotoksycznoscig pochodnej EM-T-MEL wzgledem komérek nowotworowych
skorelowane byty réwniez jej witasciwosci genotoksyczne oraz proapoptotyczne.
Tak zmodyfikowana czasteczka MEL wywotata wysoki poziom uszkodzed DNA
we wszystkich badanych liniach komdrkowych [publikacja nr lll, Figure 4]. Badanie zmian
morfologicznych po barwieniu mieszaning fluorochroméw: Hoechst 33342/ jodek
propidyny oraz aneksyna V—FITC/ jodek propidyny wykazato, ze pochodna EM-T-MEL
aktywowata markery specyficzne dla apoptozy wyrazniej
niz niezmodyfikowana czasteczka MEL we wszystkich badanych liniach komérkowych.
Analog EM-T-MEL spowodowat znaczgce zmiany w morfologii pojedynczych komorek,

takie jak kurczenie sie i fragmentacja czy tworzenie ciatek apoptotycznych. Komorki
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po inkubacji z badanymi zwigzkami, gtéwnie EM-T-MEL, wykazywaty wysoki poziom
zielonej fluorescencji pochodzgcej od aneksyny V-FITC i czerwonej fluorescencji
pochodzacej z jodku propidyny, co wskazuje na translokacje fosfatydyloseryny

i uszkodzenie integralnosci btony komdrkowej [publikacja nr lll, Figure 5, Figure 6].

Inny aspekt tych badan skupiat sie na zmianach biochemicznych zachodzacych
podczas apoptozy indukowanej przez badane analogi melfalanu. Zaktécenie integralnosci
mitochondriéw jest kluczcowym elementem programowanej $mierci komoérki. Inkubacja
komérek z pochodng EM—-I-MEL, a zwtaszcza EM-T-MEL wigzata sie ze spadkiem
potencjatu btony mitochondrialnej [publikacja nr Ill, Figure 8]. Pochodna EM-T-MEL
najsilniej indukowata réwniez aktywacje kaspazy 3/7 we wszystkich testowanych liniach
komodrkowych. Wyniki oceny aktywnosci tej kaspazy byty spdjne z wynikami uzyskanymi
w | etapie. Aktywacja tej egzekutorowej proteazy cysteinowej byta poprzedzona inicjacja
kaspazy 9 (gtédwnie w linii komdrkowej THP1) lub kaspazy 8 (gtdwnie w linii komorkowej
HL60), natomiast w komdrkach linii RPMI8226 nie zaobserowano wzrostu aktywnosci

zadnej z tych inicjatorowych kaspaz [publikacja nr I, Figure 7].

Wyniki Il etapu badan potwierdzity zaleznosci obserwowane w | etapie. Modyfikacja
chemiczna melfalanu obejmujaca estryfikacje oraz zamiane grupy di-N-
propyloaminowej na grupe amidynowg zawierajacg reszte tiomorfolinowa, ktdra
w pozycji 1 posiada atom azotu a w pozycji 4 atom siarki, powoduje wzrost aktywnosci
cytotoksycznej, genotoksycznej oraz proapototycznej melfalanu wobec komdrek
nowotworowych oraz obnizony efekt cytotoksyczny wzgledem jednojadrzastych

komaérek krwi obwodowej.

Whioski otrzymane w | oraz Il etapie badan pozwolity mi na wybor pieciu analogéw,
ktdérych aktywnos¢ biologiczna byta znaczgco wyzsza niz niemodyfikowanego leku. Wsrod
wyselekcjonowanych pochodnych znalazty sie: ester etylowy melfalanu (EE-MEL), ester
metylowy melfalanu (EM—MEL) oraz estry metylowe melfalanu zawierajgce pierscien

morfolinowy (EM—MOR-MEL), tiomorfolinowy (EM—-T—MEL) lub indolinowy (EM—I-MEL).

Wyijasnienie mechanizmow, za pomocg ktérych leki cytotoksyczne hamujg
proliferacje komdrek nowotworowych i indukujg $mier¢ komorek jest kluczowe do oceny

ich aktywnosci terapeutycznej oraz stanowi baze do racjonalnego projektowania nowych
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lekéw. Celem lll-go etapu badan byto poszerzenie wiedzy na temat wptywu wybranych
analogéw na DNA oraz poznanie szlakéw smierci komdrek nowotworowych [publikacja nr

IV].

Analiza rodzaju interakgji pomiedzy zwigzkami terapeutycznymi,
a makromolekutami takimi jak DNA i biatka, pozwala na gtebsze poznanie mechanizmoéw
dziatania badanych lekdw?’. Spektroskopia dichroizmu kotowego (ang. circular dichroism,
CD) jest jedng z najczesciej stosowanych technik w badaniu struktur DNA.
Aby przeanalizowa¢ mechanizm interakcji DNA z melfalanem i jego pochodnymi,
przeprowadzono eksperymenty z wykorzystaniem techniki dichroizmu kofowego
[publikacja nr IV, Figure 1 A, B]. Czasteczki liganda mogg oddziatywac¢ z DNA na kilka
sposobdw: interkalacja, wigzanie w matym lub duzym rowku, niespecyficzne wigzanie
na zewnatrz nici DNA, wigzanie kowalencyjne czy mieszany sposdb wigzania3®. Klasyczny
interkalator ustawia sie sztywno w orientacji prostopadtej do osi heliksu, co prowadzi
do zwiekszenia dtugosci nici DNA, gdyz odlegtosci pomiedzy dwiema sgsiadujgcymi parami
zasad kompleksu interkalacyjnego ulegajg zwiekszeniu. Taki mechanizm dziatania
powoduje zmiane eliptycznosci molowej i zwiekszenie intensywnosci dodatnich i ujemnych
pikéw DNA z jednoczesnym przesunieciem ich w strone wyzszych dtugosci fal38-41. Analogi
EM-MOR-MEL oraz EM-T-MEL spowodowaty duze zmiany w intensywnosci i potozeniu
pikdw DNA. Analiza widm CD dla DNA inkubowanego z badanymi analogami sugeruje, ze
nastgpita czesciowa interkalacja. Dodatkowo, przesuniecie pikéw w strone wyzszych
dtugosci fal zwigzane jest ze zmiang konformacji DNA z formy B do formy A*2. Wykonano
przyktadowg wizualizacje pokazujgcg miejsce wigzania melfalanu i EM-T-MEL z DNA
[publikacja nr IV, Figure 1 C]. Analize badanych analogéw rozszerzono nastepnie o pomiar
potencjatu zeta i sSrednicy hydrodynamicznej. Pomiar potencjatu zeta badanej czgsteczki lub
jej kompleksu z DNA dostarcza informacji o fadunku powierzchniowym. Wykazano, ze
zaréwno melfalan jak i badane analogi s natadowane ujemnie i nie powodujg wzrostu

$rednicy hydrodynamicznej DNA [publikacja nr IV, Figure 2].

Kolejnym celem tego etapu badan byta analiza  mechanizmoéw
wewnatrzkomdrkowych zwigzanych z dziataniem badanych pochodnych na DNA.
Odpowiedz komérkowa na uszkodzenie DNA obejmuje ztozong sie¢ szlakow sygnatowych,

ktdre ostatecznie prowadzg do zatrzymania cyklu komdrkowego lub Smierci komorki.
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Jednym z kluczowych zdarzen molekularnych w komdédrce, w zwigzku z powstaniem
dwuniciowych peknie¢ DNA, jest fosforylacja histonu H2AX w pozycji seryny 13943, Efektem
tego jest tworzenie sie w jadrze ognisk histonu yH2AX, ktére s widoczne
pod mikroskopem dzieki specyficznemu barwieniu immunofluorescencyjnemu. Test ten
jest skutecznym farmakodynamicznym markerem tworzenia miedzysieciowych wigzan
poprzecznych DNA zaréwno dla lekdw na bazie iperytu azotowego, jak i platyny®*4°.
Przeprowadzone badania in vitro wykazaty, ze odpowiedz na uszkodzenie DNA w postaci
powstania ognisk yH2AX po inkubacji z badanymi zwigzkami byfa zalezna od czasu dla
wszystkich trzech badanych linii komérkowych (RPMI8226, HL60 i THP1) [publikacja nr IV,
Figure 3, Table 1]. Najwyzszg zdolno$¢ do fosforylacji histonu H2AX wykazata pochodna
EM-T-MEL. Zmiany obserwowane po inkubacji z tym analogiem byty kilkukrotnie wyzsze
niz w przypadku melfalanu. Istotne zmiany dla tego molekularnego markera sg spdjne

z wczesniejszymi badaniami wtasciwosci genotoksycznych dla tej pochodne;.

Nastepstwem stresu genotoksycznego jest aktywacja kaskady zjawisk
molekularnych  zakonczona zahamowaniem podziatéw komdérkowych. Jednym
z pozadanych i czesto wystepujgcych efektdw dziatania lekdw cytostatycznych jest
blokowanie cyklu komdérkowego na drodze rézinych proceséw farmakodynamicznych.
Potencjat danej substancji aktywnej do hamowania podziatéw komdrkowych mozna
analizowac za pomocg techniki cytometrii przeptywowej, gdyz w metodzie tej wykorzystuje
sie zjawisko zmiany poziomu ilosci DNA w komdrce w trakcie cyklu. Kolejny etap badan miat
na celu ocene zdolnosci melfalanu oraz badanych analogédw do hamowania cyklu
podziatowego komodrek nowotworowych w wyniku ich genotoksycznego dziatania
[publikacja nr IV, Figure 4]. Wszystkie badane zwigzki powodowaty akumulacje komérek
w fazach SiG2/M cyklu komdrkowego kosztem fazy G1. Jednakze analog zawierajacy reszte
tiomorfoliny najsilniej wptywat na rozktad faz cyklu komérkowego prowadzac
do zatrzymania cyklu komérek linii RPMI8226 i HL60 w fazie G2/M natomiast komérki linii
THP1 byty dodatkowo blokowane w fazie S. Procent komodrek zatrzymanych w fazie G2/M
po 24 i 48 godzinach inkubacji z t3 pochodng wzrést okoto 2-krotnie
w poréwnaniu z prébg kontrolng. Jednoczesnie zmniejszyta sie populacja komérek w fazie
Gl powodujagc w ten sposdb odwrdcenie profilu cyklu komérkowego. Mniejsze,

ale istotne zmiany w rozktadzie cyklu komdérkowego zaobserwowano rowniez po inkubacji
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komorek z pochodnymi EE-MEL, EM—MEL, MOR-MEL (24 h, 48 h) oraz EM—I-MEL (po 48
godz.). Melfalan rowniez indukowat zatrzymanie cyklu komorkowego, gtéwnie w fazie

G2/M, jednakze zmiany te byty istotnie mniejsze w poréwnaniu z EM—T—MEL.

Kolejny etap badan miat na celu okreslenie szlakow $mierci badanych komérek
nowotworowych po inkubacji z melfalanem oraz analizowanymi pochodnymi. W etapie
| oraz Il ocenie poddano analize wtasciwosci proapoptotycznych nowych pochodnych
melfalanu, ktéra opierata sie na licznych zmianach morfologicznych i biochemicznych
w komérkach. Wykazano, ze mechanizm dziatania melfalanu oraz jego pochodnych jest
rozny w zaleznosci od rodzaju komérek nowotworowych. W przypadku komoérek
biataczkowych (THP1 oraz HL60) badane parametry oceny wiasciwosci proapoptotycznych
jednoznacznie wskazywaty na aktywacje tego typu Smierci po inkubacji z badanymi
zwigzkami. W przypadku komodrek szpiczaka mnogiego molekularny szlak prowadzacy
do $mierci pozostawat niejasny. W komérkach tych, w odpowiedzi na badane zwigzki,
dochodzito do zmian morfologicznych charakterystycznych dla péznych etapéw apoptozy.
Nieznacznej aktywacji ulegata kaspaza 3/7, a inicjacja tej proteazy egzekutorowej nie bytfa
poprzedzona wzrostem aktywnosci kaspazy 8 czy 9. To sktonito mnie do oceny aktywnosci
kaspazy 2, ktéra, jako jeden z najwazniejszych regulatoréw katastrofy mitotycznej, jest
zaangazowana w utrzymanie stabilnosci genomu. Jako czes¢ kompleksu PIDDosome
(ang. p53—induced death domain protein), kaspaza 2 uczestniczy w eliminacji dodatkowych
centrosoméw oraz reguluje ploidalno$é¢ i proliferacje komdrek*®4”. zZ drugiej strony,
proteaza ta uczestniczy w regulacji cyklu komérkowego poprzez stabilizacje p53
i rozszczepianie jego inhibitora Mdm2 (ang. Mouse double minute 2 homolog), ktére s3
niezbedne dla odpowiedzi komérkowej podczas nieprawidtowej segregacji chromosomow

i rozwoju katastrofy mitotycznej®.

Analiza aktywnosci kaspazy 2 w komdrkach szpiczaka mnogiego i komodrkach
biataczkowych po inkubacji z melfalanem oraz badanymi pochodnymi wykazata znaczny
wzrost aktywnosci tej proteazy cysteinowej, gtéwnie po 24 godzinach inkubacji [publikacja
nr IV, Figure 5]. Najwyzsze zmiany po inkubacji z badanymi zwigzkami zaobserwowano
w komorkach szpiczaka mnogiego, co wskazywaé mozie na wysokg niestabilnosc
genomowa. Pochodna EM-T-MEL najsilniej indukowata aktywacje tej kaspazy a istotnie

statystycznie zmiany wzgledem niemodyfikowanego melfalanu zaobserwowano juz
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po 4 godzinach inkubacji z tym zwigzkiem. Wynik ten okazat sie spdjny z badaniami innej
grupy badawczej*, ktore réwniez wykazaty, ze melfalan aktywuje kaspaze 2 w komérkach

szpiczaka mnogiego i prowadzi do aktywacji katastrofy mitotycznej w tych komérkach.

Warto podkresli¢, ze katastrofa mitotyczna prowadzi do licznych zmian
morfologicznych i biochemicznych w komdrkach*. Komérki niezdolne do zakoriczenia
procesu mitozy charakteryzuja sie nieprawidtowym wzrostem poziomu cykliny B1 i blokadg
cyklu w fazie G2/M co prowadzi do zmian w jadrze komdrkowym?>9>°1,
Po inkubacji komérek szpiczaka mnogiego z badanymi zwigzkami nastepowato zatrzymanie
cyklu  komdrkowego gtownie w fazie G2/M. Ponadto, wiadomym jest,
ze komorki ulegajace katastrofie mitotycznej nie wykazujg fragmentacji DNA typowej dla
apoptozy, czy peknie¢ DNA wykrywanych metodg TUNEL®2. W | etapie badan analiza
procesu apoptozy z wykorzystaniem tej metody wykazata staby sygnat fragmentacji DNA
na odcinki rowne wielokrotnosci dfugosci nukleosomoéw, co jest szczegdlng cechg komodrek
apoptotycznych. Co wazne, rekonfiguracja sieci mitochondrialnej réwniez uwazana jest
za morfologiczng ceche katastrofy mitotycznej*®. W Il etapie badan wykazano, ze inkubacja
komodrek z badanymi zwigzkami powoduje spadek potencjatu btony mitochondrialne;j.
Oprdcz zmian morfologicznych w jadrze komérkowym i mitochondriach, proces katastrofy
mitotycznej charakteryzuje sie réwniez wzrostem poziomu ufosforylowanego histonu
H2AX?*>3, Na podstawie wnioskéw z przeprowadzonych badarh mozna zatem sadzi¢, ze

jednym ze szlakéw smierci komérek szpiczaka mnogiego jest katastrofa mitotyczna.

Podsumowujgc ten etap badad, mozna stwierdzi¢, ze giéownym celem
molekularnym dla melfalanu oraz badanych analogéw jest DNA. Pochodne EM-—MOR-
MEL oraz EM-T-MEL, wptywaja na konformacje struktury B-DNA, poprzez cze$ciowa
interkalacje, co skutkuje wzrostem poziomu ufosforylowanego histonu H2AX. W wyniku
genotoksycznego dziatania badanych analogéw cykl komérkowy zostaje zatrzymany
w fazach S i G2/M. Wykazano réwniez, ze Smier¢ komoérek szpiczaka mnogiego nastepuje
poprzez aktywacje katastrofy mitotycznej. Nie zaobserwowano réznic w skutecznosci
dziatania estru metylowego i etylowego melfalanu. Obydwie modyfikacje skutkowaty
wzrostem aktywnosci macierzystego leku. Analogi EM-MOR-MEL i EM-T-MEL,
w warunkach badan in vitro, charakteryzuja sie najlepszg  aktywnosciag

przeciwnowotworowg w komaérkach biataczkowych oraz szpiczaka mnogiego.
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6. Wnioski

Przeprowadzone badania pozwolity mi pozytywnie zweryfikowaé postawiong hipoteze
badawcza zaktadajgcy, ze zastosowane modyfikacje struktury czasteczki melfalanu
zwiekszajg  aktywno$¢  przeciwnowotworowg w  komoérkach  ostrej biataczki

promielocytowej i monocytowej oraz szpiczaka mnogiego (Rysunek 2).
Na podstawie przeprowadzonych badan mozna wnioskowag, ze:

1. Kluczem dla zwiekszenia skutecznosci przeciwnowotworowej melfalanu, jest
modyfikacja grupy karboksylowej poprzez jej estryfikacje oraz zamiana grupy di-N—
propyloaminowej na amidynowgq, zawierajagcg pierscien heterocykliczny (pierscien
morfolinowy lub tiomorfolinowy). Przeprowadzone badania wskazujg, ze takie analogi,
w warunkach badan in vitro, charakteryzujg sie lepszg aktywnoscig cytotoksyczng,
genotoksyczng i proapoptotyczng w komdrkach biataczkowych oraz szpiczaka
mnogiego niz obecnie stosowany melfalan. Jednoczesnie zwigzki
te byty znacznie mniej cytotoksyczne wobec komédrek prawidtowych.

2. Gtdwnym celem molekularnym melfalanu oraz badanych analogdw, u podstawy
ktdrego lezg ich wtasciwosci przeciwnowotworowe, jest ich interakcja z DNA.

3. Mechanizm aktywacji molekularnych szlakéw s$mierci przez melfalan oraz badane
pochodne jest rézny w zaleznosci od rodzaju komdrek nowotworowych. Komarki
biataczkowe indukujg smier¢ komérki gtdwnie poprzez aktywacje mitochondrialnego
(ostra biataczka monocytowa) lub receptorowego (ostra biataczka promielocytowa)
szlaku apoptozy, natomiast smier¢ komorek szpiczaka mnogiego nastepuje gtéwnie

przez inicjacje katastrofy mitotycznej.
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Rysunek 2. Mechanizm dziatania badanych zwigzkéw w oparciu o przeprowadzone

badania in vitro.
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7. Streszczenie w jezyku polskim

Nowotwory uktadu krwiotwdrczego sg heterogenng grupg chordb o ztozonej
patogenezie, co stanowi powazne wyzwanie dla wspodfczesnej medycyny. Najwiekszy
odsetek wsrdd biataczek u dorostych stanowi ostra biataczka szpikowa. Natomiast szpiczak
mnogi jest drugim co do czestosci wystepowania nowotworem ukfadu krwiotwodrczego.
Terapia mieloablacyjna za pomocg duzych dawek melfalanu wspomagana przeszczepem
komodrek macierzystych od lat uwazana jest za standard leczenia pierwszego rzutu chorych
na szpiczaka mnogiego, ktérzy kwalifikujg sie do przeszczepu. Problemy zwigzane ze
stosowaniem tej terapii to brak selektywnosci, wysoka toksycznosé oraz rozwdj opornosci
na lek. Wszystko to sprawia, ze poszukiwane sg nowe terapeutyki, charakteryzujgce sie
wyzszg skutecznoscig przeciwnowotworowg i lepszym profilem bezpieczenstwa.

Jedng z metod poprawy skutecznosci terapeutycznej lekéw jest regulacja ich aktywnosci
farmakologicznej poprzez modyfikacje struktury chemicznej. Celem pracy doktorskiej byta
analiza wiasciwosci biologicznych nowych, otrzymanych drogg syntezy chemicznej
pochodnych melfalanu oraz wytypowanie tej struktury, ktéra wykazuje wyzszg aktywnos¢
przeciwnowotworowg niz zwigzek macierzysty wzgledem komoérek szpiczaka mnogiego
(RPMI18226) oraz komodrek ostrej biataczki monocytowej (THP1) i promielocytowej (HL60).
Badania in vitro, bedace podstawg tej pracy pozwolity na wytypowanie najskuteczniejszej
modyfikacji struktury melfalanu. Wykazano, ze kluczem dla zwiekszenia aktywnosci
cytotoksycznej, genotoksycznej i proapoptotycznej w komérkach biataczkowych
oraz szpiczaka mnogiego jest modyfikacja grupy karboksylowej poprzez jej estryfikacje oraz
zamiana grupy di-N-propyloaminowej na amidynowg, zawierajgcg pierscien
heterocykliczny (pierscien morfolinowy lub tiomorfolinowy). Jednoczesnie taka zmiana
struktury melfalanu powoduje obnizenie aktywnosci cytotoksycznej wobec komérek
prawidtowych — jednojgdrzastych komdrek krwi obwodowej. Zbadano mechanizm
aktywacji molekularnych szlakéw smierci przez melfalan oraz badane pochodne. Badania
pozwolity na poznanie zaleznosci pomiedzy strukturg chemiczng melfalanu oraz nowych
pochodnych a ich aktywnoscig biologiczng. Otrzymane wyniki stanowig istotny wkfad

w wiedze o obecnie stosowanym leku — melfalanie, jak rowniez o jego nowych analogach.
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8. Streszczenie w jezyku angielskim | Summary

Hematopoietic neoplasms are a heterogeneous disease group and a major challenge
for contemporary medicine. Acute myeloid leukemia accounts for the largest proportion
among adult leukemias. Multiple myeloma is the second most common hematopoietic
malignancy. Myeloablative therapy with high — dose melphalan followed by autologous
stem cell transplantation is considered the standard of treatment for multiple myeloma
patients who are eligible for transplantation. Problems associated with the use of this
therapy include lack of selectivity, high toxicity and the development of drug resistance. All
this leads to the search for new therapeutics with higher anti—-tumor efficacy and a better
safety profile.

One way to improve the therapeutic efficacy of drugs is to regulate their pharmacological
activity by modifying their chemical structure. The aim of this dissertation was to analyze
the biological properties of new melphalan derivatives obtained by chemical synthesis and
to select this modification of its structure which exhibits higher anticancer activity than the
parent compound against multiple myeloma cells (RPMI8226), acute monocytic (THP1) and
promyelocytic (HL60) leukemia cells.

In vitro studies have identified the most effective structural modification of melphalan. It
was shown that the key to enhancing cytotoxic, genotoxic and proapoptotic activity in
leukemia and multiple myeloma cells is the modification of the carboxyl group by its
esterification and the replacement of the di—-N—propylamine group with an amidine group
containing a heterocyclic ring (morpholine or thiomorpholine one). Simultaneously, such a
change in the structure of melphalan causes a reduction in cytotoxic activity against normal
cells — peripheral blood mononuclear cells. The mechanism of activation of molecular
death pathways by melphalan and the derivatives studied was investigated. The study
allowed us to understand the relationship between the chemical structure of melphalan
and the new derivatives and their biological activity. The obtained results are an important
contribution to the knowledge of the currently used drug — melphalan, as well as its new

analogues.
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Abstract: Multiple myeloma (MM) accounts for 10% of all hematological malignancies, and it
is the second most common hematological neoplasm for which chemotherapy is an important
pharmacological treatment. High dose melphalan followed by autologous stem cell transplantation
remains the standard of treatment for transplant-eligible patients with MM. In this review, we
describe aspects of the pharmacokinetics and pharmacodynamics of melphalan therapy and related
compounds. In addition, we describe the use of melphalan in innovative therapies for the treatment
of MM, including the development of drug carriers to reduce systemic toxicity, combination therapy
to improve the effectiveness of cancer therapy, and the chemical modification of the melphalan
molecule to improve antitumor activity.

Keywords: autologous stem cell transplantation; clinical study; combination chemotherapy; high
dose melphalan therapy; in vitro and in vivo studies; multiple myeloma

1. Introduction

Despite constant advances in medicine, cancer remains a major health problem. It
affects patients of all ages, often leading to death. Many effective anti-cancer drugs have the
potential to alkylate DNA, RNA, and several proteins. DNA alkylation is the major change
leading to anticancer activity. One important milestone in the fight against cancer was the
discovery of nitrogen mustard as an alkylating agent in 1942. Nitrogen mustard-based
DNA alkylating agents were the first effective antitumor compounds developed, and they
remain important drugs for the treatment of many types of cancer. Many years of research
on nitrogen mustard have resulted in the identification of a wide range of therapeutically
useful compounds. Active molecules can be designed by reducing the electrophilicity of
mustard agents, thereby obtaining safer analogues. This approach was used to develop
clinically useful anti-cancer agents such as chlorambucil, mechlorethamine, melphalan,
cyclophosphamide, and estramustine. The biological activity of this noteworthy group
of compounds is based on DNA binding, cross-linking two strands, preventing DNA
replication, and inducing cell cycle arrest, which leads to cell death. These alkylating
agents bind to the N7 nitrogen on guanine DNA bases. DNA alkylation occurs in two
stages. First, the bis(2-chloroethyl) amine undergoes first order SN2 cyclization at neutral
or alkaline pH in a one-step reaction, resulting in the formation of a highly reactive and
unstable aziridinium cation. In the second step, the resulting aziridine cation is subjected to
nucleophilic addition by a DNA nucleophile to form a monoalkylation adduct through the
SN2 mechanism. These reactions can then be repeated with another involving CH2CH2Cl
to obtain a cross-link between two complementary DNA strands [1]. Many drugs and
chemicals that form reactive electrophiles, including alkylating compounds, bind to cellular
macromolecules such as proteins, and increase heat shock proteins synthesis by binding
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covalently to nucleophilic functional groups. Alkylating agents also cause secondary
cytotoxic signals, such as depletion of glutathione, increased cellular calcium, oxidative
stress, and lipid peroxidation, which induce a heat shock response [2].

Melphalan (MEL, trade name Alkeran™) is an alkylating drug that belongs to the
nitrogen mustard group of alkylating agents. This drug was first synthesized in the second
half of the 20th century. Melphalan is the phenylalanine derivative of nitrogen mustard [3].
The intracellular cytotoxic activity of melphalan is based on inter- or intra-structural
DNA cross-linking and DNA-protein cross-linking via two chlororethyl groups on the
molecule. These cross-links lead to deletion of nitrogen bases, strand cleavage, and open
ring formation in the DNA molecule, which disrupts DNA replication and transcription.
The ability of melphalan to induce both inter- and intra-strand links classifies this drug as
a bifunctional alkylating agent [4].

In this review, we describe aspects of the pharmacokinetics, and pharmacodynamics
of melphalan therapy and related compounds and define how melphalan is used in the
treatment of multiple myeloma (MM).

2. Multiple Myeloma Is the Second Most Common Hematological Malignancy:
Current Treatment Strategies

Plasma cell disorders are a wide group of diseases [5]. MM accounts for 1% of all
malignancies, and 10% of all hematological cancers, and it is the second most common
hematologic tumor after non-Hodgkin’s lymphoma [6,7]. MM is a B-cell malignancy
characterized by clonal proliferation of plasma cells, overproduction of paraproteins, renal
failure, hypercalcemia, anemia, osteolytic bone damage, and numerous infections [8].
Although the incidence of MM increases with age, and it is more common at 60-70 years
of age, younger patients have also been diagnosed. In recent years, the median overall
survival (OS) has increased from 2-3 years to 8-10 years, which is mostly due to an
improved understanding of the heterogeneity of the disease, as well as the introduction of
new therapeutic drugs. The use of autologous stem cell transplantation [7] or allogeneic
stem cell transplantation (Allo-SCT), which is a potentially curative treatment, has also
increased the survival of MM patients [9].

The treatment of MM involves different combinations of drugs with different mechanisms
of action, including alkylating agents, corticosteroids, anthracyclines, immunomodulatory drugs
(IMID), histone deacetylase inhibitors (HDAC), proteasome inhibitors (PIs), monoclonal anti-
bodies (mAbs), and high-dose chemotherapy followed by autologous stem cell transplantation
(ASCT). Alkylating agents such as melphalan attack rapidly proliferating cells [7], cross-linking
the two strands and arresting DNA replication, which causes cell death. In addition to melphalan,
bendamustine is another alkylating agent that has been successfully used in both the upfront
and relapse/refractory settings of MM patients, including those with renal impairment. This
drug attracted attention because of its specific mechanism of action. Although it is structurally
similar to both alkylating agents and antimetabolities, it does not show cross-resistance with
alkylating drugs [10]. Glucocorticoids (especially dexamethasone), which are steroid hormones,
have been used for more than 50 years in the treatment of MM. Dexamethasone works by
activating the mitochondrial apoptotic pathway, upregulating pro-apoptotic genes, downregu-
lating anti-apoptotic genes, promoting the cleavage of poly (ADP-ribose) polymerase (PARP),
and activating caspase 3 [11-13]. The mechanistic target of rapamycin (mTOR) pathway is also
involved in the mechanism of action of dexamethasone, and inhibitors of mTOR sensitize MM
cells to dexamethasone-induced apoptosis [14,15]. Proteasome inhibitors such as bortezomib,
carfilzomib, and ixazomib, exhibit their biological activities through various mechanisms, such
as direct effects on MM cells, suppression of several adhesion molecules, inhibition of cytokines,
and angiogenesis. By blocking the degradation of the kappa B inhibitor (I«B), bortezomib in-
hibits the NF«B signaling pathway, which plays a key role in MM cell survival and proliferation.
Bortezomib inhibits the expression and secretion of vascular endothelial growth factor, thereby
inhibiting angiogenesis in the bone marrow microenvironment. In addition, bortezomib inhibits
oseoclasts and directly stimulates osteoblast proliferation and differentiation [7,16]. Monoclonal
antibodies such as daratumumab and isatuximab bind to specific antigens on the surface of MM



J. Clin. Med. 2021, 10, 1841

30f23

cells. This induces MM cell death through antibody-dependent cellular cytotoxicity (ADCC),
complement dependent cytotoxicity (CDC), and/or antibody-dependent cellular phagocytosis
(ADCP) [17]. Histone deacetylase inhibitors such as vorinostat and panobinostat act on malignant
plasma cells by opening the chromatin structure, which leads to changes in the expression of many
genes involved in signaling pathways, cell cycle inhibition, and angiogenesis. This leads to cell
growth arrest, activation of external, and/or internal apoptotic pathways, induction of autophagy,
activation of mitotic cell death, and senescence [18,19]. A promising agent for the treatment of
patients with relapsed or refractory MM is venetoclax (ABT-199), a selective, orally bioavailable B
cell lymphoma 2 (BCL-2) inhibitor. It is particularly effective in MM harboring t(11;14), which
is characterized by high expression of BCL-2 relative to B-cell lymphoma-extra large (BCL-XL)
and myeloid cell leukemia-1 (MCL-1) [20,21]. Immunomodulatory drugs such as thalidomide,
lenalidomide, and pomalidomide modulate the inflammatory environment of the bone marrow,
causing MM cell death by inhibiting angiogenesis and antiproliferative properties [22]. Cereblon
(CRBN) is a target for immunomodulatory drugs [23], and lenalidomide-bound cereblon acquires
the ability to target two specific B cell transcription factors, Ikaros family zinc finger proteins 1
and 3 (IKZF1 and IKZF3), for proteasomal degradation [24]. Another promising treatment for
MM is anti-B cell maturation antigen (BCMA) chimeric antigen receptor (CAR) T cell therapy. It
has shown improved efficacy with the bivalent BM38 CAR-T therapy for relapsed/refractory
MM with a high overall response rate (ORR) [25].

3. Pharmacokinetics and Pharmacodynamics of Melphalan

The pharmacokinetic parameters of melphalan were tested in several research centers [26-32],
and the results showed large interindividual differences in the parameters analyzed. The dom-
inant half-life (t1/2f3) values range between 25 and 96 min, and the melphalan plasma clear-
ance is 127-797 mL/min/m? [26,27]. The average volume of distribution ranges from 6 to
108 L/m? [28-30]. Research of melphalan administered at a high dose (180 mg/ m?) shows
that plasma levels of melphalan decline bi-exponentially, with a mean terminal half-life (t1/2[3)
of 61 min (range 40.3-132.8 min). The estimated peak concentrations are 5.45-16.57 mcg/mL.
The average volume of distribution at steady state and clearance are 0.479 & 0.164 L/kg and
6.73 £ 1.60 mL/min/kg, respectively. These kinetic parameters are similar to those observed for
lower doses of melphalan [33]. Melphalan administered in oral form is rapidly absorbed after
administration. Absorption lag-time is <1 h [34]. Alberts et al. showed that oral melphalan has a
mean plasma terminal phase half-life (t1/2) of 90 &= 17 min. The mean area under the plasma
concentration: time curve (CXT) is 53 & 33 pg/ min/mL. Urinary excretion averages 10.9 & 4.9%
during the first 24 h. The average CXT ratio (oral: intravenous) is 0.56 (range, 0.25-0.89) [35].
A large variation in bioavailability between individuals has been observed after p.o. treatment.
Although this parameter is not dependent on the dose administered, it decreases with the duration
of the treatment. This suggests that it may be advantageous to administer oral melphalan for
fewer days to achieve higher bioavailability. Absorption of melphalan is consistent with first
order kinetics at the dose intervals tested [34]. Reece et al. [36] confirmed that to achieve the best
bioavailability, melphalan should be administered on an empty stomach, as administration with
food, especially fat food, reduces the melphalan exposure (AUC) by up to 39%.

Melphalan enters the cells mainly via the neutral leucine active amino acid path-
way [37]. Studies using murine L12106 leukemia cells show that the transport of melphalan
is mediated equally by two separate amino acid transport systems: one system is mediated
by a monovalent-dependent cation that has the highest affinity for leucine, and the second
is the L system, the classic leucine-preferable sodium independent transport system. The
model synthetic substrate for the L system is 2-aminobicyclo[2.2.1]heptane-2-carboxylic
acid (BCH) [1]. Identical carrier systems have been identified for L-PAM transport in
LPC-1 plasmacytoma cells and L5178Y lymphoblasts [38,39]. Studies on the mechanism
of melphalan uptake by L5178Y lymphoblasts have been extended by focusing on the
chemical specificity of the transport mechanism.

Melphalan uptake is an active carrier mediated process. It proceeds “uphill” against
a concentration gradient, is temperature-sensitive, partly sodium-dependent, and is in-



J. Clin. Med. 2021, 10, 1841

40f23

hibited by several metabolic antagonists. Studies indicate that melphalan uptake follows
Michaelis-Menten two-phase kinetics, suggesting the involvement of at least two carrier
systems, and it is inhibited by various amino acids [40,41]. A strong inhibitor of mel-
phalan uptake is 3-2-aminobicyclo[2.2.1]Theptane-2-carboxylic acid, a specific inhibitor
of the L-amino acid transport system (preferring leucine), but not by 2-aminoisobutyric
acid or 2-(methylamino)-isobutyric acid-specific inhibitors of the amino acid system A
(preferring alanine). Under conditions of full saturation of the L and A systems with
[-2-aminobicyclo[2.2.1]heptane-2-carboxylic acid and 2-aminoisobutyric acid, drug up-
take is inhibited by serine, an amino acid that is transported through the ASC system
(alanine, serine and cysteine). In experiments using leucine as a substrate, melphalan
inhibited the uptake of the amino acid by both the L system and the second ASC-like
system. Carrier-dependent melphalan uptake can be explained by transport through these
two systems. When the drug concentration range is 3.33-20 uM, the carrier-mediated
uptake of melphalan is mediated equally by the L system and the ASC system, whereas in
the 20-100 uM concentration range, the L system becomes increasingly dominant [40].

Large neutral amino acid transporter 1 (LAT1 or SLC7AS5) is a sodium- and pH-
independent transporter that provides vital amino acids (e.g., leucine and phenylalanine)
to cells. Melphalan is transported to the brain via cerebrovascular LAT1, demonstrating
the usefulness of LAT1 for drug delivery in the central nervous system. This drug has
strong structural similarity to endogenous LAT1 substrates. Prodrugs directed at LAT1
show structural similarity: they are composed of a parent drug attached to the amino acid
side chain via a biodegradable bond and an unsubstituted x-carboxyl and c-amino group
to achieve effective LAT binding [42].

Melphalan is eliminated both by the kidneys and by spontaneous chemical degrada-
tion to mono- and dihydroxy metabolites. The latter pathway has a relatively small share
(just over 5%) because plasma protein binding delays the rate of melphalan hydrolysis.
However, melphalan is degraded rapidly in the urine, which leads to a very variable dose
percentage that can be recovered from urine within 24 h. This led to some confusion about
the role of kidney function in the elimination of melphalan. The fact that more than 60% of
the dose was recovered in three of nine patients in one study suggests that renal excretion
is the main route of melphalan elimination [43].

4. Autologous Stem Cell Transplantation (ASCT) in Combination with High Doses of
Melphalan (HDM) as the Standard Treatment for Newly Diagnosed Patients with
Multiple Myeloma

The current treatment regimen for newly diagnosed MM (NDMM) involves obtaining
the deepest remission of the disease followed by maintenance of this response through
continuous therapy [44,45].

Initial use of high-dose melphalan (HDM) results in a higher response; however, the
high toxicity associated with bone marrow recovery time outweighs the benefits. The
combination of autologous stem cell infusion with HDM reduces toxicity and leads to
better outcomes. HDM-ASCT for the treatment of MM was first developed by Barlogie,
McElwain, and others in the mid-1980s and was the first treatment milestone leading to
better outcomes [3,46]. In the age of modern therapy, HDM-ASCT remains the standard
approach for the treatment of patients with newly diagnosed MM who are eligible for
transplantation [44,47,48]. High-dose therapy combined with ASCT is considered to be
the standard of care for MM patients <65 years of age. MM is a disease of the elderly,
as the median age at diagnosis is 70 years. Therefore, a large proportion of patients are
considered ineligible for high-dose therapy because of increased treatment-related toxicity
and mortality associated with a melphalan dose of 200 mg/m? [49]. However, high-dose
therapy with melphalan 200 mg/m? is safe in selected elderly patients with NDMM, even
in those older than 70 years without increased mortality [50].

Randomized trials comparing HDM-ASCT with conventional chemotherapy have
demonstrated the clinical benefit of HDM-ASCT. HDM-ASCT was compared with various
chemotherapy combinations including doxorubicin, vincristine, melphalan, cyclophos-
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phamide, carmustine, and prednisone [47,48]. An overview of phase III clinical trials
comparing the MM regimen with or without ASCT is provided in Table 1.

In 1996, Attal et al. [51] published the first such studies on NDMM. The study showed
that high-dose melphalan therapy combined with ASCT improves response rate, event
free survival, and OS in patients with myeloma [51]. Another randomized, multicenter
phase III study conducted by Attal et al. [52] in patients with MM showed that treatment
with lenalidomide, bortezomib, and dexamethasone (RVD) plus ASCT resulted in longer
progression-free survival (PFS) than RVD alone; however, OS did not differ significantly
between the two treatment arms [52].

The use of ASCT as an intensification therapy and consolidation therapy in patients
with NDMM compared with new therapies (bortezomib-melphalan-prednisone, with or
without bortezomib-lenalidomide-dexamethasone consolidation therapy and lenalidomide-
dexamethasone maintenance) was supported by a multicenter, randomized, open-label
phase III study conducted by the team of Prof. Cavo [53]. The results of the study support
the use of ASCT as intensification therapy and the use of consolidation therapy in patients
with NDMM, even in the era of novel treatments. PFS, but not OS, was significantly
improved with ASCT compared with VMP (bortezomib—-melphalan—prednisone) [53].

In a randomized, phase III study by Gay et al. [54] in patients with NDMM, con-
solidation of chemotherapy (cyclophosphamide and dexamethasone) with lenalidomide
significantly increased the risk of progression or death and decreased OS compared with
HDM-ASCT. The results of this study confirmed that consolidation with HDM-ASCT
remains the preferred therapeutic option in transplant-eligible patients with NDMM. This
regimen improves PFS and OS at the expense of increased, but manageable, adverse events.
A phase IIl randomized trial by Palumbo et al. [55] compared melphalan 200 mg and ASCT
with melphalan, prednisone and lenalidomide (MPR); the results favored melphalan and
ASCT. Both PFS and OS were significantly longer with HDM-ASCT than with MPR [55].

More than 30 years after the introduction of ASCT to the therapy of patients with mul-
tiple myeloma, there are steel studying at different aspects of ASCT as: early or delayed,
single or tandem [56,57]. The randomized, open-label phase III study BSBMT/UKMF
Myeloma X Relapse showed that salvage ASCT increases OS during consolidation of rein-
duction treatment in patients with MM at first relapse following the first ASCT. Delaying
salvage ASCT to third-line treatment or later may not be as beneficial as using salvage
ASCT at first relapse [58].

For over 10 years, numerous studies have compared single and tandem ASCT with
melphalan conditioning [59]. Tandem ASCT refers to the re-administration of ASCT within
6 months of the first application. Patients randomly assigned to a second autologous
hematopoietic cell transplantation (AHCT/AHCT + lenalidomide) received high-dose mel-
phalan (200 mg/m?) followed by autologous peripheral-blood stem-cell infusion [59]. In
another study of tandem transplantation, the second high-dose regimen was administered
at 140 mg/m? [60]. Despite numerous clinical trials, tandem ASCT remains controversial
and is recommended for patients who did not achieve a very good partial response (VGPR)
after the first ASCT or NDMM patients with high-risk disease characteristics, including
patients with high-risk cytogenetics [57,59].

The Phase III BMT CTN 0702 study was designed to improve PFS by comparing
ASCT, tandem ASCT, and ASCT with four consecutive cycles of RVD. The results showed
that a second consolidation of ASCT or RVD as post-ASCT interventions in the initial
treatment of transplant-eligible MM patients did not improve PFS or OS. A single ASCT
and lenalidomide should remain the standard approach [59]. The latest clinical trials
involving new MM treatment regimens include the use of HDM-ASCT (Table 2).

More than 30 years after its introduction, HDM-ASCT remains in the arsenal of therapy
for patients with newly diagnosed MM. Many clinical trials are currently underway to
assess the efficacy of combination therapy with melphalan for the treatment of MM (Table 3).
Novel therapies represent a milestone in the treatment of MM, and have contributed to a
significant increase in the survival of MM patients over the past two decades [48,61,62].
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Table 1. Clinical trials assessing the efficacy of combination therapy for the treatment of MM, including melphalan-new directions. Overview of phase III clinical studies comparing the

MM treatment regimen with or without Autologous Stem Cell Transplantation.

Result:
Ref. Type of Study No. of Patients Treatment Regimen esults
Response PFS os MRD Negativity
I: MEL (200 mg/m?) + ASCT
(intensification therapy) + RVD/no VGPR: 84% 56.7 months (95% CI 49.3-64.5) NA 36% (10-5)
- Multicenter, randomized cons.
[53,61] o . 4 1503
pen-label, phase III study oo R " o -~
II: VMP (intensification therapy) + VGPR: 75% 41-9 months (95% CI 37.5-46.9) NA 64% (10-5)
RVD/no cons. HR for PFS of ASCT compared with VMP: 0.73, 0.62-0.85; p = 0.0001.
I: MEL (200 mg/m?) + ASCT 3 idation): 23% 4-year
(consolidation therapy) - Rn. CR (post-consolidation): 23% 43.0 months 81.6% NA
[55,61] Open—label,ﬁ'la ndodmlzed, phase 402 CR (post-consolidation): 18% 22.4 months Aééy?e)lz;r NA
study II: MPR (consolidation therapy) & Rm. o
HR for PFS: 0.44; 95% CI: 0.32-0.61; p < 0.001.
HR for OS: 0.55; 95% CI, 0.32-0.93; p = 0.02.
CR: 33% 4-year OS: 75% (MEL-ASCT +
I: MEL (200 mg/m?2) +ASCT MEL-ASCT ° R % - . Rm.) A
(consolidation therapy) +Rm./RPm. CR: 3(7% (MEES\SETnlI){Pm,) 43.3 months (95% CI 33.2-52.2); 4-year OS: 77% (MEL-ASCT + N
RPm.
[54,61] Multicenter, randomized, 389 )
o open-label, phase III study o, nn0 4-year OS: 77% (CRD + Rm.)
: o CR:27% (CRD + Rm)CR: 23% 5 ¢ 11on¢hs (95% CI20.6-36.7) d-year 0S:76% NA
II: CRD (consolidation therapy) (CRD + RPm.)
(CRD + RPm.)
+Rm./RPm.
HR for the first 24 months 2.51, 95% CI 1.60-3.94; p < 0.0001
I: MEL+ ASCT (consolidation therapy) 1-year ORR: 47.1% 53.9% 38-month OS: 83.7% (95% CI: NA
+Rm. (1 =208) (95% CI: 47.4-60%) 78.4-87.8%)
. . II: MEL+ ASCT/ASCT (consolidation 1-year ORR: 50.5% 58.5% 38-month OS: 81.8% (95% CI:
Prospective, randomized, ~ o T 64 €O Qc 9o NA
[59] phase III study 758 therapy) + Rm. (n=192) (95% CI: 51.7-64.6%) 76.2-86.2%)
1-year ORR: 58.4% 57.8% 38-month OS: NA
III: MEL+ ASCT +RVD (consolidation (n =209) (95% CI: 51.4-63.7%) 85.4% (95% CI: 80.4-89.3%)
therapy) +Rm.
PYy) Patients with high-risk disease experienced higher rates of treatment failure (progression or death; HR, 1.66; 95% CI: 1.30-2.11) and overall
mortality (HR, 1.49; 95% CI: 1.01- 2.20) compared with patients with standard-risk disease.
. 2
I: MEL (200 mg/m”) + ASCT+ RVD CR: 59% 50 months 4-year OS: 81% 79% (10-4)
(consolidation therapy) + Rm.
152,61] Ope“'label’I;Iaf‘f‘;mlz‘*d' phase 700 CR: 48% 36 months 4ryear OS: 82% 65% (10-4)
study II: RVD (consolidation therapy) +Rm. - -
HR for disease progression or death, 0.65; p < 0.001
I: MEL (200 mg/m2) + sASCT CR: 92.1% 1 ths (95% Cl 162 67 months (95% CI 55-not NA
(consolidation therapy) T 9 months (95% CL16-26) estimable)
[58,63] Open-label, randomized, phase 297 CR: 94.1% 11 months (95% CI: 9-12) 52 months (95% CI 42-60) NA

IIT study

II: cyclophosphamine (consolidation

therapy)

HR for PFS: 0.45 (95% CI 0.31-0.64), p < 0.0001
HR for OS: 0.56 (0.35-0.90), p = 0.0169

Abbreviations: ASCT, autologous stem cell transplantation; sASCT, salvage autologous stem cell transplantation; CR, complete remission; CRD, cyclophosphamide + lenalidomide + dexamethasone; HR,
hazard ratio; MM, multiple myeloma; MPR, melphalan + prednisone + lenalidomide; MRD, minimal residual disease; NA, not available; ORR, overall response rate; OS, overall survival; PFS, progression-free
survival; Rm, lenalidomide maintenance; RPm, lenalidomide + prednisone maintenance; RVD, lenalidomide + bortezomib + dexamethasone; VGPR, very good partial response; VMP, bortezomib + melphalan

+ prednisone.
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Table 2. Clinical trials assessing the efficacy of combination therapy for the treatment of MM, including melphalan-new directions. Published clinical studies featuring new MM treatment
regimens with Autologous Stem Cell Transplantation.

Ref. Type of Study No. of Patients Treatment Regimen Results

There was a 28% reduction in the risk of PFS with ixazomib

I ixazomib maintenance therapy vs. placebo (26.5 months (95% CI 23.7-33.8) vs. 21.3 months

[64] Randomized, a double-blind, 656 géfﬁagcfffps had undergone standard  (18:0-247); IR 0.72,95% CL0.58-0.89; p = 0.0023). At the time
placebo-controlled phase III trial . . . of this analysis no increase in secondary malignancies was
induction therapy with MEL (200 observed with ixazomib thera o . .
2 e O . py (3% patients) compared with
mg/m~) conditioning and a single ASCT placebo (3% patients).
Conditioning with BU-MEL in comparison to MEL was
associated with longer PFS (41 vs. 31 months; p = 0.009),
RVD (induction therapy) + ) although OS was similar to that in the melphalan 200 mg/m?
. . : BU (12 mg/kg)- MEL (140 mg/m?) + group. This should be counterbalanced against the higher
[65-67] Open-label, randomized, phase Il study 458 ASCT /MEL (200 mg/m?) +ASCT + frequency of veno-occlusive disease-related deaths. Access to
RVD (consolidation therapy) novel agents as a salvage therapy after relapse/progression
was decreased for patients receiving BU-MEL (43%) vs. MEL
(58%; p =0.01).
Prospective, investigator-initiated ) ' PCD was an effective therapy after first relapse with RVD.
[68] nonran. dom,ize d multicenter, o ) bel 100 RVD (induction therapy) + MEL (200 Responses were obtained in 85% of patients evaluated: CR
, , open-label, 2 o o
hase I stud mg/m?) + ASCT + Rm + PCD (1%), VGPR (33%).After 4 cycles, the rate of PR (or better) was
P y 85%. 94% of planned ASCTs were performed.
The median duration of grade 4 neutropenia was 5 days in
both LIP and FIL groups. The incidence of FN was
I: MEL (200 mg/m?) + ASCT + significantly lower in the LIP than in the FIL group (29% vs.
. . Lipegfilgrastim (LIP) 49%, respectively, p = 0.024). The HR of ANC > 0.5 x 10(9)/L
(691 Single-arm, prospective phase Il study 125 II: MEL (200 mg/m?) + ASCT + was 3.5 tli)mes hithr in patients treated with LIP than in those
Filgrastim (FIL) treated with FIL (HR 3.50, 95% CI 2.28-5.38, p < 0.001),

indicating that the response was faster in LIP treated patients
than in those treated with FIL.

Abbreviations: ANC, absolute neutrophil count; ASCT, autologous stem cell transplantation; BU-MEL, busulfan + melphalan; CR, complete remission; FN, febrile neutropenia; HR, hazard ratio, MM, multiple
myeloma; OS, overall survival; PCD, pomalidomide + cyclophosphamide + dexamethasone; PFS, progression-free survival; PR, partial remission; Rm, lenalidomide maintenance; RVD, lenalidomide + bortezomib
+ dexamethasone; VGPR, very good partial response.
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Table 3. Clinical trials assessing the efficacy of combination therapy for the treatment of MM, including melphalan-new directions. New clinical studies of the treatment of MM with

combination therapy including melphalan.

Clinical Trial Identifier Trial Phase Treatment Regimen Objective of Trial
NCT03829371 1 VMP, MPT and lenalidomide with low-dose Comparison of treatment regimens in an autologous stem cell
dexamethasone transplantation ineligible population affected by MM.
NCT03346135 2 melphalan, daratumumab Daratumumab after stem cell transplant for the treatment of MM.
NCT03481556 5 melphalan, dexamethasone, bortezomib, Assessing patients with relapsed or relapsed-refractory MM following
daratumumab 1-4 lines of prior therapy.
Radioimmunotherapy and chemotherapy before stem cell
NCT04466475 1 astatine at 211 anti-cd38 monoclonal antibody transplantation. Therapy based on 211At-OKT10-B10 in combination
okt10-b10, melphalan with melphalan before a stem cell transplant may be more effective than
melphalan monotherapy in MM.
) . . . Assessing patients with relapsed or refractory myeloma with
NCT03556332 1 azigﬁm&;ﬁnglgfeﬂﬁg( iﬁ)t(gﬁ eg}lllassone, re-administration of ASCT to a patient with symptoms of disease
hematopoietic cell transplanta tior%(mel halan) progression. The effect of the drugs in combinations will be compared
P P P before and after ASCT in MM.
Evaluation of the safety and efficacy of a reduced intensity allogeneic
NCT02581007 2 fludarabine, melphalan, cyclophosphamide HSCT from partially HLA-mismatched first-degree relatives utilizing
PBSC as the stem cell source.
melphalan, fludarabine, PI and dexamethasone as Assessing efficacy and safety of the holistic treatment of young high-risk
NCT04008888 1 maintenance therapy, PI + IMids + dexamethasone =~ MM patients who were designed to receive a combination of high-dose
as consolidated chemotherapy chemotherapy with allogeneic or autologous HSCT.
. Assessing a standard regimen and the newly established melphalan and
NCTO1453088 3 melphalan, bortezomib bortezomib regimen in patients with MM 65 years or older.
Determination of the maximum tolerated dose of selinexor in
NCT02780609 % selinexor, melphalan, dexamethasone, fosaprepitant ~ combination with high-dose melphalan as a conditioning regimen for
hematopoietic cell transplant in MM.
Comparing melphalan to carmustine, etoposide, cytarabine, and
NCT03570983 2 allopurinol, carmustine, etoposide, cytarabine, melphalan (beam) as a conditioning regimen for patients with MM
melphalan undergoing high dose therapy followed by autologous stem cell
reinfusion.
e . - . Assessing patients with relapsed or refractory MM will receive high dose
NCT02043847 1 radiation: total marrow irradiation drug:melphalan, melphalan with autologous stem cell rescue. The pre-transplant

filgrastim (g-csf)

conditioning is based on total marrow irradiation.

Abbreviations: ASCT, autologous stem cell transplantation; HSCT, hematopoietic stem cell transplantation; IMID, immunomodulatory drugs; MM, multiple myeloma; MPT, melphalan-prednisone- thalidomide;
PBSC, peripheral blood stem cell; PI, proteasome inhibitors; VMP, bortezomib + melphalan + prednisone.
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5. Clinical Usage of Combination Treatment with Melphalan to Improve the
Effectiveness of Cancer Therapy

Oral administration of melphalan and prednisone as an immunosuppressant against
MM was first described by Alexanian et al. in 1969 [70]. This combination resulted in an
increase in the response rate and median survival of 6 months compared with melphalan
alone [37].

The introduction of novel therapies is an important milestone in the treatment of MM
that has markedly increased the survival of MM patients over the last two decades. The
immunomodulatory drug thalidomide and its lenalidomide derivative, and the proteasome
inhibitor bortezomib have improved the natural history of MM. The usage and optimization
of the combination of these drugs have improved the OS of patients with MM. These drugs
are currently included as induction and maintenance therapy [37,48].

The aim of induction treatment of MM patients eligible for transplantation is to obtain
the earliest possible response for rapid disease control and the maximum possible response
without excessive toxicity to safely enter ASCT. Three-drug combinations including a
PI with an IMiD and dexamethasone are currently considered as the gold standard reg-
imens [48,71]. The combination of bortezomib, thalidomide, and dexamethasone (VTD)
shows superiority over the combinations of the two drugs thalidomide-dexamethasone
(TD) and bortezomib-dexamethasone (VD) in terms of response rates and long-term out-
comes [56,72,73]. Lenalidomide in combination with bortezomib and dexamethasone (RVD)
has advantages over lenalidomide-dexamethasone (RD) and is associated with deeper and
sustained responses and increased survival [74]. RVD is also associated with improved OS
compared with the combination of bortezomib, cyclophosphamide and dexamethasone
(VCD) [75]. Induction therapy with RVD showed high rates of deep response in the Phase
III clinical trial, as more than one-third of NDMM patients eligible for transplantation were
minimal residual disease (MRD) negative. RVD therapy has become the predominant
induction regimen in the United States, although VID or even VCD are feasible options
depending on drug availability [74,76].

Another approach for patients with newly diagnosed MM who are not eligible
for ASCT is the inclusion of daratumumab in standard therapy. Daratumumab is
a human IgGk monoclonal antibody against a CD38 cell surface marker that is ex-
pressed on the surface of hematopoietic cells, and is overexpressed on MM cells. CD38
acts as a receptor and as an ectoenzyme, thereby performing many functions, and its
multi-faceted mechanisms of action include direct antitumor and immunomodulatory
activity [17,77,78]. Daratumumab may also sensitize myeloma cells to other drugs by
decreasing CD38 expression levels and/or restoring depleted T cell responses [78,79].
Combination therapy consisting of intravenous administration of daratumumab, borte-
zomib, melphalan, and prednisone (Dara-VMP) in patients with newly diagnosed
MM who are not eligible for ASCT has been approved based on the results of the
phase III ALCYONE trial. This therapy significantly extended the median PFS com-
pared with therapy without daratumumab [77,80,81]. The MAIA study (NCT02252172)
confirmed the efficacy and safety of daratumumab in NDMM patients who were not
eligible for ASCT, although it compared the use of daratumumab in combination with
lenalidomide and dexamethasone (Dara-RD) vs. lenalidomide and dexamethasone
alone. The results of this phase III trial showed that treatment with daratumumab plus
lenalidomide and dexamethasone results in significantly longer PFS than lenalidomide
and dexamethasone alone; the risk of disease progression or death was 44% lower in
the daratumumab group than in the control group. The addition of daratumumab
improved the efficacy of both VMP and RD [82]. Choosing between Dara-VMP and
Dara-RD can be difficult because there is currently no direct comparison of the two
combinations. In Italy, a study performing a head-to-head comparison of VMP vs. RD
(NCT03829371) is underway [83]. New melphalan treatment regimens are constantly
being developed and are currently in the early stages of clinical trials (Table 3). The
proposed therapies are, among others, based on the next-generation proteasome in-
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hibitor carfilzomib (Kyprolis®) (NCT03556332) and the exportin 1 inhibitor selinexor
(NCT0278 0609). Exportin 1 is overexpressed 2- to 4-fold in MM. Despite considerable
advances, there are still problems with systemic toxicity, which hampers optimal VMP
administration and extends the duration of treatment. Carfilzomib is a proteasome
inhibitor that selectively and irreversibly binds to the constitutive proteasome and im-
munoproteasome. In a preclinical model, carfilzomib showed a stronger anti-myeloma
effect than bortezomib. In addition, this new generation proteasome inhibitor has a
different safety profile than bortezomib, showing a very low incidence of neuropa-
thy [84]. The side effects of drugs were described in the phase IIl ENDEAVOR clinical
trial. This study compared the safety profiles of the two regimens, carfilzomib and
dexamethasone and bortezomib and dexamethasone. The safety profiles were similar,
although the carfilzomib group showed a higher number of grade 3 adverse events
and serious adverse events; however, these were deemed to be manageable and may
be accounted for by the longer average treatment period than that of the bortezomib
group [85].

6. “Weak Side” of Melphalan

High-dose therapy is burdened by plenty of side effects, significant morbidity,
and rarely, treatment-related mortality [86]. Melphalan-induced side effects depend
strongly on the dose [87]. HDM-ASCT leads to high-grade toxicities such as prolonged
bone marrow suppression, nausea, vomiting [88], diarrhea, alopecia, rash, pruri-
tus, mouth ulceration, hypersensitivity reactions [89], mucositis [67,90], infections
(bacteremia, pneumonia, Clostridium difficile, fungal infection, sepsis, septic shock),
vascular disorders, and thromboembolic events (pulmonary embolism, ischemic car-
diopathy, ischemic stroke) [52]. Uncommon but potentially serious side effects include
veno-occlusive disease, autologous graft-versus-host disease, graft failure [86], irre-
versible myelosuppression, hemolytic anemia, pulmonary fibrosis, anaphylaxis [89],
nutrition problems, and weight loss [91].

A common side effect of high-dose melphalan therapy is cardiotoxicity, which is
manifested as supraventricular tachycardia and atrial fibrillation [92,93]. The use of a high
concentration of melphalan in myeloablative therapy in preparation for hematopoietic cell
transplantation is highly hepatotoxic, as it is associated with high enzyme growth rates
and acute liver damage due to sinusoidal obstruction syndrome. In most patients, serum
aminotransferase levels increase markedly (5-20 times the normal upper limit) [89].

A population-based study that aimed to determine in-hospital mortality and
complications after ASCT showed that elderly patients (>65 years) are at increased
risk of complications after transplantation, including severe sepsis, acute respiratory
failure, septic shock, pulmonary disease, acute renal failure, cardiac arrhythmias, and
prolonged mechanical ventilation compared with patients under 65 years of age. In-
hospital mortality in MM patients following ASCT is rare (1.5%), and in in-hospital
mortality does not differ significantly between elderly and younger patients [94,95]
(Figure 1).
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HEMATOLOGIC TOXICITY
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[94] [95] [96] 971 53] [94] [53] [53]
o ~ o Diarthea 32.2% NR 17%
Nausea or 29.5% NR 15%
Anemia 118% 285% NR 712%  51%  15% 1% vomiting
Mucositis 42.9% 447% 21%
Febrile nentropenia  21.1%  16.53% NR NR 5% 17% 1%
Neutropenia 37.6% NR 6% NR 2% 6% 73%
RESPIRATORY
Thrombocytopenia  7.1% 6.2% NR NR 2% 11% 72%
[94] [95]
Acute respiratory 1.8% 2.1%
failure
INFECTIOUS Mechanical ventilation  1-8% 17%
94 @51 7]
Bacteremia 155% NR NER
5 RENAL AND CARDIAC
Clostridium % &
e 5.4% 5.6% NR —_—
difficile [94] [95] [97]
Fungal infection 3% 0.4% NR i Acute renal 4.8% 5.8% NR
tailure
Frneumonia 5.2% 5.8% 5.6% .
Acute heart 1.9% 3% NR
Septic shock 1.5% NR NR failure
e S e e | HDM Cardiac 1% NR  148%
LI o o arrhythmia
Severe sepsis 2.0% NE NR == VY

Figure 1. Side effects of HDM-ASCT therapy include: hematologic toxicity, infection, gastrointestinal complaints, pulmonary

disease, acute renal failure, and cardiac arrhythmias. Figure based on [53,94-97]. G-grade (adverse events grades 1-2

occurring in at least 10% of patients and adverse events grades 3—4 in all patients [53]); NR, not reported.

7. Drug Resistance to Melphalan

Multiple drug resistance (MDR) contributes to the failure of cancer treatment leading
to clinical relapse. MDR is the phenomenon by which cancer cells become resistant to
a wide variety of unrelated drugs after exposure to a single chemotherapeutic agent.
Despite advancements in MM treatment, drug resistance develops frequently during the
antimyeloma therapy [98]. Melphalan is administered at low concentrations for initial
therapy of patients that are not eligible for ASCT and is, at high concentration, the most
common conditioning treatment for patients undergoing ASCT. VMP data from 59 patients
newly diagnosed with MM were collected and analyzed. Of these patients, 78% received
9-cycle regimens. As many as 84% of patients underwent a reduction in the dose of drugs
during the cycles. There were no statistically significant differences in PFS and OS between
the high dose (>52.1 mg/m?) and low dose (<52.1 mg/m?) groups. The reason for reducing
the dose of drugs in patients was non-hematological toxicity (92.7%) including peripheral
neuropathy (36.6%). Chromosomal abnormalities were identified in 17 (28.8%) patients [99].
On the other hand, new clinical studies suggest that combination therapies may overcome
drug resistance and may have additive or even synergistic effects with melphalan. In the
phase III ALCYONE study, melphalan, as one of the drugs in the Dara-VMP regimen, was
administered orally at a dose of 9 mg/m?, once daily on days 1-4 of each cycle. Treatment
with this combination led to grade 3 or 4 infection-related side effects and adverse infusion
reactions despite increasing the OS of MM patients [100].

High doses of melphalan, as well as low doses administered over a long period of time,
can lead to the development of drug resistance. A commonly accepted practice before ASCT is
the administration of high doses of melphalan. A study analyzed 27 patients with advanced
MM who received 220 mg/m? i.v. melphalan (HDM220) followed by ASCT. The study group
consisted of nine patients with primary refractory disease and 18 patients who relapsed after
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responding to the previous high-dose therapy. In the group of patients who had previously
received intensive care and then relapsed, high-dose melphalan was effective only when the dis-
ease was chemosensitive. In patients with relapsed disease that showed resistance to treatment,
increasing the melphalan dose was ineffective, with an event-free survival (EFS) rate of 0% after
1 year. The major adverse side effect was grade 4 mucositis in 63% of patients [101]. Another
study analyzed 1964 patients to determine whether melphalan 200 mg/m? and melphalan
140 mg/m? are equally effective and tolerable at first single autologous transplantation episodes.
Studies show that the disease state at the time of transplantation affects OS and PFS. These indi-
cators were significantly greater in patients with poor clinical responses to induction therapies
who received melphalan at a dose of 200 mg/m?. Research has also shown that transplantation
in patients with very good partial or complete response significantly preferred melphalan
140 mg/m? for OS (adjusted hazard ratio: 2.02) [102]. However, resistance to melphalan can
occur and can lead to relapse after ASCT, and early relapse results in reduced survival [103].
Another study identified an association between polymorphisms of genes involved in DNA
repair and melphalan resistance in MM. In a group of MM patients treated with high-dose mel-
phalan and ASCT, single nucleotide polymorphisms of Poly (ADP-ribose) Polymerase (PARP),
RADS51 Recombinase (RAD51), Proliferating Cell Nuclear Antigen (PCNA), 8-Oxoguanine
DNA Glycosylase (OGG1), Xeroderma Pigmentosum, Complementation Group C (XPC), Breast
And Ovarian Cancer Susceptibility Protein 1 (BRCA1), Excision Repair 1, Endonuclease Non-
Catalytic Subunit (ERCC1), BRCA1 Associated RING Domain 1 (BARD1), and Tumor Protein
P53 Binding Protein 1 (TP53BP1) were associated with the outcome and OS of patients [104].
ERCC2 and XRCC3 gene polymorphisms are also associated with treatment outcome and
drug resistance in patients treated with high-dose melphalan and ASCT [105]. Moreover, a
combination of IMiD followed by HDM-ASCT leads to adverse outcomes associated with so-
matic mutations in the peripheral blood named clonal hematopoiesis of indeterminate potential
(CHIP). In a study of 629 MM patients treated by ASCT, CHIP was detected in 136/629 patients
(21.6%). Cell sequencing indicated a mutation mainly of DNA Methyltransferase 3 Alpha
(DNMT3A), Tet Methylcytosine Dioxygenase 2 (TET2), Tumor Protein P53 (TP53), Additional
Sex Combs Like 1, Transcriptional Regulator (ASXL1), and Protein Phosphatase, Mg2+/Mn2+
Dependent 1D (PPM1D) genes, which were associated with a significantly reduced PFS and
OS as compared to patients without CHIP. It is suggested that the presence of CHIP might
be associated with worse outcomes, which indicates the benefit of performing research in
this direction to newly diagnosed MM patients before ASCT [106]. A few mechanisms of
resistance to melphalan have been described. A study reported that MM cells from patients
previously treated with melphalan can repair DNA crosslinks in vitro [107]. DNA repair
in the course of leukemia occurs mainly through the base excision repair and Fanconi
anemia (FA)/BRCA repair pathways [108]. DNA damage in peripheral blood mononuclear
cells is a predictor of clinical outcome in patients treated with high-dose melphalan and
ASCT [109]. Moreover, genetic lesions affecting both alleles of the tumor suppressor gene
TP53 are major indicators of unfavorable prognosis in newly diagnosed MM [110]. Only
3.7% of patients are diagnosed with biallelic changes in the TP53 gene in the form of a loss
or mutation (called double-hit myeloma) [111]. By contrast, in a cohort of patients with
relapsed MM, TP53 abnormalities were identified in 45% of the patients, and the double
hit event del(17p)/TP53mut or del(17p)/TP53del was present in 15% of the cases [112,113].
Second hits (del17p+ TP53 point mutation) abolish the remaining p53 activity and increase
resistance to melphalan [110]. Deletions of chromosome 17p13 in TP53 result in shorter
median event-free survival (EFS) (14.6 months) and median OS (22.4 months) [114]. Increas-
ingly accurate diagnostics of tumors in terms of damage to the TP53 gene will facilitate
therapeutic decisions that are beneficial for the patient [110].

Genetic and epigenetic changes in MM correlate with the stage of the disease. H3K9
acetylation at c-myc and cyclin D gene (CCND1) promoters increases in individual MM
patients after melphalan treatment [115]. Moreover, platelet-derived growth factor BB
(PDGEF-BB) affects the expression of the c-myc gene through the c-myc promoter. PDGF-
BB upregulates the expression of myc and at the same time reduces the sensitivity of
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cancer cells to the effects of melphalan [116]. Nevertheless, in the presence of cytostatics,
further growth of neoplastic cells is observed. This is mainly due to the development of
multidrug resistance. Overexpression of ATP binding cassette (ABC) transporters in the
plasma membrane of MM cells contributes to the increase of MDR. A study indicated that
melphalan is a glycoprotein P (P-gp) substrate [117]. Multidrug resistance protein 1 (MDR1)
and baculoviral inhibitor of apoptosis repeat-containing 5 (survivin) are overexpressed,
and Bcl-2-like protein 11 (Bim) is suppressed in RPMI8226 melphalan resistant cells [107].
One study compared the expression of microRNAs (miRNAs) between MM resistant and
sensitive cell lines. Decreased MM cell growth induced by inhibition of miR-221/222
plus melphalan is associated with upregulation of the pro-apoptotic BBC3/ Bcl-2-binding
component 3 (PUMA) protein, a miR-221/222 target, as well as with modulation of the drug
influx—efflux L-type amino acid transporter 1 (LAT1 or SLC7A5) and the ABC transporter
ABCC1/ multidrug resistance-associated protein 1 (MRP1) [118]. Overexpression of the
long non-coding RNA 1inc00515 is detected in LP1 melphalan-resistant cells, indicating
that 1inc00515 not only promotes carcinogenesis but also enhances the drug resistance of
MM cells. The authors confirmed that knockdown of linc00515 inhibits autophagy and
chemoresistance by upregulating miR-140-5p and downregulating autophagy related 14
(ATG14) in MM cells [119].

Interactions between MM cells and the bone marrow microenvironment may also
be a source of resistance to melphalan. Increased concentrations of interleukin-6 (IL-6)
induced by high-dose melphalan facilitate the survival of melphalan-resistant cells. Pa-
tients treated with high-dose melphalan, stem cell transplantation, and anti-IL-6 antibody
have a better chance of survival [120]. Several inhibitors of the IL-6/Janus kinase (JAK)/
Signal transducer and activator of transcription 3 (STAT3) pathway have been investigated
to reduce the proliferation of MM cells [121]. Cell-adhesion mediated drug resistance
(CAM-DR) to melphalan is induced in MM cell lines and in patient primary cells through
adhesion to fibronectin or bone marrow stromal cells (BMSCs), which is mediated by very
late antigen-4 (VLA4) integrin («431) and VLA-5 (a531) [122]. Suppression of integrin 7
decreases adhesion to fibronectin and E-cadherin and inhibits CAM-DR to bortezomib or
melphalan in MM cells [123]. Epithelial-mesenchymal transition (EMT)-like features medi-
ated by integrin-a8 may also contribute to melphalan resistance. The mRNA expression of
the growth factor receptors platelet-derived growth factor receptor alpha (PDGFRA) and
platelet-derived growth factor receptor beta (PDGFRB) is upregulated following integrin-
a8 overexpression [124]. Overexpression of ATP-dependent DNA helicase Q1 (RECQ1)
helicase is also a factor that protects MM cells from melphalan cytotoxicity, as shown in a
group of patients with poor outcomes. RECQ helicases are involved in the maintenance
of chromosome stability during replication and recombination. RECQ1 overexpression
protects MM cells against bortezomib or melphalan. The comet assay showed that despite
overexpression of RECQ1, melphalan induced DNA damage, although the rate of DNA
repair increased over time [125].

Research suggests that oxidative stress plays a role in inducing mutations and enhanc-
ing the growth of cancer cells. Deregulation of genes involved in the response to oxidative
stress is associated with poor outcomes and melphalan resistance in MM. Melphalan in-
duces reactive oxygen species and decreases glutathione (GSH) concentration. Pretreatment
with a physiological concentration of GSH protects MM cells from melphalan-induced cell
cycle arrest and cytotoxicity [126].

8. Attempts to Find a “Better Melphalan”

The currently available melphalan therapy is associated with decreased selectivity,
high toxicity, and the potential for the development of drug resistance. Side effects and the
development of resistance are, in fact, the main obstacles to most existing cancer therapies.
Because of numerous undesirable actions related to melphalan therapies, the introduction
of new treatment regimens is essential. According to the literature, the most promising
research has led to the solutions listed in the next paragraphs.
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8.1. Drug Carriers as a Way to Reduce Systemic Toxicity

Polymer-drug conjugates play an important role in improving the targeting of cancer cells
and increasing the selectivity of anti-cancer drugs. Safe and efficient drug carriers capable
of delivering anti-cancer drugs specifically to their destination without causing side effects
are currently sought. Loss molecular weight anti-cancer drugs are conjugated to polymeric
carriers to produce a polymer-drug conjugate, which generally improves the distribution of the
anti-cancer drug molecule. The main roles of polymer-drug conjugates are as follows: (1) to
increase the bioavailability of the chemotherapeutic agent by increasing the water solubility of
poorly soluble or insoluble drugs; (2) to protect the drugs against deactivation, and to preserve
their activity during circulation; (3) to reduce the body’s immune response by decreasing the
antigenic activity of the drug; and (4) to actively target the drug specifically to its site of action. In
a study by Xu et al. [48], quantum dots (QDs) and melphalan were attached to a hyaluronic acid
(HA) skeleton to synthesize a polymer-drug conjugate. The rate of drug release was significantly
higher under acidic conditions (pH = 5.8), which simulate the microenvironment of cancer
cells or tissues, than under basic conditions (pH = 7.4) [127]. HA binds specifically to various
cancer cells that overexpress the CD44 receptor [128]. The advantage of HA is its property of
natural degradation in the body. This process is mainly regulated by the enzyme hyaluronidase,
which cleaves N-acetyl-d-glucosaminidic bonds in the HA backbone. Normal tissue is weakly
alkaline (pH > 7.00), and tumor tissues and their surroundings are acidic (pH 4.5-6.0) with high
expression of CD44 receptors that can direct HA-QDs-MEL towards tumor sites. Hence, the
HA-QDs-MEL conjugate was stable in blood and normal tissues, and the drug was released
in cancerous tissues. The HA-QDs-MEL conjugate shows excellent drug release properties,
and may be a potential candidate for cancer chemotherapy with very high selectivity and low
adverse effects on normal tissues [127].

To improve water solubility, systemic circulation time, and pharmacokinetic pro-
files, a research team led by Lu [129] synthesized and investigated a number of MEL-
OCM-chitosan conjugates combined with various amino acid spacers (including glycine,
l-phenylalanine, l-leucine, and 1-proline). OCM-chitosan shows no toxicity, high water sol-
ubility, biodegradability, and biocompatibility, and is thus one of the most useful candidate
drug carriers. In addition, OCM-chitosan contains a large number of -COOH and-NH2
groups in the molecule that can be easily conjugated to drugs and proteins via a direct
link or through a linker. MEL-OCM-chitosan conjugates show satisfactory water solubility
compared with free melphalan. In vitro studies show that conjugates are stable in plasma,
although they are rapidly degraded in an enzyme solution [129,130].

To solve the problems associated with the poor water solubility and rapid elimination
of the drug, which reduce the specificity of melphalan, poly (amidoamine) (PAMAM) por-
phyrin conjugates with melphalan were synthesized and characterized. The dendrimeric
conjugates show satisfactory water solubility compared with free melphalan. The size of
the dendrimer plays a key role in controlling the drug content and the diameter of the
melphalan conjugates. In vitro cellular cytotoxicity studies show that the dendrimeric con-
jugation strategy and the use of PAMAM dendritic arms as spacers improves the antitumor
activity of the conjugates, which also show lower toxicity than free melphalan [131].

Melphalan-flufenamide (melflufen; L-melphalanyl-p-L-fluoro-phenylalanine ethyl)
is an enzyme-activated melphalan prodrug that provides faster and greater intracellular
melphalan accumulation in cancer cells. Melflufen is a newly constructed alkylating
dipeptide that exhibits significantly higher anti-tumor activity than melphalan in vitro
and in vivo. Chemically, melflufen is a dipeptide ethyl ester consisting of melphalan and
para-fluoro-L-phenylalanine [132]. Melflufen, which is activated by hydrolytic cleavage of
the peptide bond in a process that leads to high intracellular concentrations of melphalan, is
capable of interacting with nucleic acids in cancer cells. Aminopeptidase N metalloprotease
(APN; CD13) is directly involved in the activation of melflufen [133]. Melflufen targets
tumor cells because it is a substrate for aminopeptidases that are overexpressed in cancer
cells [134]. By using a simple peptide bond, melflufen activity is directed at cells expressing
APN, thereby providing a peptidase-potentiated effect [132].
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Melflufen transport to cells is rapid; it hydrolyzes in the cytoplasm almost immediately,
forming a free and more hydrophilic form of melphalan [134]. Exposure of various tumor cells to
melflufen in vitro results in at least a 10 to 20-fold higher intracellular concentration of melphalan
than equimolar doses of melphalan [135]. Chauhan et al. [136] showed that melflufen is (1) 10
times more active against hematological cancer cells than melphalan; (2) blocks the migration
of MM cells and inhibits tumor-associated angiogenesis; (3) induces DNA damage associated
with y-H2A histone family member X (y-H2AX) and p53 induction; and (4) is associated
with caspase activation and poly-ADP ribose polymerase (PARP) cleavage via melflufen-
induced apoptosis. In vitro results were confirmed in a human MM xenograft model, which
showed better inhibition of tumor growth and longer survival for melflufen than for melphalan.
Melflufen causes rapid, strong, and irreversible DNA damage, which may explain its ability
to overcome melphalan resistance in MM cells. Peripheral blood-derived mononuclear cells
(PBMCs) are at least 10 times less sensitive to melphalan than cancer cells [132,136]. It shows high
anti-tumor activity in cell lines and primary lymphoma cell cultures, as well as in a xenograft
mouse model [135]. Numerous studies have also demonstrated the activity of melflufen in solid
tumor cells [132,134,137,138]. Studies using solid tumor models show that melflufen induces at
least a 10-fold higher melphalan load associated with high cytotoxicity against tumor cells [135].
When tested in primary cultures of human cells representing 20 different types of human
malignancies, melflufen showed 50 to 100-fold greater potency than melphalan [134]. Melflufen
can overcome melphalan resistance and induce synergistic anti-MM activity in combination with
bortezomib, lenalidomide or dexamethasone. A recent multicenter, international, open-label,
phase I-II study showed that melflufen is active in patients with relapsed and refractory MM
(RRMM). These results demonstrate the feasibility of this scheme and support the initiation of
additional clinical studies with melflufen in MM, both in combination with dexamethasone and
in triplet with additional drug classes [139,140]. In a Phase I study, the established maximum
tolerated dose was 40 mg melflufen plus dexamethasone. In Phase II, patients treated with
combination therapy (meflufen + dexamethasone) achieved an ORR of 31%, achieved a clinical
benefit ratio of 49%, duration of response was 8.4 months, PFS was 5.7 months, and OS
was 20.7 months [141]. The phase I HORIZON clinical study (NCT02963493) is currently
underway to assess the efficacy and safety of melflufen + dexamethasone in 157 patients with
RRMM resistant to pomalidomide and/or daratumumab. The ongoing phase III OCEAN
clinical trial (NCT03151811) is investigating the efficacy and safety of melflufen in combination
with dexamethasone versus pomalidomide/dexamethasone in patients with RRMM. Eligible
patients are refractory to both lenalidomide and last-line treatment and have not received
prior pomalidomide. The primary endpoint is PFS and the secondary endpoints are OS,
ORR, response time, and safety [141].The studies of melflufen and dexamethasone carried out
recently by Richardson et al. showed clinically significant efficacy of these compounds and
a manageable safety profile in patients with heavily pretreated RRMM, including those with
triple-class-refractory and extramedullary disease [140]. Based on these results, in February
2021, the Food and Drug Administration approved PEPAXTO® (melphalan flufenamide, also
known as melflufen), in combination with dexamethasone, to treat adult patients with relapsed
or refractory multiple myeloma, who received at least four prior lines of treatment and whose
disease is resistant to at least one proteasome inhibitor, one immunomodulatory drug, and one
CD38-directed monoclonal antibody:.

8.2. Chemical Modifications of the Melphalan Molecule as a Way to Improve Antitumor Activity

The structure of the melphalan molecule is noteworthy because of the presence of two
modifiable functional groups: a carboxyl group and an amino group. These modifications
provide extensive comparisons. Gajek et al. [142] synthesized and investigated new melphalan
analogues modified in both functional groups. The resulting compounds are methyl and
ethyl esters of melphalan (EE-MEL/EM-MEL), followed by melphalan esters also modified
with a morpholine ring (EE-MOR-MEL/EM-MOR-MEL) or a dipropylene chain (EE-MOR-
MEL/EM-DIPR-MEL). The derivatives were used to assess the potential antitumor properties
of the structural changes compared with melphalan. The study was performed using three
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models of hematological malignancy: RPMI8226 (myeloma cancer cells), THP1 (acute monocytic
leukemia cells), and HL60 (promyelocytic leukemia cells). Modification of the carboxyl group
by esterification of the compound showed the highest efficacy, and the results indicated that
the ester group is necessary to increase the cytotoxic activity of melphalan [142,143]. In vitro
studies conducted by this group of researchers showed that new MEL analogues have better
antitumor activity than the parent drug. The compounds are characterized by high cytotoxicity
and genotoxicity. Determining the potential ability of melphalan derivatives to activate cysteine
proteases (caspase-3, -8, and -9), a characteristic mechanism in the course of programmed cell
death, is an important element of the study, because the ability of drugs to induce apoptosis is
considered an important criterion for assessing their therapeutic efficacy. This is the preferred
type of cell death, as it is a physiological process that does not cause inflammation. The
cellular response to the test compounds varies depending on the cell type. In MM cells, these
compounds activate mechanisms of cell death other than apoptosis, such as mitotic disaster,
autophagy, or necroptosis. Furthermore, the most promising derivatives (EE-MEL, EM-MEL,
EM-MOR-MEL) were selected to assess the cytotoxic effects of these compounds on normal
cells, namely, PBMCs. Chemical modifications, in particular esterification, can increase the
antitumor activity of melphalan by increasing the lipophilicity of the drug. However, this study
is limited to in vitro data only and must be verified by in vivo experiments [142] (Figure 2).
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Figure 2. Mechanism of action of melphalan and new derivatives of melphalan. The cellular response
to the test compounds varied depending on the cell type. Melphalan and its analogues activate
the intrinsic pathway of apoptosis in acute monocytic leukemia cells and promyelocytic leukemia
cells. In MM cells, these compounds activate mechanisms of cell death other than apoptosis, such as
mitotic disaster, autophagy, or necroptosis. Figure is adapted from previous publication [142].



J. Clin. Med. 2021, 10, 1841 17 of 23

9. Conclusions

The use of high dose melphalan was first described by McElwain and Powles in
1983 [46]. After 37 years of its application in the treatment of MM therapy, the drug remains
a part of treatment regimens. High-dose melphalan and ASCT are safe in patients with
MM. Despite the current difficulty in accessing oncology centers, work on the development
of further MM therapies has not stopped. Here, we described the use of therapy involving
combinations of drugs with different mechanisms of action, including alkylating agents,
immunomodulatory drugs, histone deacetylase inhibitors, proteasome inhibitors, and
monoclonal antibodies. We showed that the use of various drugs is effective in the fight
against MM. Changing the structure of melphalan by modifying the carboxyl and amino
groups, as well as creating transporters for melphalan, are more effective strategies for the
treatment of MM than the use of the unmodified melphalan molecule. The new analogues
are characterized by higher cytotoxicity and genotoxicity, or the ability to induce apoptosis
in hematological malignancies, and thus represent an important step in finding an effective
anti-cancer therapy.
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Chemical modification of known, effective drugs is one method to improve chemotherapy. Thus,

the object of this study was to generate melphalan derivatives with improved cytotoxic activity in
human cancer cells (RPMI8226, HL60 and THP1). Several melphalan derivatives were synthesised,
modified in their two important functional groups. Nine analogues were tested, including melphalan
compounds modified: only at the amino group, by replacing the amine with an amidine group
containing a morpholine ring (MOR-MEL) or with an amidino group and dipropyl chain (DIPR-MEL);
only at the carboxyl group to form methyl and ethyl esters of melphalan (EM-MEL, EE-MEL); and in

a similar manner at both functional groups (EM-MOR-MEL, EE-MOR-MEL, EM-DIPR-MEL, EE-DIPR-
MEL). Melphalan derivatives were evaluated for cytotoxicity (resazurin viability assay), genotoxicity
(comet assay) and the ability to induce apoptosis (terminal deoxynucleotidyl transferase dUTP nick end
labelling, TUNEL, phosphatidylserine externalisation, chromatin condensation, activity of caspases
3/7, 8 and 9 and intracellular concentration of calcium ions) in comparison with the parent drug. Almost
all derivatives, with the exception of MOR-MEL and DIPR-MEL, were found to be more toxic than
melphalan in all cell lines evaluated. Treatment of cultures with the derivatives generated a significant
higher level of DNA breaks compared to those treated with melphalan, especially after longer
incubation times. In addition, all the melphalan derivatives demonstrated a high apoptosis-inducing
ability in acute monocytic and promyelocytic leukemia cells. This study showed that the mechanism

of action of the tested compounds differed depending on the cell line, and allowed the selection of the
most active compounds for further, more detailed investigations.

Cancer is considered to be one of the most serious health problems. Multiple myeloma (MM) is malignant plasma
cell disorder that is characterized by the presence of clonal plasma cell proliferation in bone marrow and over
production of monoclonal paraprotein in the blood and/or urine'2

The nitrogen mustards, as alkylating agents, belong to the earliest effective antitumor drugs used in cancer
chemotherapy’. This cytotoxic drug exerts its pharmacological activity by inducing interstrand links in the main
DNA groove, crosslinking of two strands, and preventing DNA replication, resulting in cell death. At the molec-
ular level, individual pairs of nitrogen generate a strained intermediate “aziridinium ion” that is very reactive to
cell DNA, and binds to the N7 nitrogen on the DNA base guanine. This linkage represents the most toxic of all
alkylation events*®. The alkylating agent- melphalan (MEL) has been used in the treatment of several types of hae-
matological malignancies and solid tumor®. Nowadays, clinical usage of melphalan is limited to multiple myeloma
treatment’. An observation that has fundamentally changed the standard of MM treatment, was that melphalan
used in large doses (100 mg/m? and more) breaks myeloma resistance to low doses very effectively. Melphalan
at these doses also destroys healthy hematopoietic cells, so such treatment requires prior collection of these cells
from the patient (usually from peripheral blood), storage and transplantation after melphalan administration
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(autologous stem cell transplantation, ASCT). This therapy involves significant toxicity and can therefore be
used only in younger patients, not affected by significant accompanying diseases. Thus, the possibility of using
this treatment has become the basis for the division of patients into two main categories: patients eligible for
high doses of melphalan and transplantation of their own hematopoietic cells and patients not eligible for such
treatment. High-dose melphalan (range: 140-200 mg/m?) plus ASCT currently serves as the standard treatment
approach for patients with newly diagnosed, transplant-eligible multiple myeloma'*®.

The occurrence of drug resistant, lack of selectivity and high toxicity are the primary limiting factor for the
long-term success of this treatment®*%. Side effects are mainly restricted to the bone marrow, though at very
high doses it also involves the gastrointestinal tract and bone marrow supression®. For these reasons, there is an
urgent need to develop new antitumour drugs for a wide variety of tumours, especially those showing primary
resistance to conventional therapy, or that have developed resistance after treatment with conventional cancer
chemotherapies.

Although much effort has been made to find new melphalan derivatives that will overcome all the
above-mentioned problems and increase uptake of the drug into cells, none of them has found a clinical applica-
tion*!®!!. Our previous studies have indicated that oxazoline and formamidine modification of anthracyclines are
promising way of enhancing a drug, compared to its native form. The conclusion from that study was this type of
improvement is detrimental to cancer cells, making it a potential approach in devising cell therapy strategies'>-'8.
Although belonging to a completely different group of anticancer compounds, we decided to verify the effective-
ness of these modifications for the anti-cancer activity of melphalan, and to select the most active compounds for
further, more detailed studies. Due to the presence of two important functional groups on the melphalan mole-
cule, modifications were made at both sites, -COOH and -NH2, to assess their effect on the cytotoxic properties
of the compound. The derivatives were also assayed to determine which modification was the best. Our research
aims not only to increase the antitumor activity of melphalan but also to extend its spectrum of activity (promye-
locytic leukemia and acute monocytic leukemia).

Chemical modifications included a carboxyl group, with synthesised compounds being methyl and ethyl esters
(EM-MEL, EE-MEL). In addition, these derivatives were modified at their amino groups by replacing the amine
group with an amidine group containing a morpholine ring (EM-MOR-MEL, EE-MOR-MEL), or with an ami-
dine group and dipropyl chain (EM-DIPR-MEL, EE-DIPR-MEL). For a systematic analysis of structure-activity
relationships, melphalan derivatives modified only at the amino group were also added to the study. These mod-
ifications were made in the same manner as described above; however, the compounds were not modified at the
carboxyl group (MOR-MEL, DIPR-MEL). This group of analogues were used to assess the potential anticancer
properties of the structural changes in comparison to the parent compound, melphalan.

Results
Cytotoxicity of melphalan and its derivatives in selected human cell line models. Sensitivities
of myeloma cells (RPMI8226), acute promyelocytic leukemia cells (HL60) and acute monocytic leukemia cells
(THP1) to melphalan and its derivatives were estimated from the drugs half maximal inhibitory (ICs,) concentra-
tions. Figure 1 shows the influence of the tested compounds on the viability of human cancer cells, as estimated
by the resazurin viability assay.

The modifications of the melphalan molecule were designed to evaluate, the importance and desirability of
modifications of melphalan at two functional groups of its molecule, with as few compounds as possible.

(a) The cytotoxicity of the parent drug, melphalan (MEL)

The individual cell lines exhibited notably different sensitivities to the reference drug. The ICs, values for
melphalan in RPMI8226, THP1 and HL60 cells were 8.9 uM, 6.26 uM and 3.78 uM, respectively.

(b) The cytotoxicity of melphalan compounds modified only at the amino group by replacing the amine group
with an amidine group containing a morpholine ring or an amidino group with a dipropyl chain (MOR-MEL,
DIPR-MEL)

Chemical modifications only at the amine group abolish the cytotoxic activity of melphalan against all the
investigated cancer cell lines. MOR-MEL and DIPR-MEL derivatives did not differentially influence cell
viability to any measurable extent during the incubation period.

(c) The cytotoxicity of melphalan compounds modified only at carboxyl group: methyl and ethyl esters of mel-
phalan (EE-MEL and EM-MEL)

By contrast, modifications only at the carboxyl group had the opposite effect, with EM-MEL and EE-MEL
derivatives showing the highest activity of any of the compounds against myeloma cancer cells. In general,
melphalan esters were considerably more cytotoxic, having approximately an 8-fold lower ICs, concentra-
tion (1.05uM for EM-MEL and 1.17 uM for EE-MEL) than the unmodified drug (8.9 uM) in RPMI8226
cell line, 5.5-fold lower ICs, concentration (0.77 uM for EM-MEL and 0.7 uM for EE-MEL) in HL60 cell
line and 20-fold lower IC;, concentration (0.32 uM for EM-MEL and 0.35 uM for EE-MEL) in THP1 cell in
comparison to MEL (3.78 uM-HL60 and 6.26 uM-THP1).

(d) The cytotoxicity of melphalan compounds modified at both the amino and carboxyl functional groups (EE-
MOR-MEL, EM-MOR-MEL and EE-DIPR-MEL, EM-DIPR-MEL)

Cytotoxicity of EE-MOR-MEL, EM-MOR-MEL, EE-DIPR-MEL and EM-DIPR-MEL to RPMI8226 cancer
cells were considerably lower than for melphalan compounds modified only at the carboxyl group. However,
IC;, concentrations obtained for this group were still lower than that observed for MEL. EE-MOR-MEL showed
the highest activity (IC5, = 3.13 uM), more than 2.8-fold that of melphalan. EM-MOR-MEL showed the second
highest activity (ICs, = 3.6 uM) in this group. EE-DIPR-MEL and EM-DIPR-MEL had ICs, values of 5.94 uM and
4.85 uM, respectively, in both cases showing greater activity than MEL (IC5, = 8.9 uM).
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Figure 1. IC,,+ SD values [uM] of compounds in RPMI8226, HL60 and THP1 human cancer cell lines.

By contrast, in leukemia cells, both investigated cell lines were significantly more sensitive to EE-MOR-MEL
and EM-MOR-MEL than myeloma cancer cells. IC5, concentrations obtained for the most active compound
(EE-MOR-MEL) were around 12- (HL60, IC5,=0.32 uM) and 160- (THP1, IC,, = 0.04 uM) fold lower than
that for the unmodified drug (MEL). EE-DIPR-MEL (ICs, = 1.05uM in HL60, IC5, = 0.69 uM in THP1),
EM-DIPR-MEL (IC5,=0.85uM in HL60, IC5, = 0.41 pM in THP1), though having lower cytotoxity, showed sim-
ilar changes in IC, values to the methyl and ethyl esters (EE-MOR-MEL, EM-MOR-MEL).

Taken together, these results indicate that the ester group was essential for the compounds high cytotoxicity.
Additional substituents at the amino group, whether with an amidine group containing a morpholine ring or
an amidino group with a dipropyl chain, decreased (RPMI8226 cells) or enhanced (THP1 and HL60 cells) the
activity. Due to the observed toxic effects, measurements of phosphatidylserine externalisation, chromatin con-
densation, labelling of Br-dUTP to 3’OH ends of single- and double-stranded DNA fragments and comet assay
experiments were performed for all compounds at concentrations of 0.3 uM for THP1 cells, 0.7 uM for HL60 cells
and 3 uM for RPM18226 cells.

We performed study to evaluate the cytotoxic effect of selected melphalan derivatives (EE-MEL, EM-MEL and
EM-MOR-MEL) on normal peripheral blood-derived mononuclear cells (PBMC). Reduced cytotoxicity of the
tested derivatives in PBMC and increased cytotoxic effect in tumor cell lines were observed. The ICs, values for
esters of melphalan in PMBC (EE-MEL - IC5,=2.20 £ 0.25pM; EM - MEL - IC,,=2.39 £ 1.08 puM) was around
4.5-fold higher than leukemia and 2-fold higher for multiple myeloma cells. The most beneficial effect (the biggest
difference between normal and cancer cells) was noted for EM-MOR-MEL. The ICs, value was around 90-fold
higher in PBMC (IC5y=6.41 £ 0.85uM) in comparison to THP1, 15-fold in HL60 and 2-fold in RPM18226 cells.

Evaluation of impact on parameters directly related to apoptotic processes - measurement of
phosphatidylserine externalisation and chromatin condensation. To evaluate the possible role of
apoptotic features on the cytotoxicity of melphalan and its derivatives, the mode of cell death triggered by these
compounds was investigated. Using annexin V/propidium iodide and Vybrant® DyeCycle™ Violet/SYTOX®
AADvanced™ double staining methods, quantitative (Fig. 2) and qualitative (Fig. 3) assessments were made
of molecular events connected with apoptosis. The average effect of unmodified and modified melphalan com-
pounds on cell populations, as well as morphological changes at the single cell level was investigated.

As opposed to RPM18226 and THP1 cells, HL60 cells were a little bit more susceptible to annexin V exter-
nalisation after exposure to the drugs. In all investigated cancer cells, following exposure to all derivatives, a
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Figure 2. Influence of melphalan and its derivatives on the induction of apoptosis in RPMI8226, HL60 and
THP1 cancer cell lines, as estimated by annexin V/propidium iodide (A) and Vybrant® DyeCycle™ Violet/
SYTOX® AADvanced™ (B) assays. Quantitative results of the compounds effect on the level of necrotic,
and early and late apoptotic cells are represent by the mean =+ standard deviation (SD) for three independent
experiments.

pronounced increase in the number of late apoptotic cells was found after 48 h (approximately 80-90% for
RPM1I8226 and HL60 cells, and 20-50% for THP1), while a smaller increase (approximately 25% for RPMI18226,
35% for HL60 and 17% for THP1) was observed in cells treated with unmodified melphalan, for the same con-
centrations and time. It should also be taken into account that by 48 h of treatment, the percentage of the late
apoptotic fraction for all investigated compounds increased greatly in comparison to the 24 h incubation time,
whereas the early apoptotic fraction continued to strongly decrease. For the THP1 cell line at 48 h, EE-DIPR-MEL,
EM-DIPR-MEL were the least potent derivatives at inducing apoptosis, with an effect comparable to that of the
unmodified drug. Under the same conditions, a constant number of necrotic cells were observed for all cell lines.
In the case of chromatin condensation measurements, similar results were observed, correlating with data from
studies using annexin V/propidium iodide staining. In summary, biochemical changes connected with apoptotic
cell death was dominant, whereas necrotic changes were not associated.

Measurements of DNA damage by comet assay and the terminal deoxynucleotidyl trans-
ferase dUTP nick end labelling (TUNEL) method. In the current study the alkaline version of the
DNA comet assay (pH > 13) was performed to assess the degree of DNA damage in RPMI8226, HL60 and THP1
cells. Quantitative data obtained from agarose gel electrophoresis are presented in Fig. 4A. Results indicated that

SCIENTIFICREPORTS|  (2020) 10:4479 | https://doi.org/10.1038/s41598-020-61436-x


https://doi.org/10.1038/s41598-020-61436-x

www.nature.com/scientificreports/

Figure 3. Fluorescence images of RPMI18226, HL60 and THP1 cells at 48 h after treatment with melphalan
and its derivatives. The cells were stained with an annexin V/propidium iodide mixture and visualised by
fluorescence microscopy, magnification x200. After drug treatment, high green (derived from annexin V-
fluorescein isothiocyanate, FITC) and red fluorescence (derived from propidium iodide) in cells with exposed
phosphatidylserine (PS) indicated damage to the integrity of cellular membranes, characteristic symptoms of
the late stages of programmed cell death. (For interpretation of the references to colours in this figure legend,
the reader is referred to the web version of this article).

THP1land HL60 cell lines were less susceptible to DNA damage by both melphalan and the melphalan derivatives,
compared to RPMI8226 cells. Treatment with the modified drugs generated a higher level of DNA breaks in com-
parison to untreated (control) cells, as well as melphalan-treated cultures, especially after longer incubation times.
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Figure 4. (A) Tail DNA (%) of cells treated with investigated compounds for 4, 24 and 48 hin RPMI8226, HL60
and THP1 cell lines. The number of analysed cells in each treatment was 100, and the analysis was repeated
three times. (B) Influence of melphalan and its derivatives on the induction of DNA damage correlated with
apoptosis in RPMI8226, HL60 and THP1 cancer cell lines, as estimated by TUNEL assay. Error bars denote SD.

In myeloma cancer, after 48 h of treatment, the maximum level of cells with damaged DNA was observed
for EE-MEL and EM-MEL (~38%). A slightly lower percentage of damaged cells was noted after treatment with
EE-MOR-MEL and EM-MOR-MEL. EE-DIPR-MEL and EM-DIPR-MEL were the least potent compounds in
inducing DNA damage, with an effect comparable to that of melphalan. A similar effect was observed in the
THP1 cell line, where EE-DIPR-MEL and EM-DIPR-MEL caused DNA damage at the level of ~7% in comparison
to EE-MEL and EM-MEL (~15%), and EE-MOR-MEL and EM-MOR-MEL (~13%). In HL60 cells, a 48 h incu-
bation with modified drugs led to a similar increase in DNA in the comet tail (~21%). In order to confirm these
results, an alternative method, TUNEL assay, was used to measure DNA damage (Fig. 4B).

All investigated cell lines showed an increase in the number of cells with damaged DNA after exposure to
melphalan derivatives. Moreover, the sensitivity to DNA damage differed between these cell lines, and increased
in the following order, THP1 < HL60 < RPMI8226, which correlated with susceptibility of cells to DNA damage
as determined by comet assay. Once again, EE-DIPR-MEL and EM-DIPR-MEL derivatives were the least effective
in comparison to EE-MEL, EM-MEL, EE-MOR-MEL and EM-MOR-MEL for the cell lines under evaluation.

Detection of caspase-8, -9, -3/-7 activity. Changes in caspase-3, -8 and -9 activity in HL60, THP1 and
RPM1I8226 cells exposed to melphalan derivatives and to MEL are shown in Fig. 5. The final results were
expressed as percentage activity of a particular cysteine protease, where the fluorescence value (caspase-3/-7)
or luminescence (caspase-8 and -9) of the control not treated with the compound was taken as 100%. The high-
est increase in caspase-3/-7 activity was observed after incubation for 24 h with all tested derivatives, EE-MEL,
EM-MEL, EE-MOR-MEL, EM-MOR-MEL, EE-DIPR-MEL and EM-DIPR-MEL. The HL60 cell line was the most
sensitive to activation of caspase-3/-7, followed by THP1 and then RPMI8226. In THP1 and HL60 cells, the
highest increase in caspase-3/-7 activity was observed after incubation with the EE-MEL and EE-MOR-MEL
derivatives. These values were 1.5 to 2-fold higher than for the reference drug (HL60, 736.92 & 105.48%; THP]I,
429.08 + 48.10%), and were 1225.64 + 155.22% (EE-MEL) and 1127.68 + 39.24% (EE-MOR-MEL) for HL60,
and 981.93 +51.79% (EE-MOR-MEL) and 788.85 4-83.40% (EE-MEL) for THP-1. For RPMI8226 cells, increase
in caspase -3/-7 activity were observed after 24 h incubation with EE-MEL (656.19 4 221.7%) and EM-MEL
(625.09 + 75.7%) while the value for the reference drug was 463.75 £ 64.5% (Fig. 5).

In order to better understand the molecular mechanisms underlying the activation of caspase-3 in THP1,
HL60 and RPMI8226 cells in response to the new derivatives, the measurement of caspase-8 and caspase-9 activ-
ity was examined. Significant changes were observed only in HL60 and THP1 cells. A strong increase in the
activity of caspase-9 was noted after 24 hours of incubation with all the derivatives. The activity of this enzyme
for MEL was 185.53 4-23.12% (HL60) and 316.5 £+ 17.31% (THP1). Results for all analogues were similar, and
ranged from 213.60 £ 26.83% to 275.02 4= 41.32% for HL60, and from 395.68 +21.46% to 468.30 £ 23.43% for
THPI. For THP1 cells, all tested compounds also caused an increase in caspase-8 activation after 4 and 24 hours
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MEL 24 736,92 £ 1055 185,5 £ 23,5 144,36 + 17,7
48 272,18+52,2 108,89 + 4,5 123,00 + 9,6
a 109,89 £ 19,1 1102 +11,6 122,64+9,8
EE-MEL 24 1225,64 + 155,2 265,52 = 36,9 177,98 + 11,7
48 423,56 + 43,2 102,37 4,3 123,27+ 8,8
4 107,4+3,5 105,7 £ 5,2 141,23 + 25,0
EM-MEL 24 1060,53 £+ 81,5 275,02 £41,3 178,55+ 18,5
48 424,92 + 38,7 104,01 +5,9 114,23 +3,4
4 95,47 + 18,4 111,7 £22,1 131,83 22,7
EE-MOR 24 1127,68 + 39,2 2152 £43,1 151,89 +12,5
48 419,82 + 28,1 110,45 + 25,3 141,29 + 24,1
4 96,31+ 1,9 107,7£11,6 134,01 + 16,4
EM-MOR 24 913,92 + 141,7 214,78 + 32,3 149,43 + 15,0
48 381,96 + 82,8 103,57 + 3,5 127,87 + 8,9
4 90,99+ 1,9 105,6 £ 8,1 123,51 £ 8,1
EE-DIPR 24 750,47 + 1154 213,60 + 26,8 158,64 + 13,9
48 279,14 + 16,6 106,73 £ 10,4 116,86 £ 7,5
4 88,77+ 4,8 108,33 £12,9 125,47 £ 8,8
EM-DIPR 24 714,21+ 31,3 224,39+31,0 157,94 + 17,5
48 264,30+ 67,3 106,51+ 8,7 1252115
THP1 Caspase 3 Caspase 9 Caspase 8
4 115,34 + 10,4 116,81 + 18,2 159,93+ 33,2 *
MEL 24 420,08 +48,1* 316,52 +17,3* 155,51+ 15,4 *
48 129,50+ 28,1 118,42 + 16,4 125,16 + 26,2
a 127,82+ 15,5 138,74 3,5 161,35+11,2*
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4 105,37 + 11,0 139,40+ 5,5 177,39+4,8*%
EE-MOR-MEL 24 981,93 £51,7* 464,454+223 % 186,28 +3,5*
48 131,20 + 8,4 109,45 + 6,4 111,54 + 17,1
4 111,21+ 25,7 134,92 £ 4,6 169,59 + 10,9 *
EM-MOR-MEL 24 858,72£153 " 463,55+ 14,6 % 208,45+ 248 *
48 136,82 + 20,2 110,81 + 10,5 109,88 + 9,6
a 113,24 + 30,4 135,57 6,1 167,23+ 18,0 *
EE-DIP-MEL 24 365,62 £+ 70,0* 438,48+336" 211,99+76*
48 119,13+ 17,0 107,96 + 23,0 177,31+ 15,4 *
4 113,42 £ 13,0 133,38+9,2 165,78 +3,3*
EM-DIPR-MEL 24 459,18 £ 81,7 * 468,30 234 * 204,91 %169 *
48 159,46 + 17,1 98,66 + 26,7 141,72+23,1*
RPMI8226 Caspase 3 Caspase 9 Caspase 8
4 113,67 +12,5 102,204 2,8 101,83 +3,5
MEL 24 463,75+ 64,5 131,554 6,3 117,87+ 11,4
48 168,23+ 37,8 116,39+ 1,7 112,84 + 14,4
4 110,95 + 10,8 106,04 + 7,9 100,06 + 5,5
EE-MEL 24 656,19 +221,7 * 125,67 +9,2 122,01+ 6,3
48 203,09 £125,2 103,06+ 4,5 106,97 £ 8,4
a 115,39+ 19,6 100,50 £ 10,7 102,74+ 6,6
EM-MEL 24 625,09 +75,7* 128,56+ 7,8 119,08 + 11,9
48 183,11+ 1,8 109,92 £ 2,6 102,83 + 4,9
4 119,39+ 16,3 106,80 + 3,4 104,85 +2,6
EE-MOR-MEL 24 509,76 + 61,6 * 121,02+ 10,5 114,20 £ 2,7
a8 145,19 £ 63,9 94,97+ 0,8 95,58 + 3,6
a 105,52 + 16,4 105,22 £ 10,9 101,67 2,5
EM-MOR-MEL 24 492,25+90,3 % 135,19+ 12,2 134,24+ B5
48 166,57 + 19,9 114,86 + 10,9 104,22 £ 11,1
4 107,47 +17,2 104,40 + 6,1 102,63 +2,7
EE-DIP-MEL 24 454,68 + 152,0 * 126,29+ 0,8 112,77 £ 10,7
48 168,81 £ 20,5 98,99+5,8 104,17 £ 2,9
a 113421131 99,90 £ 4,1 98,54+ 1,3
EM-DIPR-MEL 24 459,18 + 162,1 * 116,01 + 6,1 105,76 + 12,5
48 159,46 + 17,8 98,50 + 10,3 100,12 + 6,6

Figure 5. Changes in activity of caspase-9, caspase-8 and caspase-3 after exposure of RPMI8226, HL60,

THPI cell lines to melphalan and analogues for 4, 24, 48 h. The measurements were carried out in the presence
or absence of inhibitors. The cells were treated with an IC, dose of MEL and its derivatives. The final result
obtained was a percentage activity of a particular caspase, where the fluorescence value (caspase-3) or
luminescence (caspase-8 and -9) of the control, not treated with the compound, was taken as 100%. Each point
represents the average £ SD of three independent experiments. Values shaded in grey indicate differences
between samples incubated with new derivatives and those incubated with MEL.

of incubation, whereas in HL60 cells, changes were observed after 24 and 48 hours of incubation. In the case of
RPMI8226 cells, no significant changes in the activation of this cysteine protease were observed after incubation
with all compounds (MEL and MEL derivatives).
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Figure 6. The effect of melphalan and its derivatives on Ca** concentration in THP1, HL60 and RPMI8226 cell
lines. The cells were treated with an IC;, dose of the test compounds and then incubated for 2, 4, 24 or 48 h. The

intensity of Fluo-4-N'W probe fluorescence measured in control cells after 2, 24 or 48 h of incubation was taken

as 100%. Each point represents the average & SD of three independent experiments.

The experiments were also carried out simultaneously with caspase-3/-7, -8 and -9 activity inhibitors to ensure
that the enzymes activated by the test compounds were the cysteine proteases being tested. Inhibitors caused a
decrease in the percentage of the activity, indicating that the reactions were specific and resulted from the action
of the tested compounds.

Intracellular calcium measurement. To examine whether the changes of intracellular calcium (Ca**) were
involved in apoptosis induced by melphalan analogues, the release of calcium was studied using the fluorescence
probe Fluo-4-NW. Figure 6 shows that melphalan and its derivatives induced different effects on the distribution of
calcium ions in HL60, THP1 and RPMI8226 cells. In treated cells, changes in calcium level were detected, which was
strongly dependent on the cell line, the type of chemical modification of the basal compound and the duration of
the treatment. Generally, all analogues caused greater changes in intracellular calcium level, compared to melphalan.

With regard to THP1 cells, the biggest changes were observed after short-term incubation with all tested
compound (4h). While the level of intracellular calcium for MEL was 131.27 £ 10.08%, results for all analogues
were similar and ranged from 183.14 £22.86% to 279.15 + 34.15%. Under these particular conditions, the great-
est changes in the level of intracellular calcium ions were observed after treatment with EE-MOR-MEL (approx.
2.8-fold increase). Extending the incubation time of the experiment resulted in a gradual reduction in the per-
centage of calcium released with all the compounds.

By contrast, short-term incubation (4h) of HL60 cells with the analogues did not cause any significant change
in the distribution of calcium. However, the most striking changes (approx. 2-fold increase) were found after
longer treatment (24 h) with the ethyl ester of melphalan (EE-MEL). Further, but lower increases (around 1.2-1.4
fold) were observed after longer incubation with all investigated compounds (48 h).

Surprisingly, an opposite effect was observed in RPMI 8226 cells. The maximal increase in the percentage of
calcium level was noted at 48 h after treatment with melphalan analogues.

Discussion

To strengthen the position of chemotherapy in fighting cancer more efficient methods of identifying new drugs
need to be implemented. Identification of restrictions in chemical structure of certain groups of compounds in
terms of their biological activity might constitute a valuable source of knowledge, useful in planning subsequent
compound synthesis.
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The object of this study was to identify melphalan derivatives with the enhanced cytotoxic activity in human
cancer cells. The structure of melphalan molecule is notable for the presence of two modifiable functional groups,
amino and carboxyl group. Systemic modification of both of these groups gives the possibility of extensive
comparisons.

In vitro validation of cytotoxic, antiproliferative and proapoptotic properties of these compounds against vari-
ous cancer cells, as well as results of investigation of their structure activity relationship (SAR) may provide a basis
for the development of derivatives having optimal structure to serve as future anticancer drugs. For our research,
RPMI8226- myeloma cancer, HL60- promyelocytic leukemia, and THP1- acute monocytic leukemia cell lines
were chosen as haematological malignancy models.

This study used well known methods as screening tools. Initially, melphalan and its derivatives were eval-
uated for cytotoxicity in the selected model cells. Almost all derivatives, with the exception of MOR-MEL
and DIPR-MEL, were recognized to be more toxic than the parent compound, MEL, in all three cell lines.
Furthermore, significant differences in analogues’ toxicity against the cell lines were detected. The toxicity of
derivatives was the highest against the HL60 and THP1 cell line, while RPMI8226 cells showed the lowest sensi-
tivity. EM-MOR MEL and EE-MOR MEL showed the highest efficacy against cancer cell lines HL60 and THP1,
while RPMI8226 cells were more sensitive to EE-MEL and EM-MEL. Pilot studies also showed that EE-MEL,
EM-MEL, EM-MOR-MEL are less cytotoxic to normal peripheral blood mononuclear cells.

Considering the interaction of all the aforementioned compounds with the three cell lines, the most effective mel-
phalan structure had a free amino group and a modified carboxyl group, which was either a methyl or ethyl ester. Esters
are known to be useful in modification of the drug lipophilicity. Additionally, aliphatic esters generally enhance lipid
solubility'®. However it should be noted that the influence on modification activity in one part of a molecule is not easy
to be determined unequivocally, even for one specific cell line, because it can depend, to a large extent, on modifications
observed in other parts of the molecule. It should be taken into account that the anticancer effectiveness of drug is often
combined with its dose and its accumulation in individual cells. Therefore various cell types could demonstrate differ-
ent levels of sensitivity to identical doses of a drug. Comparison of the chemical modifications of the derivatives with
their cytotoxicity results confirmed the importance of certain chemical groups. Hence, we shall be able to successfully
plan the synthesis of melphalan derivatives with anticipated high cytotoxicity capacity.

Distinguishing between mechanisms that induce cancer cell death is extremely important in terms of drug
efficacy. Therefore one of the main assumptions of our investigations was to obtain information about the mech-
anism of cell death induced by melphalan derivatives.

Inhibition and inability to undergo apoptosis is a critical point in the development of cancer and a major
barrier to its effective treatment. Due to numerous genes mutation cancer cells gain immortality and are not
annihilated by programmed cell death (PCD) and may proliferate excessively, which leads to tumor development
and growth. Therefore the potential of chemotherapeutic agents and any cancer therapy to induce apoptosis of
cancer cells is one of the most desirable properties. Given the above, principal aim of the study was to analyze the
cytotoxicity of the tested melphalan derivatives and their contribution to cancer cell apoptosis.

Proposed detailed research assignments was aimed to estimate whether the melphalan derivatives can show
proapoptotic activities in investigated cancer cells and if so, by which molecular mechanisms. For this reasons the
effect of the investigated compounds on nucleic acid degradation (by comet and TUNEL assays) and parameters
directly related to apoptosis (by PS externalisation and chromatin condensation) were measured. A number of
characteristic biochemical changes occur at an early stages of apoptotic cell death. Unlike conventional cyto-
toxicity measurements which only assess parameters proportional to the degree of cell death, these parameters
are measured for shorter incubation times. For this purpose, analysis of the contribution of apoptosis process in
cytotoxicity of investigated compounds were examined after increasing times of incubation (4-48h).

In this study DNA comet assay was performed under alkaline conditions. This method allowed detection
of various types of DNA damages, such as single and double stranded DNA breaks (SSB and DSB respectively),
DNA fragmentation induced by free radicals, cross-type DNA-DNA bonds and DNA-protein interactions®. This
assay permits the quantification of DNA damage in a single cell preparation and is applicable to any eukaryotic
cell. The assay can be used in both in vitro and in vivo testing and has been shown to be a powerful and sensitive
predictor of genetic toxicity?!. Our research clearly revealed that melphalan analogues generated a significant
higher level of DNA breaks in comparison to unmodified drug, especially as a result of extended incubation
times. Unexpectedly, in comparison to the comet assay, the TUNEL assay taken as an alternative method of DNA
damage measurement connected with apoptosis, gave a poor signal response upon treatment with all test com-
pounds. DNA is digested into regular oligonucleosomal fragments or multiples thereof. This phenomenon is the
characteristic feature of apoptosis versus DNA degraded into irregular pieces in necrosis. However, in particular
incidents DNA scission may stop and not progress into intranucleosomal fragments. As such, these apoptotic cells
will be characterized by low levels of BrdU-FITC fluorescence. Hence, it is advised that other markers should be
used in the identification of apoptotic cells than the ones dependent on the presence of DSB?. In addition, the
DNA comet assay, used in this research, does not give an unambiguous answer to the question of whether DNA
breaks are the result of mobilization of the apoptotic cell death machinery, because DNA may also be degraded in
necrotic cells?. Criteria for apoptotic and necrotic death, including biochemical and molecular changes, indicate
that both types of death are interdependent.

For these reasons, we studied cellular alterations connected with the leading processes responsible for cancer
cell death activated by investigated derivatives, PS externalisation and chromatin condensation.

Morphological and biochemical changes such as the asymmetry of the cell membrane, nucleus shrink and com-
paction of chromatin are characteristic for the process of apoptosis. As a result of all complex molecular mechanisms
involved in apoptotic process, progressive degradation of DNA occurs, which is dependent on active endonucleases.
Thus, rating of apoptogenic properties of melphalan compounds were made on the basis of changes in plasma mem-
brane (PS externalization) involved in apoptotic process.
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Our studies have shown that all new analogues of melphalan induced apoptosis hallmarks; however, mainly at
the late stages (irrespective of incubation time). More to the point, the results of the current study furnished proof
that melphalan derivatives were considerably more effective against the three cell lines than the parent drug, MEL,
and increased the anticancer activity.

Apoptosis, depending on the type of inducing agent, can take place with the participation of various evo-
lutionarily conserved molecular mechanisms responsible for signal transmission initiating this process. Most
proteolytic processes during apoptosis occur in the presence of a family of cysteine-dependent proteases cata-
lysing the hydrolysis of proteins - caspases. Having confirmed that MEL and its derivatives induced apoptosis,
the next stage of this study was aimed at determination of the apoptosis pathway (internal or external). For this
purpose, we examined the activity of caspase-8, involved in the external pathway, caspase-9, which is a part of
the internal apoptosis pathway, and caspase-3, which is involved in both pathways. In addition, the effect of the
tested compounds on the increase of intracellular calcium levels was observed. HL60 was the most sensitive line
for activation of caspase-3, followed by THP1 and RPMI8226, respectively. In case of THP1 and HL60, the highest
increase in this cysteine protease was observed upon 24 hours of incubation with EE-MEL and EE-MOR-MEL.
Contrary, for RPMI8226, the highest increase was found after incubation with methyl and ethyl melphalan esters.

The intrinsic apoptotic pathway is mediated by caspase-9 activation, which causes the release of mitochondrial
cytochrome c and the formation of the apoptosome®. In THP1 and HL60 cells the strongest increase in caspase-9
activity was found after 24 h of incubation with the derivatives; changes that were statistically significant in com-
parison with cells incubated with MEL. In case of THP1 cells, this increase might be related to the high sensitivity
of this line to oxidative stress and reactive oxygen species**. In HL60 and THP1, an increase in caspase-8 activity
was also detected; however, the level of this cysteine protease was lower than for caspase-9. This suggested a dom-
inance of the intrinsic apoptotic pathway.

No increase in caspase-9 or caspase-8 activity was observed for RPMI8226 cells. This might suggest the induc-
tion of cell death mechanisms other than apoptosis, such as mitotic catastrophe, autophagy, necroptosis or alter-
nations of the apoptotic pathways. Pan et al. (2011) showed that melphalan, especially at low doses, induces
autophagy in myeloma cells, and the use of inhibitors of this process significantly augments proapoptotic activity
of DNA-damaging chemotherapy, both in vitro using MM cell lines or purified patient MM cells and in vivo in a
human plasmacytoma xenograft mouse model®. It also should be mentioned that in addition to the best-known
proteases - caspases involved in the effector phase of programmed cell death- there are other proteases like both
cysteine (calpain, cathepsin B and L isoforms), aspartate (cathepsin D) and serine (granzyme B, AP24 protease).
There have been suspicion that perhaps the proteolytic activity of calpain and caspase-3 is hierarchical. It has
been observed that calpain activates (through proteolytic cleavage) caspase-3, -7 and -9. Activation of calpain by
caspase-3 has also been reported. It is also possible that caspase-3 (but also -1 and -7) may be responsible for the
proteolysis of calpastatin, thus causing the activation of calpain?-%.

The current studies indicated that the cellular response to the test compounds varied depending on the type
of cells (leukemia and myeloma cells). Therefore, further research will be carried out to describe the type of cell
death caused by derivatives in a detailed way, including the possibility of the simultaneous participation of differ-
ent pathways leading to cell death.

It was demonstrated that changes in calcium homeostasis play a key role in necrotic and apoptotic processes.
Moreover, additional types of cell death, particularly anoikis as well as autophagy, are modulated by transient
Ca?* levels?”. Ca*" ions are also indispensable for the activation of some enzymes that reorganize the chromatin
complex and its availability on the nucleolytic attack and also affect, directly or indirectly, the induction of expres-
sion (initiation of transcriptional activity) of genes associated with the execution of the PCD?*-31,

All the analogues investigated in the current study caused greater changes in intracellular calcium levels. In
THP-1 cells, the biggest changes were observed after short-term incubation (4 h), mainly with EM-MOR-MEL.
In case of HL60 cells, significant changes were observed after incubation for 24 hours only, mainly with the ethyl
ester of melphalan (EE-MEL). However, in RPMI8226 cells, maximal increase in the percentage of calcium level
was noted upon treatment for 48 h with all melphalan analogues. These results were consistent with the previously
reported studies on the induction of apoptosis in HL60, THP1 and RPM18226 cells.

Conclusions

A new series of nine melphalan analogues were designed, synthesised and tested. A comprehensive approach
to the structure-antiproliferative activity relationship was proposed by attempting to compare the modification
of both the carboxyl and amino groups of the parent molecule. As a result of that comparison, novel analogues
EM-MOR-MEL and EE-MOR-MEL showed better activities (cytotoxicity, genotoxicity and ability to induce
apoptosis) than melphalan, a drug still on the market.

All investigated derivatives (with a particular mention for EE-MEL, EM-MEL, EE-MOR-MEL and
EM-MOR-MEL) caused significant changes in cells, compared to those treated with melphalan, indicating once
again that these proposed modifications might serve as a potent drug therapeutic system. However, the presented
study is limited to only in vitro cell line data. The results generate hypothesis and require validation with in vivo
experiments. These studies allowed us to select the most active compounds for further, more detailed investiga-
tions, significantly advancing our understanding of toxic mechanisms of specific chemicals (Fig. 7).

Materials and methods

Chemicals. All tested compounds (Fig. 8) with purity over 98.5% (HPLC) were synthesized in the
LUKASIEWICZ Research Network-Institute of Biotechnology and Antibiotics, Warsaw, Poland, method
described in the Polish Patent PL220880 B1 (Espacenet database). HPLC analysis were performed using a Waters
liquid chromatographic system consisting of DAD detector. A Chromolith Performance RP-18e (100-4.6 mm)
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Figure 7. Proposed model of the molecular and cellular responses to the new MEL derivatives.

column was used. at constant flow rate of 1.0 ml/min. The mobile phase consisted of laurylosulfate buffer and
acetonitrile; solvent were filtered under vacuum, mixed and degassed by a helium before use.

Cell culture. RPMI8226 (ATCC® CCL-155™) myeloma cancer cells, HL60 (ATCC® CCL-240™) promye-
locytic leukemia cells and THP1 (ATCC® TIB-202™) acute monocytic leukemia cells were purchased from
American Type Culture Collection (ATCC, Rockville, USA). Peripheral Blood Mononuclear Cells (PBMC)
were isolated from buffy coat obtained from the Central Blood Bank (Lodz, Poland). PBMCs were isolated with
Histopaque 1077 (Sigma Aldrich) at density gradient by centrifugation at 300 x g for 15 min.

All investigated cells were grown as a monolayer with RPMI 1640 medium, 1% phytohemaglutinin (only in
PBMCs growth medium) supplemented with 10% fetal bovine serum, penicillin (10 U/ml) and streptomycin
(50 pg/ml), in standard conditions: 37 °C, 100% humidity, the atmosphere being 5% CO, and 95% air. The cell
viability was systematically controlled using trypan blue (0.4%, Sigma). In all experiments, cells in logarithmic
phase of growth were used when their viability was above 95%.

Cytotoxicity assay. The effect of melphalan and its derivatives on RPMI8226, THP1, HL60 and PBMCs
growth was determined by using resazurin viability assay. Cells subcultured into 96-well black plates at a density
of 1.5 x 10* cells/well were incubated with various concentrations of selected compounds at 37 °C for 48 h. After
incubation resazurin solution was added to each well (10 ug/ml, final concentration) and the plates were incu-
bated for 90 minutes. Fluorescence measurement was performed at ~530 nm excitation and ~590 nm emission
using an Fluoroskan Ascent FL plate reader (Labsystems, Sweden).

Measurements of phosphatidylserine externalization. Double staining of cells with Annexin V and
propidium iodide (PI) was used according to the protocol described in our previous article®’. This method is a
useful tool for distinguishing viable cells (unstained with either fluorochrome) from early apoptotic cells (stained
only with Annexin V), late apoptotic (stained with Annexin V and propidium iodide) and necrotic (dead) cells
(stained only with PI).

Briefly, 5 x 10° control and drug treated cells were washed with cold PBS and resuspended in 500 pl binding
buffer (delivered from producer) that contained 5l of Annexin V fluorescein isothiocyanate (FITC), 5l of PI
and stained for 15 minutes in room temperature. Finally, at least 10 cells were analyzed for FITC and PI fluo-
rescence (Ex ~488 nm; Em ~530nm) using a flow cytometer (LSR II, Becton Dickinson). The cells stained with
the annexin V/propidium iodide mixture were then visualized using fluorescence microscopy (Olympus IX70,
Japan), magnification x 200.

Measurements of chromatin condensation. Violet Chromatin Condensation/Dead Cell Apoptosis Kit
with Vybrant® DyeCycle™ Violet and SYTOX® AADvanced™ was used in order to examine chromatin conden-
sation during apoptosis (Molecular probes®, Invitrogen™). Briefly, 5 x 10° control and drug treated cells were
washed and suspended in 1 ml of Hank’s Balanced Salt Solution buffer (HBSS) containing Vybrant® DyeCycle™
Violet and SYTOX® AADvanced™ dyes, according to manufacturer’s protocol. Immediately after the incu-
bation period (30 min, protected from light), stained cells were analyzed without washing by flow cytometry
(LSR 11, Becton Dickinson), using ~405/488 nm dual excitation while measuring the fluorescence emission at
~440/660 nm.

Measurements of DNA damage — comet assay. Comet assay was performed under alkaline conditions
according to the protocol described in our previous article®. Cells were suspended in 0.75% low melting point
agarose in PBS, pH 7.4. Next, 50 pl of this suspension was spread on frosted microscope slides precoated with 1%
normal melting agarose. After gelling, the slides were treated with lysing buffer consisting of 2.5 M NaCl, 100 mM
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Figure 8. Chemical structures of melphalan derivatives.

EDTA, 1% Triton X-100, 10% DMSO and 10 mM Tris, pH 10 at 4°C for 1h. Then slides were placed in the electro-
phoresis solution (300 mM NaOH, 1 mM EDTA, pH > 13) for 40 min to allow DNA unwinding. Electrophoresis
was carried out at 0.73 V/cm and 30 mA for 30 min. Then the slides were stained with 2 pg/ml DAPI. All these
steps were performed in the dark to prevent additional DNA damage. 100 randomly selected cells from each slide
were analyzed using fluorescence microscope (Olympus IX70, Tokyo, Japan) equipped with a CC12 video camera,
a UV filter and image analysis system - CaspLab v. 1.2.3b2. The percentage of DNA in the comet tail was chosen
as an indicator of DNA damage.

Measurements of DNA damage during apoptosis —-TUNEL assay. ApoBrdU DNA Fragmentation
Assay Kit (BioVision) was used in order to examine DNA damage during apoptosis according to the protocol
described in our previous article®*. This method enables the detection of the early stage of apoptosis by labeling
3’OH ends of single- and double-stranded DNA fragments with Br-dUTP (bromolated deoxyuridine triphos-
phate nucleotides). The Br-dUTP fragments are detected by the fluorescein labeled anti-BrdU monoclonal anti-
body, which enables a brighter signal. Control and drug treated cells were fixed in a 4% paraformaldehyde freshly
prepared in PBS and incubated for 1h at 37 °Cin DNA Labeling Solution containing a TdT Reaction Buffer, a
terminal deoxynucleotidyl transferase (TdT) and the Br-dUTP. Next, the cells were resuspended in an antibody
solution containing an anti-BrdU-FITC antibody (in total darkness for 30 min at room temperature) and incu-
bated with the propidium iodide/RNase A solution. The cells fluorescence was measured with the flow-cytometry
(LSR 11, Becton Dickinson). The green fluorescence of FITC at 520 nm and the red fluorescence of propidium
iodide at 623 nm were detected. The number of TUNEL-positive cells was expressed as a percentage of the total
number of cells in the sample.

Measurement of caspase 3/7, 8 and 9 activation. The activity of caspases-3 and -7 were estimated with
Apo-ONE® Homogeneous Caspase 3/7 Assay and Caspase-Glo® 9/8 Assay Systems according to the manufac-
turer’s protocols (Promega Corporation, Madison, W1, USA). Measurement of caspases activation in control and
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treated cells seeded in 96-well plates (black or white), was recorded by monitoring changes in the fluorescence
(caspase-3/7) or luminescence (caspase-8 and -9) after 4h, 24h and 48 h incubation of cells with investigated
compounds. The intensity of fluorescence or luminescence were measured using a Fluoroskan Ascent FL plate
reader (Labsystem, Sweden). Cysteine proteases activity were expressed as a ratio of fluorescence or luminescence
of the treated samples relative to the corresponding untreated controls taken as 100%. The proper inhibitors
were used in the control experiments to confirm that the observed fluorescence in both the control and the
drug-treated cells is due to caspase-3, -9, -8 presences in the samples®.

Intracellular calcium measurement. Intracellular calcium level was determined using the fluorescent
probe Fluo-4NW according to the protocol described in our previous article®. After entering the cell, Fluo-
4NW is converted by cytosolic hydrolases to the active form, having the possibility of binding of calcium ions.
As a result of joining of calcium ions, the probe emits fluorescence (\.,, =538 nm) after excitation with light of
wavelength 485 nm.

Cells were cultured and treated with investigated compounds on Petri dishes. Next, the cells were plated
in 96-well black fluorimetric plates (2 x 10* cells/well). The growth medium was removed and the cells were
washed with PBS in order to eliminate sources of baseline fluorescence. Finally a dye loading solution (Fluo-
4-NW dye, 4-[(Dipropylamino)sulfonyl] benzoic acid (Probenecid) - used to inhibit extrusion of the indicator
out of the cell by organic anion transporters, Hanks” balanced salt solution (HBSS), 20 mM N-(2- hydroxyethyl)
piperazine-N’-(2-ethanesulfonic acid) buffer solution (HEPES)) was added in a volume of 100 ul per well and
incubated for 30 minin the total darkness at 37 °C, and then for next 30 min. at room temperature. The measure-
ment was done on Fluoroskan Ascent FL microplate reader (Labsystems, Sweden) using 494 nm excitation and
516 nm emission wavelengths.

Statistical analysis. The data was presented as a mean & S.D. An analysis of ANOVA variance with a Tukey
post hoc test was used for multiple comparisons. All statistics were calculated using the STATISTICA program
(StatSoft, Tulsa, OK, USA). A p-value of < 0.05 was considered significant. All figures contain identical descrip-
tions for statistically significant changes: *p < 0.05 statistically significant differences in comparison to control
cells, *p < 0.05 statistically significant differences between samples incubated with melphalan and melphalan
derivatives.
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Abstract: Despite the continuous developments in pharmacology and the high therapeutic effect of
new treatment options for patients with hematological malignancies, these diseases remain a major
health issue. Our study aimed to synthesize, analyze in silico, and determine the biological properties
of new melphalan derivatives. We obtained three methyl esters of melphalan having in their structures
amidine moieties substituted with thiomorpholine (EM-T-MEL), indoline (EM-I-MEL), or 4-(4-
morpholinyl) piperidine (EM-MORPIP-MEL). These have not yet been described in the literature.
The in vitro anticancer properties of the analogs were determined against THP1, HL60, and RPMI8226
cells. Melphalan derivatives were evaluated for cytotoxicity (resazurin viability assay), genotoxicity
(alkaline comet assay), and their ability to induce apoptosis (Hoechst33342/propidium iodide double
staining method; phosphatidylserine translocation; and caspase 3/7, 8, and 9 activity measurements).
Changes in mitochondrial membrane potential were examined using the specific fluorescence probe
JC-1 (5,5,6,6'-tetrachloro-1,1’,3,3’ —tetraethylbenzimidazol carbocyanine). The EM-T-MEL derivative
had the highest biological activity, showing higher cytotoxic and genotoxic properties than the parent
drug. Moreover, it showed a high ability to induce apoptosis in the tested cancer cells. This compound
also had a beneficial effect in peripheral blood mononuclear cells (PBMC). In conclusion, we verified
and confirmed the hypothesis that chemical modifications of the melphalan structure improved its
anticancer properties. The conducted study allowed the selection of the compound with the highest
biological activity and provided a basis for chemical structure-biological activity analyses.

Keywords: apoptosis assay; chemical modification; DNA damage; in silico study; leukemia cell
lines; melphalan

1. Introduction

Blood cancers are currently among the most serious medical problems. Recent data
have shown that one in eight cancer cases worldwide come from blood cells, bone marrow,
or the lymphatic system. Malignant hematopoiesis, such as leukemia and lymphomas, is
divided into more than 100 subtypes with varying survival rates [1]. Multiple myeloma
(MM) is characterized by the infiltration of monoclonal plasma cells into the bone marrow,
which secretes monoclonal immunoglobulin that is found in the urine and/or blood.
The accumulation of these immunoglobulins leads to organ dysfunction, which causes
hypercalcemia, renal failure, anemia, or lytic bone changes [2—4].

Treatment of MM involves a combination of drugs with distinct mechanisms of action,
including immunomodulating drugs, proteasome inhibitors, monoclonal antibodies, alky-
lating agents, and histone deacetylase inhibitors. Despite these numerous modern therapies,
high doses of melphalan followed by autologous stem cell transplantation remain key in
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treating MM patients eligible for transplantation. Melphalan is a bifunctional alkylating
agent. Each of the two bis-2-chloroethyl melphalan groups forms carbonium intermediates
that cause alkylation by covalent bonding with nitrogen atoms in the DNA of the guanine
molecule at the 7-position. This leads to cross-links between the two DNA strands, prevent-
ing transcription and DNA replication and inhibiting the cell cycle. By targeting highly
proliferating cells, including malignant plasma cells, this drug causes cell death [4].

A major limitation of chemotherapy, including melphalan treatment, is the lack of
drug selectivity, which has adverse effects on healthy tissues. High doses of anticancer
drugs also weaken patients’ immunity by affecting the body’s biomolecular defense sys-
tem [5]. The therapeutic activity of melphalan, despite the high remission of the disease,
is limited by melphalan numerous side effects, such as cardiotoxicity, irreversible myelo-
suppression, anemia, numerous infections, and kidney failure. Therapy-related secondary
primary malignancies (SPMs) in myeloma patients have been recognized as a consequence
of treatment with alkylating agents [6]. Another issue is the emergence of multidrug re-
sistance during antimyeloma therapy [7]. Because of these problems, finding new forms
of therapy is crucial for improving the effectiveness of therapy. Modifications of melpha-
lan’s structure to improve its anticancer properties have been studied for years. As early
as the 1950s and 1960s, scientists worked with melphalan derivatives and studied their
activity on cell lines and in animal models [8-10]. Today, this topic is still relevant, and
various melphalan analogs are being evaluated that will be more effective than the parent
drug [2,11,12]. Chemical modifications of the drug structure could serve as the basis for an
improved chemotherapy system for MM patients. Chemical modification of the structure
and determination of the relationship between the chemical structure and its biological
activity may be the basis for developing derivatives with optimal structure that can be used
as future anticancer drugs. Targeted design of anticancer drugs based on well-designed
and -conducted basic research may in the future replace long and expensive in vivo tests,
preceding the qualification of a new structure for further preclinical research through its
candidate for a future drug.

Our previous studies [13] have shown that chemical modifications of melphalan are a
promising way of enhancing the activity of this molecule compared to that of the parent
drug. It was shown that esterification of the carboxyl group and replacement of the amino
group with an amidine group containing a morpholine ring caused significant changes
in cells. The modified structures exceeded the cytotoxic, genotoxic, and proapoptotic
activity of the unmodified melphalan. Based on this knowledge, in the current research,
we performed further chemical modifications of both the carbonyl and amino groups of
melphalan to find derivatives with higher anticancer activity. As a result, we obtained
methyl esters of melphalan containing amidine residues, including thiomorpholine (EM-T-
MEL), indoline (EM-I-MEL), and 4-(4-morpholinyl) piperidine (EM-MORPIP-MEL). Our
current research aimed to determine the cytotoxicity and genotoxicity of the new melphalan
derivatives, as well as the ability of these derivatives to induce apoptosis and generate
changes in the mitochondrial membrane potential. Such derivatives could potentially be
therapeutically important.

2. Results
2.1. Chemistry

Samples of melphalan derivatives used in biological research were obtained by three-
stage chemical synthesis from commercially available substrates (Figure 1).

The first step in the synthesis involved the reaction of commercial melphalan (MEL)
with a 50% molar excess of N-formylmorpholine dimethylacetal (DMA-MOR) in methanol
at room temperature. The morpholine derivative of melphalan (MOR-MEL) obtained was
the starting material for the further synthesis of all new derivatives.
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Figure 1. Synthesis of new melphalan derivatives. Conditions: (i): methanol, room temperature, 1 h;
(ii): methanol, room temperature; (iii): 2,2-dimethoxypropane, concentrated hydrochloric acid, room
temperature, 1 h.

MOR-MEL was then reacted with a 100% molar excess of the appropriate amine
(thiomorpholine (T), indoline (I), or 4-(4-morpholinyl) piperidine (MORPIP)) in methanol
at room temperature to obtain the appropriate amine derivative of melphalan (MEL-T,
MEL-], and MEL-MORPIP). Initially, we intended to obtain a thiazolidine derivative of
melphalan in place of MEL-MORPIP, but during the experiments, it turned out that MOR-
MEL did not react with thiazolidine (TZ). Attempts to change the reaction conditions and
the synthesis method were unsuccessful. Therefore, it was decided to discontinue further
work and replace the thiazolidine derivative with 4-(4-morpholinyl) piperidine.

In the last stage, the amine derivatives of melphalan (MEL—(T/I/MORPIP)) were
esterified. Ester synthesis was carried out with 2,2-dimethoxypropane (DMP) in an acidic
environment (approximately 10% addition of concentrated hydrochloric acid) to give the
corresponding amine derivatives of melphalan methyl esters in the form of thick oils free of
amines. All three amines were then converted to a hydrochloride form with a 5 M solution
of hydrogen chloride gas in ethyl acetate.

Because of these structural changes, their molecules were much less polar than melpha-
lan itself. This was confirmed by HPLC analysis (Figure S1), which showed the composition
of the peaks of individual compounds. The analysis was performed on the reversed phases.
The retention times of the tested derivatives ranged from 13,424 min to 20,531 min, while
the retention time of melphalan under the same conditions was 12,151 min, which indicated
the greater polarity of the melphalan molecule than of the described derivatives.
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2.2. In Silico Analysis

To determine whether the test compounds belonged to the druglike group, the rules
of Lipinski and the definition of Veber were used. According to the five Lipinski rules,
a drug candidate should meet the following criteria: molecular weight (MW) < 500 Da;
lipophilicity described as logP < 5; number of hydrogen bond acceptors (HBAs) < 10; and
number of hydrogen bond donors (HBDs) < 5 [14]. The data obtained for the new test
compounds are summarized in Table 1.

Table 1. Druglikeness parameters estimated according to Lipinski’s and Veber’s rules.
HBDs : number of hydrogen bond donors; HBAs P: number of hydrogen bond acceptors;
NBR €: number of rotatable bonds; TPSA ¢: total polar surface area.

Lipinski’s Rules Veber’s Rule
Compound MW LogP HBDs?  HBAs? NBR ¢ TPSA 4
P <500 Da <5 <5 <10 <10 <140
EM-I-MEL 448.39 4.46 0 3 11 45.14
EM-T-MEL 43241 3.61 0 3 11 70.44
EM-MORPIP-MEL  499.47 3.36 0 5 12 57.61

All the test compounds complied with Lipinski’s rules and had only one violation
of Veber’s rules. The number of rotational bonds was slightly greater than the number
specified in Veber’s rule. We also considered that none of the new compounds was a
substrate for P-glycoprotein.

To illustrate the distribution of the most important physicochemical properties in
the body, we also prepared radar charts (Figure 2) from the SwissADME website, which
consider six important physicochemical properties. The pink area represents the optimal
range for each property: lipophilicity (LIPO), XLOGP3 between —0.7 and +5.0; size (SIZE),
MW between 150 and 500 g/mol; polarity (POLAR), TPSA between 20 and 130 A2; solubility
(INSOLU), log S not higher than 6; saturation (INSATU), fraction of carbons in the sp3
hybridization not less than 0.25; and flexibility (FLEX), no more than nine rotatable bonds.

EM-T-MEL EM-MORPIP-MEL

LPO

SIZE FLEX

LIPO
ape:  FLEX r/\\ i

s
POLAR INSATU \/// POLAR  INSATU \/ POLAR

INSOLU INSOLU

Figure 2. RADAR charts for the physicochemical properties of lipophilicity (LIPO), size, polarity
(POLAR), solubility (INSOLU), saturation (INSATU), and flexibility (FLEX) determined for EM-I-
MEL, EM-T-MEL, and EM-MORPIP-MEL.

For all the compounds tested, five of the six properties analyzed were located in the
pink area, which proved their optimality and compliance with the properties typical for
compounds belonging to the group of druglike compounds. Based on these properties, it
was also concluded that the test compounds were predicted not to be orally bioavailable
because they were too flexible. Intravenous administration would be recommended.
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2.3. Chemical Modifications of Melphalan Alter Its Cytotoxicity in Human Cells in In Vitro Study

The cytotoxic activity of the compounds was assessed using a resazurin reduction
assay after 48 h of incubation. The sensitivity of cells to the test compounds was determined
using the IC5y parameter (Figure 3).
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Figure 3. Chemical modifications of the melphalan molecule significantly increased cytotoxicity
against leukemic cells and reduced cytotoxic activity against normal cells. (A) Concentration-
dependent cytotoxic effects of MEL and its derivatives on HL60, THP1, RPMI8226, and PBMC
growth measured by the resazurin assay. Cells without any treatment were used as controls and
taken as 100%. (B) Graphical interpretation of ICsy values. (#) p <0.05 statistically significant differ-
ences between samples incubated with melphalan and melphalan derivatives. (C) ICs5g values for
melphalan and melphalan derivatives against the cancer cell lines tested.

The cell lines tested showed different sensitivities to the parent compound and the
obtained derivatives. The THP1 cells showed the highest sensitivity to the test analogs,
while the RPMI8226 line had the lowest sensitivity. EM-I-MEL had higher (about 1.5 times)
cytotoxicity than the parent drug in only the THP1 cells. In all cancer cell lines tested,
the highest cytotoxicity was observed after incubation with EM-T-MEL. The highest ac-
tivity of this compound (and the largest difference between the ICsy of melphalan and
the ICs5¢ of the derivative) was observed in human acute monocytic leukemia cells. The
ICs5p concentration of this derivative in this cell line was nearly 10 times lower than that of
melphalan. In HL60 cells, the ICsy value of the EM-T-MEL derivative was approximately
five times lower than that of the unmodified compound. Cells of the multiple myeloma
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line also showed high (two times higher than melphalan) cytotoxic activity after incubation
with EM-T-MEL. At the same time, a decreased cytotoxic effect of EM-T-MEL was ob-
served against peripheral blood mononuclear cells (PBMC). This analog was approximately
2.5 times less cytotoxic to PBMCs than melphalan. The cytotoxicity of EM-MORPIP-MEL
was similar against THP1 and higher against HL60, RMPI8226, and PBMCs compared to
the parent drug. Because of this, EM-MORPIP-MEL was eliminated from further analyses.
One concentration per cell line was selected for testing of the next parameters: RPMI8226,
3 uM; HL60, 0.7 uM; THP1, 0.3 uM, which were the same as in previous studies evaluating
the biological properties of melphalan analogs [13].

2.4. Tested Melphalan Analogs Caused DNA Fragmentation in Leukemic Cells

The level of DNA damage in THP1, HL60, and RPMI8226 cells was analyzed by
performing an alkaline version of the comet assay. Cells were incubated with melphalan
and its derivatives (EM-I-MEL, EM-T-MEL) for 4, 24, and 48 h. Cells not treated with any
compound were taken as control. Figure 4 shows DNA damage measured as a percentage
of DNA in the comet tails of the cells tested. It was shown that melphalan and its derivatives
induced DNA damage in the cells, and this increase was dependent on the incubation
time. The most cytotoxic derivative, EM-T-MEL, also generated the highest level of DNA
damage in all tested cells, mainly after 24 and 48 h of incubation. After as little as 4 h
of incubation of the cells with the compounds, increased levels of DNA damage were
observed. In THP1 cells at this time, unmodified melphalan caused 5.5% DNA strand
breaks, while the EM-I-MEL derivative caused 9.2% DNA strand breaks. The EM-T-MEL
derivative caused 11.7% DNA strand breaks. Statistically significant changes compared to
melphalan were observed after 24 h incubation with EM-I-MEL and 24 and 48 h incubation
with EM-T-MEL. Similar relationships were also observed in the HL60 cells. Treating
HL60 cells for 48 h with the EM-T-MEL derivative (30.1%) was associated with twofold
higher levels of DNA damage than was treating them with MEL (15.6%). The maximum
level of myeloma cells with damaged DNA was observed after 48 h of treatment with
derivatives EM-I-MEL (34.1%) and EM-T-MEL (38.5%).

2.5. Chemical Modifications Increase the Proapoptotic Properties of Melphalan: Using Double
Staining to Determine the Mechanism of Leukemia Cell Death

2.5.1. Hoechst 33342 and Propidium Iodide Double Staining

The simultaneous use of two fluorescent dyes—propidium iodide (PI) and Hoechst
33342—enabled the identification of four populations of cells in the microscope image
field: live, early-apoptotic, late-apoptotic, and necrotic cells. The experiment was carried
out after 4, 24, and 48 h of incubation with the test compounds. Figure 5B,C shows the
morphological changes, while the quantitative analysis of the live cell fraction and the early
apoptotic, late apoptotic, and necrotic cells are shown in Figure 5A.

In the case of THP1 cells, after 24 h of incubation with the test compounds, a significant
increase in the number of cells in the early stage of apoptosis was observed with EM-I-
MEL (23% of the total population) and EM-T-MEL (31% of the total population) compared
to MEL (13% of the total population). After a 4-h incubation, significant changes were
observed only in relation to the control. The greatest changes were observed after 48 h
incubation with the EM-T-MEL derivative. There was a significant increase in the pool
of late apoptotic cells (49% of the total population) compared to control cells (2.5%) and
cells treated with melphalan (4%). There was also a significant increase in the number of
cells in the early stage of apoptosis (25%). It is also worth noting that treatment of THP1
cells resulted in the appearance of a fraction of necrotic cells. The necrotic cell content
in the entire population was 13%. These changes were statistically significant relative to
the control and parent drug. The EM-I-MEL derivative led mainly to an increase in the
number of early apoptotic cells (29% of the total population) and late apoptotic cells (13%)
in the longest incubation period with the compound. The 48 h incubation of THP1 cells



Int. . Mol. Sci. 2022, 23, 1760

7 of 24

CONTROL
- N
(=] o

MEL

EM-T-MEL EM-I-MEL

50

Tail DNA (%)
e & 8

—
o

THP1

with the parent drug was associated mainly with an increase in the pool of early apoptotic
cells (20%).

HL60  RPMI8226

THP1 .

O4h @24h @48h

il

CONTROL MEL EM-I-MEL EM-T-MEL

HL60 RPMI8226 .

w
o

8

Tail DNA (%)
w
o

50 -
O4h @24ah mash O4h @24h @48h i
’ 40 A * * '
+ — . #
# g 30 ;
. <
# -
» 220 & *
=
_—‘ T 0 i | - - r- r r
CONTROL EM I-MEL EM-T-MEL CONTROL MEL  EM-I-MEL EM-T-MEL

Figure 4. Melphalan analogs increased DNA damage (percentage of DNA in the comet tail) in THP1,
HL60, and RPMI8226 cells after 4, 24, and 48 h of incubation. The characteristic tails of comets with
damaged DNA are shown under a fluorescence microscope after electrophoresis and 4',6-diamidino-
2-phenylindole (DAPI) gel staining. All data are from three biological assays and are graphed as the
mean =+ SD. (*) Statistically significant differences compared to control cells, p < 0.05. (#) Statistically
significant differences compared to MEL, p < 0.05.

The 24 and 48 h incubations of HL60 cells with MEL and MEL derivatives resulted
in significant increases in the population of apoptotic and necrotic cells. After 24 h of
incubation, the EM-I-MEL derivative initiated the appearance of about 31% of the apoptotic
cell fraction (early apoptotic cells: 17% of the entire population; late apoptotic cells: 14%;
necrotic cells: 8.5%). In the case of the EM-T-MEL derivative, an even greater percentage
of apoptotic cells was recorded, approximately 40% (early-apoptotic cells: 25% of the total
population; late-apoptotic cells: 15%), and 19% of the entire population was necrotic cells.
The 48 h incubation of HL60 cells resulted in a significant increase in the fraction of late
apoptotic cells for both the EM-I-MEL derivative and the EM-T-MEL derivative compared
to the parent compound.
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Figure 5. Novel melphalan analogs showed higher proapoptotic activity than the unmodified
compound. (A) Fractions of apoptotic and necrotic cells after 4-48 h of incubation with MEL and
test melphalan derivatives. Results are presented as the mean + SD. (*) Statistically significant
differences compared to control cells, p < 0.05. (#) Statistically significant differences compared to
MEL, p < 0.05. (B) Determination of the fraction of apoptotic and necrotic cells after 48 h incubation
with melphalan and melphalan derivatives. Cells were stained with the fluorescent dyes Hoechst
33342 and propidium iodide (PI) to determine the fraction of live cells (pale blue fluorescence),
early-apoptotic (bright blue fluorescence), late-apoptotic (pink—violet fluorescence), and necrotic (red
fluorescence) cells. (C) Morphological changes observed in the THP1, HL60, and RPMI8226 lines
after 48 h of incubation with melphalan and the derivatives EM-I-MEL and EM-T-MEL. The cells
were visualized under a fluorescence microscope (Olympus IX70).
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In the case of multiple myeloma cells, after 24 and 48 h of incubation with melphalan
and the test analogs, a significant increase in the number of early-apoptotic cells was found.
Furthermore, 48-h incubation with EM-I-MEL or EM-T-MEL derivatives resulted in the
appearance of about 40% of the total population as apoptotic cells (early and late apoptosis).
This increase was about two times higher than that in the cells treated with the parent drug.
There was also a significant increase in the number of necrotic cells after incubation with
the EM-T-MEL derivative (16% of the total population) compared to after incubation with
MEL (10%).

2.5.2. Annexin V-Fluorescein Isothiocyanate, and Propidium Iodide Double Staining

One marker of cell death by apoptosis is a disruption in the cell membrane asymmetry
and externalization of phosphatidylserine. Therefore, we performed a qualitative assess-
ment of the molecular events associated with apoptosis using the annexin V-fluorescein
isothiocyanate (FITC) and PI double staining method (Figure 6). We also included bright-
field observation images in order to visualize morphological changes after treatment with
the investigated compounds. EM-T-MEL caused the most significant changes in single-cell
morphology, such as shrinkage, apoptotic body formation, and cell fragmentation. At the
same time, cells after incubation with the test compounds, mainly EM-T-MEL, showed high
green (derived from annexin V-FITC) and red fluorescence (derived from propidium io-
dide), indicating phosphatidylserine translocation and damage to cell membrane integrity.

2.6. Melphalan Derivatives Activated Caspase-Dependent Apoptosis: Determining the Apoptotic
Pathway in Cancer Cells

The anticancer properties of compounds are primarily due to their ability to induce
apoptosis. We assayed the activity of the executive caspase 3/7 and initiator caspases
8 and 9, which are directly involved in the activation of this process. The final results are
expressed as the percentage of activity of a specific cysteine protease, with the fluorescence
value of the untreated control taken as 100%.

In the case of THP1 cells, increased activity of mainly caspase 3/7 was observed
(Figure 7). After a 24 h incubation with the EM-T-MEL (1506%) derivative, the increase
in activity of this cysteine protease was about six times higher than that after incubation
with the unmodified MEL (243%). Incubations for 4 h and 24 h of THP1 cells with all test
compounds resulted in activation of caspase 9. However, the changes were statistically
significant only relative to the control. HL60 cells were also highly sensitive to caspase
3/7 activation. Significant changes in the activity of this caspase were observed mainly
after 24 h of incubation with the EM-T-MEL derivative (1307%) compared to the parent
drug (233%). After 48 h incubation, statistically significant changes were also observed for
the derivative EM-I-MEL (1044%). The increased activity of this caspase was preceded
mainly by the activation of the initiating caspase 8 after incubation with all test compounds.
The changes were statistically significant only compared to the control. RPMI8226 cells
induced caspase 3/7 mainly after 24 and 48 h of incubation. In contrast, the most cytotoxic
EM-T-MEL derivative caused an increase in the activity of this caspase after only 4 h of
incubation. In contrast, this line was the least sensitive to the activation of this cysteine
protease. There was also no increase in the activity of the analyzed initiating caspases
(8 and 9) during the tested incubation times with the compounds.

2.7. The New Derivatives of Melphalan Caused Loss of Mitochondrial Membrane Potential

The disruption of mitochondrial integrity is a key event in apoptosis. Depolariza-
tion of the mitochondrial membrane is often associated with apoptosis by the release of
proapoptotic proteins, such as cytochrome ¢, from the mitochondria and the formation of
a proapoptotic complex. The impact of MEL, EM-I-MEL, and EM-T-MEL on the mito-
chondrial membrane potential (AYm) in HL60, RPMI8226, and THP1 cells was assessed
using fluorometric analysis after staining with the fluorescent dye 5,5,6,6'-tetrachloro-
1,1,3,3/-tetraethylbenzimidazolcarbocyanine (JC-1) (Figure 8). Red fluorescence of JC-1
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dimers (high mitochondrial potential) was observed in control cells. Treatment with new
compounds dramatically increased the green fluorescence of JC-1 monomers, indicating de-
creases in the mitochondrial membrane potential. All compounds induced time-dependent
changes. In all the cell lines studied, the greatest changes in the mitochondrial potential
took place after EM-T-MEL treatment.

Control __MEL EM-I-MEL EM-T-MEL

Control EM-I-MEL EM-T-MEL

EM-I-MEL EM-T-MEL

Figure 6. The investigated derivatives induced changes in cell membrane integrity and external-
ization of phosphatidylserine. We visualized THP1, HL60, and RPMI8226 cells by fluorescence
microscopy (Olympus IX70, Japan) after 24 h of incubation with MEL and the test derivatives. The
cells were stained with annexin V—fluorescein isothiocyanate (FITC) and PI. After incubation with
MEL derivatives, mainly EM-T-MEL cells showed high green (derived from annexin V-FITC) and
red fluorescence (derived from PI) indicative of exposed phosphatidylserine (PS) and damage to cell
membrane integrity, characteristic features of apoptosis.

Control

RPMI8226
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Figure 7. Melphalan derivatives activated executive caspase 3/7 and initiator caspases 8 and 9 in
THP1, HL60, and RPMI8226 cells. Cells were incubated for 4, 24, and 48 h with MEL, EM-I-MEL,
and EM-T-MEL. The final results are expressed as the percentage of activity of a specific cysteine
protease, with the untreated control taken as 100%. All data are from three biological assays and are
graphed as the mean + SD. (*) Statistically significant differences compared to control cells, p < 0.05.
(#) Statistically significant differences compared to MEL, p < 0.05.

The highest green fluorescence intensity was observed in HL60 cells treated with
the EM—-T-MEL for 24-48 h (AYm dropped to 24.8% vs. control). Already after 18 h
of treatment, a statistically significant difference was noticed between the action of the
derivative and that of MEL. EM-I-MEL also led to a significant reduction in AYm (to
42%) compared to MEL (to 76%) after 48 h of treatment. In the acute monocytic leukemia
cells, strong green fluorescence of JC-1 monomers was observed after treatment with
both new melphalan derivatives. Furthermore, in this line, the derivative EM-T-MEL
significantly decreased the potential against melphalan. The RPMI8226 line turned out
to be the least sensitive to the activity of the test compounds regarding A¥m changes.
Interestingly, this line was also sensitive to the action of EM-I-MEL and EM-T-MEL, but
after a longer incubation time. Chlorophenylhydrazone (CCCP), an uncoupler of oxidative
phosphorylation, was used as a positive control for the depolarization of AYm.
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Figure 8. New melphalan derivatives induced a decrease in mitochondrial membrane potential.

(A) The fluorescence ratio of JC-1 dimers/JC—1 monomers in the control was assumed to be 100%.
The cells were stained with the fluorescence probe JC-1 prior to 448 h of incubation with MEL,
EM-I-MEL, EM-T-MEL, or carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (20, 100 uM). All
data are from three biological assays and are graphed as the mean + SD. (*) Statistically significant
differences compared to control cells, p < 0.05. (#) Statistically significant differences compared to
MEL, p < 0.05. (B) Fluorescent microscopy images of HL60, THP1, and RPMI8226 cells stained with
JC-1 probe after 48 h. The cells were viewed under an inverted fluorescence microscope (Olympus

IX70, Japan, 400 x magnification).
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3. Discussion

Blood cancers remain a major health issue despite the high therapeutic efficacy of new
treatment options and continuous pharmacological developments. In a previous study [13],
we verified and confirmed the hypothesis that chemical modifications to melphalan in-
creased its anticancer properties. We showed that esterification of the carboxyl group was
necessary to improve the effectiveness of melphalan. In addition, the additional replace-
ment of the amino group with an amidine group containing two heteroatoms (O and N) in
the structure significantly increased the properties of the drug.

The subject of the present research was the analysis of three new melphalan deriva-
tives with increased cytotoxic activity in human neoplastic cells that have not yet been
described in the literature. New chemical modifications to old, well-known drugs require a
balance between size and lipophilicity to improve cytotoxicity in leukemia therapy. Two
of the most effective melphalan modifications were the addition of a morpholine group
in our previous work [13] and a thiomorpholine group in the current work. Morpholine
and its analogues represent effective heterocycles because of their conformational and
physicochemical properties. The oxygen atom in this ring increases binding affinity by
participating in donor—acceptor-type interactions with the corresponding receptor. More-
over, the oxygen atom reduces the basicity of the nitrogen atom of the morpholine ring by
its electronegative effect [15,16]. Two heteroatoms in the amidine group at the opposite
position provide flexible conformation to the ring. Thanks to this construction, this group
can participate in lipophilic—hydrophilic interactions. Morpholine modulates properties of
the overall structure, as the presence of a weak basic nitrogen at the opposite position of the
oxygen atom enhances solubility [17]. Morpholine derivatives can act as antidepressants,
analgesics, antitumor agents, antioxidants, antibiotics, or antifungals as well as serving
in the treatment of central nervous system disorders [18]. The analog with the rest of the
thiomorpholine is part of the previously adopted strategy, because thiomorpholine has
two heteroatoms (N and S) in its structure. We attempted to synthesize and research a
system that has not been tested so far, i.e., the use of a bicyclic structure consisting of two
rings in the amidine group (analog with the rest of the indoline) and the use of a bicyclic
structure additionally containing two nitrogen atoms and an oxygen atom. In addition to
the described modifications to the amino group, the resulting derivatives were converted
to methyl esters according to the established observations that ester analogs are more
cytotoxic than the free carboxyl group analogs. We assessed the cytotoxic, genotoxic, and
proapoptotic properties against multiple myeloma (RPMI8226) and two types of myeloid
leukemia (acute promyelocytic leukemia (HL60) and acute monocytic leukemia (THP1)) to
determine the biological activity of the new analogs.

Investigations of the pharmacological properties of new molecular chemical entities
(NMEs) or major drug discovery candidates have accelerated in recent years because of the
high failure rate of drug candidates in clinical trials. The incorporation of in vitro studies
prior to the absorption, distribution, metabolism, elimination, and toxicity (ADMET) study
is a promising strategy to improve research on future drug candidates. Drug toxicity is
one of the most relevant properties and the most unpredictable characteristic of a drug,
as it can be species- and organ-specific. The toxicity of a compound to different cell
types can be evaluated using easily available and widely applied in vitro cytotoxicity
assays. The advantage of these assays is that they facilitate the process of screening large
chemical libraries [19]. Our study used well-known and recommended screening methods
to assess the toxicity and intracellular mechanisms associated with the cytotoxic effects of
compounds with anticancer potential.

A significant clinical problem in patients with advanced cancer is the high toxicity
of chemotherapy. Melphalan is responsible for forming covalent cross-bonds between
DNA strands, preventing transcription and replication, leading to cell death. The number
of intrastrand cross-links formed is correlated with both the in vitro cytotoxicity of the
drug and the patient’s response to treatment [20]. We assessed the cytotoxic activity of
the test compounds against neoplastic cells and normal PBMCs. The cytotoxic effect of
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MEL and its derivatives was dose dependent. The ICs5y parameter, i.e., the concentration
necessary to inhibit the biological process in vitro by 50%, was determined. The EM-T-
MEL derivative showed the highest cytotoxicity against neoplastic cells, with the ICsg
value being about tenfold (THP1), fivefold (HL60), and twofold (RPMI8226) lower than the
unmodified compound. Simultaneously, this compound was significantly less (2.5-fold)
cytotoxic than melphalan to PBMCs. The EM-I-MEL analog was also more cytotoxic than
MEL, exhibiting significantly lower ICsq values in the THP1 cancer cell model. Since the
cytotoxic activity of the EM-MORPIP-MEL derivative was comparable or less than that
of the parent drug, it was eliminated from further analyses. These results confirmed the
finding from our previous studies [13] that chemical modifications involving esterification
and conversion of an amino group to an amidine group with two heteroatoms exhibit high
cytotoxic properties against cancer cells and low cytotoxicity to PBMCs. Esterification and
modification of the amino group significantly modify the properties of the compound. Thus,
when explaining the different cytotoxic activities of the analyzed compounds, the size,
structure, and ring geometry of the attached amine should be taken into account. There have
also been reports in the literature that esterification can increase bioavailability and cellular
penetration [21-24]. In addition, other in vitro studies have shown that amidine analogs
of melphalan reduce the number of estrogen receptor-positive and estrogen receptor-free
breast cancer cells [25,26].

Melphalan is mainly transported to the cells via large neutral amino acid transporter 1
(LAT1) [7,27]. It has been shown that the level of LAT1 expression in tumor tissues is signif-
icantly higher than in surrounding healthy tissues [28]. Nonsolid tumors exhibit altered
LAT1 expression: LAT1 acts as an activating antigen in T cells, and T cell leukemia results
in higher levels of LAT1 expression compared to levels in normal activated T cells [27].
We observed higher differences in the sensitivity of normal and leukemic cells in the new
derivatives than in melphalan. Leukemic cells require large amounts of nutrients and
amino acids for rapid growth and continuous proliferation. The new derivatives, because
of the reduced polarity of the molecule in comparison to melphalan, may have wider
delivery strategies. EM-T-MEL, EM-I-MEL, or EM-MORPIP-MEL can be transported
to cancer cells by other membrane receptors that are overexpressed in leukemia cancer
cells: MCT-1, -2, and -4, for lactate transport; OAT-1, for small, hydrophilic organic anion
transport; OCTN-1, FLIPT-1, and OCT-6, for organic cation transport; and OATP1B1 and
OATP1BS3, for large, hydrophobic anion transport [29]. P2X7R, an ATP-gated ion channel,
is widespread in cancer cells and overexpressed in AML. Recent studies have indicated
that P2X7R-activated macropore opening was shown to enhance the intracellular uptake
of drugs including chemotherapeutics such as doxorubicin. P2X7R-activated macropore
opening was therefore proposed as tumor cell-specific drug delivery system [30].

Melphalan, as an alkylating drug, is responsible for an increase in the level of the
DNA double break marker (YH2AX), induces the phosphorylation of checkpoint kinase 1
(CHK-1) and checkpoint kinase 2 (CHK-2) in MM cells (RPMI8226 and MM1.5) [31], and
leads to apoptosis through the formation of intra- and interstitial DNA cross-bonds [32].
Confirming the genotoxic properties of melphalan in selected models of neoplastic cells
(THP1, HL60, RPMI8226) and determining whether the new derivatives cause an increase
in the level of DNA damage have become further goals of our research. Both the parent
drug and the derivatives induced DNA damage in a time-dependent manner. The EM—
T-MEL derivative resulted in the highest level of DNA damage in all tested cells, which
correlated with the cytotoxicity analysis.

Understanding the mechanism of death of a cancer cell exposed to the test compounds
was one of the main research problems of this study. Apoptosis is an important goal of
chemotherapy as a process that is strictly regulated and controlled by specific biochemical
processes requiring the expression of many different genes. Abnormal apoptosis is a key
factor in resistance to chemotherapy. The ability of drugs to induce apoptosis is considered
an important criterion in assessing their therapeutic efficacy. Apoptosis is the preferred type
of cell death, as it is a noninflammatory physiological process. Unlike necrosis, apoptosis is
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characterized by specific morphological and biochemical changes, including cell shrinkage,
fragmentation of the cell nucleus, chromatin condensation, disturbance in cell membrane
asymmetry, and the formation of small vesicles (ApoBD) [33,34]. One early marker of
apoptosis is a change in cell membrane asymmetry and phosphatidylserine translocation.
The tested melphalan analogs induced apoptosis in the tumor cells. Based on the results
obtained, the test compounds were characterized by different degrees of influence on the
leukemic cells and multiple myeloma, manifested by changes in cell morphology. The
greatest change was observed after 24 h of incubation with the test compounds, mainly the
EM-T-MEL derivative, which correlated with the analysis of the cytotoxicity of the test
analogs. Examination of the morphological changes after Hoechst 33342 /PI and annexin
V-FITC/PI staining suggested that the EM-T-MEL derivative triggered apoptosis-specific
markers more clearly than the unmodified MEL in all cell lines tested.

Another aspect of our current study focused on the biochemical changes occurring dur-
ing apoptosis induced by the melphalan analogs. Melphalan and other DNA cross-linkers
increase mitochondrial stress in HeLa and HCT cells and have been shown to be responsi-
ble for increasing the cytotoxicity of melphalan [35,36]. Research showed that melphalan
induced apoptosis by mediating the mitochondrial permeability transition pore (mPTP)
in cervical and colorectal cancer cells [36]. The involvement of mitochondria-dependent
mechanisms is critical to the execution of intrinsic apoptotic pathways and is also required
for executing the extrinsic apoptotic program. In HL60 cells, AYm collapsed after only 4 h
of MEL treatment. Treatment of HL60 cells with a mitochondrial uncoupling agent CCCP
(50 uM for 1 h) caused a remarkable drop in A¥m [37]. Our data showed that following
treatment with melphalan derivatives in cancer cell lines, the mitochondrial membrane
potential dropped, especially at longer incubation times of 24-48 h. The changes were larger
than those induced by the unmodified parent compound. The new melphalan derivatives,
EM-I-MEL and EM-T-MEL, significantly disrupted the potential of the mitochondrial
membrane, especially in the promyelocytic cell line. It has been shown that melphalan
promotes rapid fragmentation of the mitochondrial network in a time-dependent manner
and consequently the early activation of apoptosis.

Comprehension of the mechanisms by which cytotoxic drugs inhibit cancer cell prolif-
eration and induce apoptosis is important for optimizing therapeutic efficacy. Programmed
cell death (PCD) is an active, energy-dependent process that requires the activation of
many genes and can proceed in various ways involving different cell organelles. Caspases—
intracellular enzymes belonging to a large family of serine proteases—are involved in the
process of apoptotic cell death. These enzymes are involved both at the initiation stage
(initiating caspases include caspases 2, 8, 9, and 10) and at the final stage of apoptosis,
the latter of which is referred to as the effector phase (effector caspases include caspases
3, 6, and 7). Caspase 9 is involved mainly in the intrinsic pathway of apoptosis, where
mitochondria play a major role in apoptotic signaling and regulation of cell death processes.
Caspase 8 is involved mainly in the intrinsic pathway mediated by receptor proteins [34,38].
Incubation with MEL and the test analogs resulted in activation of the effector caspase
3/7. We observed differences in sensitivity of the test analogs toward the tested cancer
cells. The most sensitive cell lines were HL60 and THP1, while the least sensitive was
the multiple myeloma line. The EM-T-MEL derivative most potently induced caspase
3/7 activation in all cell lines tested. In the case of THP1 and RPMI8226 cells, activation
of this cysteine protease occurred after only 4 h of incubation with this analog. Activa-
tion of caspase 3/7 was preceded by the initiation of caspase 9 (mainly in THP1 cells) or
caspase 8 (mainly in HL60 cells). The intrinsic pathway can be activated in the presence
of intracellular signals or in response to the activation of death receptors on the plasma
membrane. The intrinsic pathway is triggered by signals such as DNA damage leading
to an imbalance between proapoptotic and antiapoptotic proteins in mitochondria and
destabilization of mitochondrial membrane potential. In the case of RPMI8226 cells, no
increase in the activity of caspase 8 or caspase 9 was observed. The low level of activation
of these initiating caspases may suggest activation of a mechanism of cell death other than
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apoptosis. Mitotic catastrophe is a pathway of cell death caused mainly by microtubule-
stabilizing or -destabilizing factors and DNA damage. It is triggered by mitotic failure due
to dysfunctional cell cycle checkpoints and the development of aneuploid cells [39]. Mitotic
failure occurs in a p53-independent manner and involves the activation of caspase 2 fol-
lowed by the release of cytochrome c, activation of caspase 3, chromatin condensation and
permeabilization of the mitochondrial membrane, and the subsequent formation [40-42] of
mononucleated giant cells (MONGC) or multinucleated giant cells (MNOC) [43]. Mitotic
catastrophe activation by melphalan was observed in multiple myeloma cells [44]. This
may suggest activation of this death pathway in RPMI8226 cells after incubation with the
melphalan analogs analyzed. Understanding the detailed mechanism of multiple myeloma
cell death will be the goal of further research on new melphalan analogs.

4. Materials and Methods
4.1. General

Fine chemicals and solvents for synthesizing the analogs were purchased from com-
mercial vendors and used without further purification.

Reactions were monitored by the TLC method. Analyses were performed on alu-
minum plates precoated with silica gel (Merck 60 Fjs4, 0.25 mm). To develop the chro-
matogram, the following solvent system was used: methylene chloride/methanol/formic
acid/water (82:15:2:1 v/v/v/v). Plates were visualized under UV light at 254 and 366 nm.

The chemical purity of MEL, MOR-MEL, and the products obtained in the subsequent
stages of synthesis was tested by HPLC. The analyses were performed in a typical Waters
system consisting of an autosampler, two pumps, a degasser, and a photodiode detector.
The stationary phase was a Chromolith Performance RP18e column at 30 °C, and the
mobile phase was a gradient of 0.1% trifluoroacetic acid (TFA) in water and 0.1% TFA in
acetonitrile. The flow rate of the mobile phase was 1 ml/min. Relative retention time (RRT)
is presented with reference to melphalan (see Figure S1).

Melting point measurements were carried out on an automatic Mettler Toledo MP70
system. For each compound, four capillary measurements were made in parallel, and the
results were averaged.

Optical rotation measurements were performed on a Perkin Elmer 341 polarimeter at
a wavelength of 589 nm in methanol at 20 °C using a standard 1 ml cuvette.

The IR spectra were recorded on a NICOLET 380 FTIR spectrometer with a high-
pressure ATR attachment equipped with a germanium crystal. The characteristic bands
were approximately 1690 cm~! (>C=N-amidine) and approximately 1740 cm~! (>C=0)
(see Figures S52-54)

'H NMR, 13C NMR, DEPT, COZY, HMBC, and HSQC spectra were measured using
the Bruker AVANCE III HD 500MHz instrument at 500 MHz ('H) and 125 MHz (13C) at
25 °C for solutions in DMSO-dj (see Figures S5-510).

High-resolution mass spectrometry (HRMS) measurements were performed using a
Synapt G2-5i mass spectrometer (Waters) equipped with an ESI source and quadrupole-
time-of-flight mass analyzer. The mass spectrometer was operated in the positive ion
detection mode. The optimized source parameters were: capillary voltage 3.2 kV, cone
voltage 30 V, source temperature 110 °C, desolvation gas (nitrogen) flow rate 600 dm?3/h,
temperature 350 °C, and nebulizer gas pressure 6.5 bar. To ensure accurate mass measure-
ments, data were collected in the centroid mode. The mass was corrected during acquisition
using leucine enkephalin solution as an external reference (Lock-Spray™), which generated
a reference ion at m/z 556.2771 Da ([M+H]*) in the positive ESI mode. The results of the
measurements were processed using the MassLynx 4.1 software (Waters) incorporated with
the instrument (see Figures S11-516).
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4.2. Synthesis
4.2.1. 2-(Morpholinmethylideneamino)-3-[4-[bis(2-chloroethyl) amino] phenyl] Propanoic
Acid (MOR-MEL)

Synthetic procedure and analytical data of this compound (under the name 2-(tetrahydro-
1,4-oxazynomethylideneamino)-3-[4-[bis(2-chloroethyl) amino] phenyl] propanoic acid)
come from: Ireana Oszczapowicz, Malgorzata Lukawska, Joanna Tobiasz, Anna Poreb-
ska, Agnieszka Owoc. Nowe pochodne melfalanu, sposéb ich wytwarzania, zawierajacy
je srodek farmaceutyczny oraz zastosowanie medyczne. PL220880B1, p. 9, example 3.
(available in polish language version only).

The reaction was carried out in an argon atmosphere. First, 305 mg (1 mmol) of melpha-
lan was dissolved in 30 mL of methanol. Then, 195 mg (1.2 mmol) of N-(dimethoxymethyl)
morpholine was added to this solution, and the mixture was stirred until the substrate
disappeared (30 min at room temperature, TLC control). Then, the mixture was evaporated
to dryness, and 4 ml methanol was added, followed by 35 ml of diethyl ether. The pre-
cipitated product was then filtered, washed with diethyl ether, and dried under vacuum.
The expected product was obtained after recrystallization from the methanol/diethyl ether
mixture and had the following characteristics. Mass: 310 mg (0.77 mmol). Yield: 77%.
Off-white crystalline powder. 97.0% (HPLC). RRT (in ref. to MEL): 1.154, 1.201IR (cm ™ !):
1697 (>C=N-). 'H NMR (300 MHz, DMSO-dg, 8ppm): 9.30 (s, 1H, COOH), 7.74 (s, 1H,
-N=CH-N-), 7.06 (d, ] = 8.4 Hz, 2H, C,yyHs,5), 6.71 (d, ] = 8.4 Hz, 2H, Cyry1Hg /¢), 3.90 (m,
1H, ~CepiralH-), 3.77 (m, 2H, ~Nporph—CHp-CH,-0-), 3.70 (s, 4H, CI-CH>-CH,-N), 3.28
(m, 2H, -Nporph—CHx—CHp-0-), 3.15 (dd, ] = 3.9 Hz, ] = 13.2 Hz, 1H, -CHAHp-CH(N=)-
CO;H),2.78 (dd, | = 10.8 Hz, 1H, -CHAHp—ChiraiH-). Elemental analysis: calc. C—53.85%,
H—6.28%, N—10.47%; found: C—53.65%, H—6.16%, N—10.27%.

New Melphalan Derivatives—General Procedure:

First, 1.61 g (4.0 mmol) of MOR-MEL was dissolved in 240 ml of methanol. Then,
8.0 mmol of the appropriate amine was added to this solution, and the mixture was stirred
18-22 h (depending on the amine) at room temperature (TLC control). Next, the mixture
was evaporated to dryness, obtaining the crude product as an oil that was then purified by
preparative HPLC, leading to the amine derivative of melphalan (oil, purity ca. 90% HPLC).

Then, 1 mmol (418-485 mg) of the melphalan amine derivative, 10 mL DMP, and
1 mL concentrated HCI were stirred for one hour at room temperature. The mixture was
evaporated to dryness, and the resulting oil was purified by column chromatography to
obtain the appropriate methyl ester with a purity of over 95% (HPLC). The free amine
was then dissolved in 5 mL 4 M HCl(;)/ethyl acetate to obtain the hydrochloride that
precipitated from the solution. The solid was filtered off, washed with cold ethyl acetate,
and dried under vacuum at 30 °C to obtain the final product.

The following compounds were synthesized in this manner:

4.2.2. 2-(Indolinmethylideneamino)-3-[4-[bis(2-chloroethyl) amino] phenyl] Propanoic
Acid Methyl Ester Hydrochloride (EM-I-MEL):

Off-white crystalline powder. Yield: 25% (not optimized, calculated in relation to MOR-
MEL). Purity: 98.80% (HPLC). RRT: 1.690. Mp.: decomposition below the melting point.
[x]4?0: —37.94° (c = 1, MeOH). IR (cm~1): >C=0 (1743), >C=N- (1682). '"H NMR (500 MHz,
25 °C, DMSO-dg, dppm): OCHj3 (3.72, s, 3H), CehiralH (4.65, bs, 1TH), CHAHBChiralH
(3.18, dd, 1H), CHAHgCiraH (3.02, dd, 1H), C5aromH+C5 aromH (7.11-7.13, d, 2H,),
C6aromH+C6 aromH (6.65, d, 2H), N-CH,—CH,—Cl (3.62, bs, 4H), N-CH,—CH,-Cl1 (3.60, s,
4H), -N=CH- (8.81, bs, 1H), C2;,4H (4.05, bs, 1H), C3;,qH (3.26, bs, 1H), C4;,gH+C6;,¢H
(7,35, bs, 2H), C5;,qH (7.26, bs, 1H), C7;,gH (7.11-7.13, d, 1H,). 13C NMR (125 MHz, 25 °C,
DMSO-dg, 8ppm): OCHj (52.51), >C=0 (170.4), C3 (36.40), C4 (124.10), C5/C5’ (130.50),
C6/Cé6' (111.80), C7 (145.15), N-CH,—CH,—Cl (51.96), N-CH,—CH,—Cl (40.96), C2;,4 (48.07),
C3inq (27.24), C3ajng (132.50), Cing (126.05), C5ing (127.65), Ching (111.11), C7ajg (149.98).
HRMS: calc. for Co3HygN3O,Cly: 448.156; found: 448.155.
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4.2.3. 2-(Thiomorpholinmethylideneamino)-3-[4-[bis(2-chloroethyl) amino] phenyl]
Propanoic Acid Methyl Ester Hydrochloride (EM-T-MEL)

Off-white crystalline powder. Yield: 30% (not optimized, calculated in relation
to MOR-MEL). Purity: 96.27% (HPLC). RRT: 1.482. Mp.: decomposition below the
melting point. [«]4?%: -78.57° (c = 1, MeOH). IR (cm™!): >C=0 (1748), >C=N- (1703).
'H NMR (500 MHz, 25 °C, DMSO-dg, dppm): OCH3 (3.72, s, 3H), CepiralH (4.37, bs, 1H),
CHAHEC izt H (3.14, dd, 1H), CHAHBC guiraH (2.90, dd, 1H), C5arom H+C5 aromH (7.09, d,
2H), C6aromH+C6’ aromH (6.71, d, 2H), N-CH,~CH,—Cl (3.71, s, 4H), -N=CH- (7.83, bs, 1H),
NCH,CHsS (3.61, bs, 4H), NCH,CH,S (2.62 and 2.35, 2 x bs (3:1), 4H). 13C NMR (125 MHz,
25 °C, DMSO-dg, dppm): OCH3 (52.49), >C=0 (170.40), C2 (61.45), C3 (36.25), C4 (124.10),
C5/C5' (130.64), C6/C6’ (111.80), C7 (145.19), N-CH,—CH,~Cl (52.04), N-CH,~CH,-Cl
(41.09), -N=CH- (155.13), NCH,CH,S (53.90, 47.30), NCH,CH,S (27.40, 25.80). HRMS: calc.
for C19H,gN30,Cly: 432.128; found: 432.127.

4.2.4. 2-[[4-(Piperidin-4-yl)-morpholine] methylideneamino]-3-[4-[bis(2-chloroethyl)
amino] phenyl] Propanoic Acid Methyl Ester Hydrochloride (EM-MORPIP-MEL)

Off-white crystalline powder. Yield: 41% (not optimized, calculated in relation
to MOR-MEL). Purity: 97.85% (HPLC). RRT: 1.105. Mp.: decomposition below the
melting point. [a]yq?’: —74.39° (c = 1, MeOH). IR (cm~!): >C=0 (1744), >C=N- (1696).
I'H NMR (500 MHz, 25 °C, DMSO-dq, 8ppm, conformation changes in both morpholine
and piperidine rings caused the multiplication of some signals): OCHj (3.71, s, 3H),
CehiralH (4.43 and 4.37, bs, 1H), CH,CpiraH (3.07, bs, 2H), C5aromH+C5 aromH (7.08,
t, 2H), C6aromH+C6’aromH (6.82, 6.72, 2d, 2H), N-CH,-CH,—Cl (3.70, bs, 2H), N-CH,-
CH,-Cl (3.72, bs, 2H), -N=CH- (8.11, 7.92, 2d, 1H), Np,;;CHsHjp (4.53, 3.15, 3.80, 3.35,
bs, 4H), N,;, CH,CHAHp (2.37, 2.33, 2.28, 1.84, bs, 4H), Np,;, CHCH,CH (3.45, bs, 1H),
NCHAHpCH,O (3.40, 3.05, 2bs, 4H), NCH,CH,O (3.86, bs, 4H). 13C NMR (125 MHz,
25 °C, DMSO-dg, dppm): OCHj3 (52.70, 52.64), >C=0 (170.29, 170.00), C2 (61.42, 60.68),
C3(35.90, 35.81), C4 (123.91, 123.85), C5/C5’ (130.53, 130.43), C6/Cé6' (112.25,111.97), C7
(145.32, 145.27), N-CH,—CH,—-Cl (52.11, 52.05), N-CH,-CH,-Cl1 (41.31, 41.16), -N=CH-
(155.08, 154.64), NpipCH; (49.80, 49.75, 42.95, 42.83), NpipCHCH, (26.05, 25.91, 24.89,
24.57), Npip CHyCH,CH (60.59, 60.55), NCH,CHO (48.42, 48.36, 48 23, 48.06), NCH,CH,0
(63.10). HRMS: calc. for CpsH3zyN4O3Cly: 499.224; found: 499.224.

4.3. In Silico Analysis

A QSAR analysis was performed to see whether the new compounds met the criteria
for druglike compounds. To provide a global pharmacokinetics profile of the test molecules,
we used the freely accessible SwissADME web tool (http:/ /www.swissadme.ch/, accessed
on 5 December 2021) according to rules described in [45].

4.4. Cell Culture

Myeloma cancer cells (RPMI8226 (ATCC® CCL~155™)), promyelocytic leukemia cells
(HL60 (ATCC® CCL-240™)), and acute monocytic leukemia cells (THP1 (ATCC® TIB-
202™)) were obtained from the American Type Culture Collection (ATCC, Rockville, MD,
USA). PBMCs were isolated from buffy coat purchased from the Central Blood Bank (Lodz,
Poland). PBMCs were isolated with Histopaque 1077 (Sigma Aldrich, St. Louis, MO, USA)
by density gradient centrifugation at 300 x g for 30 min at 22 °C. The final concentration
of lymphocytes was estimated by trypan blue (0.4%, Sigma Aldrich) exclusion assay.
All investigated cells were suspended in RPMI 1640 medium supplemented with 1%
phytohemaglutinin (only in PBMC growth medium), 10% fetal bovine serum, penicillin
(10 U/mL), and streptomycin (50 ng/mL) in standard conditions: 37 °C, 100% humidity,
and an atmosphere of 5% CO, and 95% air. Cell viability was systematically controlled
using trypan blue (0.4%, Sigma). In all experiments, cells in the logarithmic phase of growth
were used when their viability was above 95%.
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4.5. Cytotoxicity Assay

The cytotoxic properties of melphalan (MEL) and its new derivatives (EM-I-MEL,
EM-T-MEL, and EM-MORPIP-MEL) were investigated with the use of resazurin sodium
after 48 h of incubation with the test compounds. Living cells were metabolically active and
had the ability to reduce resazurin via mitochondrial reductase to a highly fluorescent dye,
resorufin. The amount of product formed was directly proportional to the number of viable
cells, while the intensity of the color produced was a quantitative measure of cell survival.

Cells were grown in 96-well black plates at 1.5 x 10* cells/well and incubated with
various concentrations of test compounds at 37 °C. After 48 h of incubation for each of
the wells, resazurin solution (10 pug/mlL, final concentration) was added, and the sam-
ples were incubated for 90 min. Fluorescence measurement was performed at ~530 nm
excitation and ~590 nm emission using a Fluoroskan Ascent FL plate reader (Labsystems,
Stockholm, Sweden).

4.6. Determination of Apoptotic and Necrotic Cell Fractions by Double Staining with a Mixture of
the Fluorochromes Propidium lodide and Hoechst 33342

PI is negatively charged and penetrates only cells with damaged cell membranes,
which allows the identification of necrotic cells or cells in the late stages of apoptosis.
Hoechst 33342, on the other hand, freely penetrates the intact membrane of living and
early-apoptotic cells, thus enabling their identification. As a result of the dye penetrating
the intact biological membranes, the DNA of the cell nucleus is stained a light blue color.
The dye fluorescence intensity is related to the degree of DNA packing, which allows, on
the basis of the intensity of fluorescence of the fluorochrome in the cell nucleus, distin-
guishing strongly fluorescent apoptotic cells containing highly condensed chromatin from
weakly fluorescing living cells containing looser chromatin. The simultaneous use of two
fluorescent dyes (PI and Hoechst 33342), of which the mechanisms of penetration into
the cell and the fluorescence spectra are different, allowed the identification of four types
of cells in the sample: live cells (weak, dull light blue fluorescence), early apoptotic cells
(bright light blue fluorescence), late apoptotic cells (pink-purple fluorescence), and necrotic
cells (intense red fluorescence).

THP1, HL60, and RPMI8226 cells were incubated with the test compounds for 4, 24,
and 48 h. After an appropriate incubation time, cells were removed from the culture dishes,
centrifuged, and suspended at a final concentration of 1 x 10° cells in 1 mL of PBS. The
fluorescent dyes Hoechst 33342 (0.13 mM) and PI (0.23 mM) were added and incubated for
10 min in the dark. The cell suspension was placed on a microscope slide. At least 300 cells
per sample were counted in triplicate under an Olympus fluorescence microscope using an
NB filter. The percentage of the particular cell types was determined from the total number
of cells.

4.7. Visualization of Changes in Cell Membrane Integrity and Externalization of Phosphatidylserine

Visualization of cells stained with annexin V-FITC and PI was applied according to
the protocol of the manufacturer, BioVision Incorporated (annexin V-FITC apoptosis kit).
This method is a useful tool for distinguishing live cells (not stained with any fluorochrome)
from early apoptotic cells (stained with annexin V-FITC only), late apoptotic cells (stained
with annexin V-FITC and PI), and necrotic cells (stained with PI only).

Briefly, cells were seeded at a density of 2.5 x 10° cells/well and treated with the test
compounds for 24 h. The cells were then washed with PBS and resuspended in 300 pL
binding buffer. Then, 3 pL annexin V-FITC and 3 pL PI was added. The mixture was
incubated for 10 min on ice. Samples were centrifuged, applied to chamber slides, and then
visualized using fluorescence microscopy (Olympus IX70, Tokyo, Japan). Magnification
was 200 x.
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4.8. Activity of Cysteine Proteases (Caspases)

The activation of executive (caspases 3/7) and initiating caspases (involved in the
activation of the external (caspase 8) and internal (caspase 9) pathways) is widely known as
a reliable indicator of cell apoptosis. DEVD-ProRed™, IETD-R110, and LEHD-AMC were
used as fluorogenic markers for the activity of caspases 3/7, 8, and 9, respectively. Follow-
ing caspase cleavage, the DEVD-ProRed, IETD-R110, and LEHD-AMC caspase substrates
generate three different fluorophores, ProRed™ (red fluorescence), R110 (green fluores-
cence), and AMC (blue fluorescence), which can be easily monitored using flow cytometry.

THP1, HL60, and RPMI8226 cells were seeded in plates (1 x 10°), and then the
compounds were added at the appropriate concentration. After an appropriate incubation
time (4, 24, or 48 h), cells were transferred to cytometric tubes, resuspended in a prepared
working solution containing the appropriate substrate (50 (L of substrate into 10 mL assay
buffer), and incubated for 30 to 60 min at room temperature, protected from light. Cells
were analyzed using a flow cytometer (Becton Dickinson, San Jose, CA, USA) using the
following wavelengths: caspase 3/7, ex: 488 nm, em: 620 nm; caspase 8, ex: 490 nm, em:
525 nm; caspase 9, ex: 355 nm, em: 470 nm. The minimum number of events recorded
in the sample was 20,000. The results are presented as the median fluorescence in the
corresponding channel: PE-Texas Red, FITC, DAPI as % relative to control.

4.9. Mitochondrial Membrane Potential (Aipm)

Cells collected from the culture vessel (15 x 10°) were centrifuged (10 min, 1200 rpm),
and the culture medium with phenol red was discarded. PBS was added to the pellet, and
cells were centrifuged. In the next step, cells were suspended in a working culture medium
without phenol red with JC-1 (10 pM) and incubated at 37 °C for 30 min in the dark. The
cells were then centrifuged and washed with PBS to remove the dye, which otherwise
could have adsorbed on the microplate well plastic and distorted the measurements. Cells
prepared in this way were seeded into 96-well microplates at 8 x 10* cells per well. The
cells were incubated with the test compounds or CCCP, a mitochondrial uncoupling agent
(20 and 100 uM), for 4-24 h. At the end of the treatment, the fluorescence of both JC-1
monomers and dimers was measured on a Fluoroskan Ascent FL microplate reader using
filter pairs of 530/590 nm (dimers) and 485/538 nm (monomers). The results shown in
the figures are expressed as a ratio of dimer fluorescence to monomer fluorescence in
relation to the control fluorescence ratio, taken as 100%. The cells presented in the images
were incubated with drugs for 48 h. JC-1 fluorescence was photographed immediately
after drug treatment using an inverted Olympus IX70 fluorescence microscope (Olympus,
Tokyo, Japan).

4.10. Measurement of DNA Damage (the Alkaline Version of the Comet Assay)

Single-cell agarose gel electrophoresis, commonly referred to as the comet assay;, is
used to detect alkyl labile sites, as well as single- and double-strand breaks in DNA induced
by genotoxic agents. The method involves electrophoretic separation of nuclear DNA so
that DNA fragmentation can be observed. The method was performed according to the
protocol described in our previous articles [7,13,46].

The cells were plated in 12-well plates (2.5 x 10* cells) and treated with MEL, EM—
I-MEL, and EM-T-MEL at the indicated concentrations for 4, 24, and 48 h at 37 °C. The
cells were washed with PBS, and the pellet was resuspended in 50 pL of 0.75% low-melting
point (LMP) agarose in PBS, pH 7.4. The samples were applied to heated primary slides
that had previously been coated with 1% normal-melting point (NMP) agarose. Slides
prepared in this manner were then subjected to alkaline lysis (2.5 M NaCl, 100 mM EDTA,
10 mM Tris, 1% Triton X-100, pH 9.0) for a minimum of 1 h at 4 °C. Slides were then placed
in developing buffer (300 mM NaOH, 1 mM EDTA) for 20 min and then in electrophoresis
buffer (30 mM NaOH, 1 mM EDTA). Electrophoresis was conducted at 29 V and 30 mA
for 20 min. Slides were then stained with DAPI (2 pg/mL) in the dark. Fifty randomly
selected cells from each slide were analyzed using an Eclipse fluorescence microscope
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(Nikon, Japan) attached to a COHU 4910 video camera (Cohu, Inc., San Diego, CA, USA)
equipped with a UV-1A filter block and connected to the Lucia-Comet v. 6.0 image analysis
system (Laboratory Imaging, Prague, Czech Republic). The percentage of DNA in the
comet tail is an indicator of DNA damage.

4.11. Statistical Analysis

Data are presented as the mean + standard deviation (SD). Analysis of variance
(ANOVA) with Tukey’s post hoc test was used for multiple comparisons. All statistics were
calculated using STATISTICA (StatSoft, Tulsa, OK, USA). A p-value < 0.05 was considered
significant. All figures include descriptions of statistically significant changes: * p < 0.05 sta-
tistically significant difference compared with control cells, # p < 0.05 statistically significant
difference between samples incubated with melphalan and melphalan derivatives.

5. Conclusions

Research in cancer biology has led to the elucidation of the mechanism of action of
anticancer agents. It has also provided a basis for the successful design of new drugs. The
development of new analogs of anticancer drugs is a complicated task. Applying chemical
principles and analyzing chemical structures together with biological activity enables the
synthesis of derivatives with higher biological properties than the parent drug. In vitro
studies have confirmed the hypothesis that chemical modification of melphalan leads
to significantly higher cytotoxic and genotoxic activities. These modifications include
esterifying the carboxyl group and replacing the amino group with amidine containing a
thiomorpholine residue with two heteroatoms (N and S) in its structure. The generation
of apoptotic bodies and reductions in the mitochondrial membrane potential suggest that
these compounds induce apoptosis, the preferred type of cell death.

This studies allowed us to select EM-T-MEL as the most active analog. It also signifi-
cantly deepened the knowledge on improving the biological activity of the currently used
chemotherapeutic agent (Figure 9).

Low
cytotoxicity

M-T-MEL o €

High
cytotoxicity

Figure 9. Proposed model of the molecular pathways of the new MEL derivatives with respect to
neoplastic cells (THP1, HL60, and RPMI8226) and PBMC.
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Figure S1. HPLC Chromatogram of MEL, MOR-MEL and new derivatives described in this paper.
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Figure S2. IR spectrum of the EM—I-MEL.
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Abstract: Myeloablative therapy with highdoses of the cytostatic drug melphalan (MEL) in prepa-
ration for hematopoietic cell transplantation is the standard of care for multiple myeloma (MM)
patients. Melphalan is a bifunctional alkylating agent that covalently binds to nucleophilic sites in
the DNA and effective in the treatment, but unfortunately has limited therapeutic benefit. Therefore,
new approaches are urgently needed for patients who are resistant to existing standard treatment
with MEL. Regulating the pharmacological activity of drug molecules by modifying their structure is
one method for improving their effectiveness. The purpose of this work was to analyze the physico-
chemical and biological properties of newly synthesized melphalan derivatives (EE-MEL, EM-MEL,
EM-MOR-MEL, EM-I-MEL, EM-T-MEL) obtained through the esterification of the carboxyl group and
the replacement of the the amino group with an amidine group. Compounds were selected based on
our previous studies for their improved anticancer properties in comparison with the original drug.
For this, we first evaluated the physicochemical properties using the circular dichroism technique,
then analyzed the zeta potential and the hydrodynamic diameters of the particles. Then, the in vitro
biological properties of the analogs were tested on multiple myeloma (RPMI8226), acute monocytic
leukemia (THP1), and promyelocytic leukemia (HL60) cells as model systems for hematological ma-
lignant cells. DNA damage was assessed by immunostaining YH2AX, cell cycle distribution changes
by propidium iodide (PI) staining, and cell death by the activation of caspase 2. We proved that the
newly synthesized derivatives, in particular EM-MOR-MEL and EM-T-MEL, affected the B-DNA
conformation, thus increasing the DNA damage. As a result of the DNA changes, the cell cycle
was arrested in the S and G2/M phases. The cell death occurred by activating a mitotic catastrophe.
Our investigations suggest that the analogs EM-MOR-MEL and EM-T-MEL have better anti-cancer
activity in multiple myeloma cells than the currently used melphalan.

Keywords: blood cancer; DNA damage YH2AX; drug structure modification; melphalan; mitotic
catastrophe

1. Introduction

Hematopoietic malignancies are a heterogeneous group of cancers that affect the bone
marrow, blood, and lymph nodes. They account for 10% of all annual cancer deaths world-
wide. The second most common hematologic malignancy, after non-Hodgkin’s lymphoma,
is multiple myeloma (MM). The disease is most often manifested by hypercalcemia, renal
failure, anemia, and bone changes [1-3].

Int. . Mol. Sci. 2022, 23, 14258. https:/ /doi.org/10.3390/ijms232214258

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms232214258
https://doi.org/10.3390/ijms232214258
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-4978-5887
https://orcid.org/0000-0001-7227-6864
https://orcid.org/0000-0002-4170-1693
https://orcid.org/0000-0001-6375-5476
https://orcid.org/0000-0003-3439-9032
https://doi.org/10.3390/ijms232214258
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms232214258?type=check_update&version=2

Int. . Mol. Sci. 2022, 23, 14258

2 of 20

The therapeutic arsenal for MM patients includes drugs with various mechanisms of
action, such as alkylating agents (melphalan, bendamustine), immunomodulatory drugs
(thalidomide, lenalidomide, pomalidomide), histone deacetylase inhibitors (vorinostat,
panobinostat), proteasome inhibitors (bortezomib, carfilzomib, ixazomib), and monoclonal
antibodies (daratumumab, isatuximab) [4]. Treatment strategies vary depending on the
patient’s age, comorbidities, disease stage, cytogenetic parameters, and other factors. For
the treatment of primary patients under the age of 70 years without serious comorbidities,
the treatment program includes high-dose melphalan (MEL), followed by autologous stem
cell transplantation [5,6].

The cytotoxic properties of melphalan are due to its alkylating properties [7]. The alky-
lation of DNA takes place in two steps, involving the first and then the second chloroethyl
group in the melphalan molecule, which create a highly reactive aziridinium intermediate
cation [4,8]. Then, the resulting reactive intermediates rapidly alkylate guanine or adenine
sites of the DNA to form the primary monoadduct. After the formation of the primary
DNA monoadduct, the second chloroethyl group acts in this same manner. However, the
secondary cyclization reaction is much slower than the first. The 2’-hydroxyethyl deriva-
tives are the predominant DNA changes resulting from melphalan treatment, because
DNA-DNA cross-links play a key role in the biological activity of melphalan. As a result
of alkylation, many different DNA adducts can be formed: monoadduct (if the reactive
intermediate interacts with the H,O molecule, the adduct remains a DNA monoadduct),
DNA-protein cross-linking (if it reacts with an adjacent protein), intra-strand cross-linking
(if the reaction takes place with guanine or adenine of the same DNA strand as the initial
monoadduct), and inter-strand cross-linking (if the interaction is with the opposite strand
of DNA) [9-11]. DNA-DNA cross-linking is usually associated with cell death or loss of a
chromosome. The intra- or inter-strand lesions may be promutagenic or fatal [10].

Although using a high concentration of MEL in myeloablative therapy in preparation
for hematopoietic cell transplantation remains the standard of care for MM patients [4], re-
lapses are still common, with periods of remission becoming shorter and shorter. Therefore,
new approaches are urgently needed for patients who are resistant to existing therapies [12].

Regulating the pharmacological activity of drug molecules by modifying their structure
is one method of improving their effectiveness. The chemical structure of a drug determines
its physicochemical properties, absorption, distribution, metabolism, excretion, and toxicity,
which ultimately affects its pharmacological activity [13]. In our previous studies [14,15], we
have shown that esterification of the carboxyl group is necessary to improve the effective-
ness of MEL. In addition, replacing the amino group with an amidine group containing a
thiomorpholine, indoline, or morpholine residue in the structure increases the properties of
the drug. The new analogs synthesized by us have been designed to have good drug-like
properties, which was confirmed by in silico studies [15]. In vitro studies of the biological
properties, including the cytotoxic, pro-apoptotic, and genotoxic properties, showed the new
derivatives to have improved properties. Simultaneously, a decreased cytotoxic effect in the
tested derivatives was observed against peripheral blood mononuclear cells (PBMC) [14,15].
Such derivatives could potentially be of therapeutic importance. However, they require addi-
tional tests, including elucidating the mechanism of action that leads to their cytotoxic and
genotoxic effects. The purpose of this work was to analyze the physicochemical and biological
properties within our scientific framework of five synthesized derivatives (EE-MEL, EM-MEL,
EM-MOR-MEL, EM-I-MEL, EM-T-MEL) in comparison with the original drug, melphalan. In
particular, we focused on analyzing their effects on DNA and on understanding the cell death
pathway in three cancer cell lines: multiple myeloma (RPMI8226), acute monocytic leukemia
(THP1), and acute promyelocytic leukemia (HL60).

2. Results
2.1. Chemical Modifications of the Melphalan Molecule Alter the Conformation of B-DNA

To analyze the ability of melphalan and the investigated melphalan derivatives
(EE-MEL, EM-MEL, EM-MOR-MEL, EM-I-MEL, EM-T-MEL) to affect DNA secondary
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structures, the circular dichroism (CD) technique was applied. This method is widely
used to study the conformation of biomolecules, and is based on the difference in
absorption of left and right circularly polarized light. The obtained spectrum was
typical for the B-formation of DNA (as described in [16,17]) with characteristic peaks:
positive around A = 280 nm and negative around A = 245 nm. The positive band appears
as a result of a stacking interaction between the DNA nitrogen bases, while the negative
band indicates the right-handedness of the B-DNA double helix [18]. CD spectra were
recorded in the A = 230-320 nm range. The CD results are presented as molar ellipticity
(6) in deg x cm? x dmol ™! (Figure 1A). All the drugs had an impact on the DNA. The
greatest changes in ellipticity were observed for EM-T-MEL and EM-MOR-MEL.

The conformational transition of DNA can be traced by changes in the positions
and intensities of the CD spectral peaks (Figure 1A,B) [19]. The shift in the peak from
280 nm to higher wavelengths (EM-T-MEL: 287 nm; EM-MOR-MEL: 288 nm), followed
by a decrease in intensity, indicated that the DNA form changed from form A to form
B [20]. The ellipticity of the DNA changed with increasing derivative concentration
(5-300 uM). At the highest concentration of EM-T-MEL, the CD peak intensity at A =
280 nm decreased and reached a minimum at A = 268 nm. An increase in intensity
was determined at A = 245 nm, reaching a maximum at A = 238. The EM-MOR-MEL
derivative caused relevant changes in ellipticity as well. This compound caused a
decrease in the intensity of the CD peaks and two negative CD peaks (for the highest
concentration: A = 271 nm and A = 248 nm). The ability of MEL and its derivative
EM-T-MEL to form complexes with DNA was confirmed and also studied by computer
modeling (Figure 1C).

2.2. Melphalan and Its Derivatives Exhibit a Negative Zeta Potential

Zeta potential measurements provide information about the surface charge of
tested compounds and their complexes with DNA (Figure 2A). The zeta potential of
naked DNA was negative (approximately —23 mV). MEL and all tested analogs were
negatively charged as well. The zeta potential of the original MEL molecule ranged from
—27 mV (2.5 uM) to =58 mV (10-100 uM). The addition of negatively charged DNA
increased the zeta potential to values ranging from —8 mV (2.5 uM) to —44 mV (10 uM).
The EM-T-MEL derivative at a concentration of 25 uM had the lowest zeta potential
(approximately —70 mV). The addition of DNA resulted in a significant increase in
the zeta potential, by up to —53 mV. For the other compounds, we also observed
low zeta potential values for the samples with and without DNA. Adding increasing
concentrations of the compounds to the DNA caused a gradual but significant decrease
in the zeta potential. EM-MEL and EM-MOR-MEL in the already lowest concentration
of 5 uM, MEL at 10 uM, and the remaining derivative at 25 uM induced increased (due
to higher concentrations) modifications in the zeta potential.

The hydrodynamic diameters of the tested compounds and their complexes with
DNA were measured by the dynamic light scattering (DLS) technique (Figure 2B).
We did not observe an increase in the average size of the complex when the tested
compounds were added to DNA compared to the sample containing DNA only. The
DLS results showed that melphalan and its tested analogs did not cause an increase in
the DNA hydrodynamic diameter.
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Figure 1. Chemical modifications of the melphalan molecule affect the B-DNA structure. (A) The
CD spectra of DNA in the presence of MEL, EE-MEL, EM-MEL, EM-MOR-MEL, EM-I-MEL, and
EM-T-MEL. (B) Changes in 6/60 parameter at A = 245 nm and A = 280 nm in the presence of MEL,
EE-MEL, EM-MEL, EM-MOR-MEL, EM-I-MEL, and EM-T-MEL. Results are the mean =+ standard
deviation (SD), n = 3. (C) Visualizations showing the binding site to DNA of the original drug MEL
and the most potent derivative EM-T-MEL. The visualizations were created in PyMOL (Schrodinger,
Inc.). Computer simulation was performed for one DNA molecule and one ligand molecule.
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Figure 2. (A) Zeta potential of the original drug and all tested analogs with and without DNA. (B) The
hydrodynamic size of MEL, EE-MEL, EM-MEL, EM-MOR-MEL, EM-I-MEL, and EM-T-MEL with
and without DNA. Results are the mean + SD. (black asterisks *) Statistically significant differences
between a sample containing only DNA vs. a sample containing DNA and the tested compound,
p < 0.05; (red asterisks *) statistically significant differences between a sample containing DNA and
the tested compound vs. a sample containing only tested compound, p < 0.05, n = 3.
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2.3. Tested Derivatives Induce DNA Damage Detected by yH2AX Analysis

The ability of MEL and its derivatives to induce DNA double-strand breaks (DSBs)
was tested by an immunostaining assay (Figure 3). Cells irradiated with 1 Gy were used
as a positive control in the staining process. All tested cell lines were sensitive to 1 Gy
irradiation. All compounds, including the original drug MEL, led to a significant increase in
YH2AX foci (cut off: 5 foci per cell, p < 0.001) in all three cell lines (THP1, HL60, RPMI8226)
in relation to each untreated control (Table 1). In the case of THP1, the greatest changes
were noticed after 24 h incubation with EM-T-MEL and 48 h incubation with EE-MEL, EM-
MEL, EM-I-MEL, and EM-T-MEL. When compared to the original drug MEL, the greatest
changes were noticed after 24 h incubation with EM-T-MEL. The 48 h incubation with all
compounds led to a statistically significant (p < 0.001) increase in YH2AX foci compared
to the control. This effect was strongly visible for EE-MEL, EM-MEL, EM-I-MEL, and
EM-T-MEL (all drugs except EM-MOR-MEL). The HL60 cells were overall more sensitive
than the THP1 cells. The damage was already apparent after 4 h for all drugs in relation
to the untreated cells. HL60 showed a higher sensitivity to the modified drugs than the
original MEL compound. Significant changes were observed after 4 h treatment with
EM-T-MEL, 24 h treatment with all analogs, and 48 h treatment with all tested analogs
except EM-I-MEL. RPMI8226 cells responded similarly to THP1 when compared to the
untreated controls. When compared to the original MEL, the increase in the number of foci
reached a maximum after 4 h and 24 h with EE-MEL, and 24 h with EM-T-MEL. The most
explicit effect of an approximately 5.5-fold increase in the abundance of foci was observed
after 24 h incubation with EM-T-MEL.

A

0-5 foci 6-10 foci 11-19foci 220 foci

an abundance
of foci

v e)

THP1 HL60 RPMI8226

Control

Figure 3. (A) Representative photos showing RPMI8226 cells with a number of foci (0-5; 6-10; 11-19;
>20; an abundance of foci) per cell. (B) Detection and localization of YH2AX histone foci in THP1,
HL60, and RPMI8226 cells based on the highly specific antigen—antibody binding reaction. Sample
images after 24 h of incubation. Cells were incubated with a phospho-(Ser139) mouse monoclonal
IgG specific anti-H2AX antibody, and next with Alexa Fluor TM 488 goat anti-mouse IgG secondary
antibody as described in the Materials and Methods section. The cell nuclei were stained with
4/ 6-diamidino-2-phenylindole (DAPI) solution. The cells were visualized under a fluorescence
microscope. Magnification: 400x, scale bar: 10 pm.
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Table 1. YH2AX foci per cell after treatment with melphalan and its derivatives. Data are the number of foci per cell (%). All data are from two biological assays

(n =200; 100 cells counted in each case). Statistically significant p values (ANOVA with Tukey’s post hoc) for cells > 5 foci/cell compared to the control or original

MEL drug are shown.

THP1 (n = 200)

4h
foci/cell Control 1Gy MEL EE_MEL EM-MEL EM_MOR_MEL EM_I_MEL EM_T_MEL
0-5 155 (77.5%) 30 (15%) 73 (36.5%) 63 (31.5%) 70 (35%) 109 (54.5%) 87 (43.5%) 59 (29.6)
6-10 22 (11%) 50 (25%) 69 (34.5%) 40 (20%) 43 (21.5%) 29 (14.5%) 43 (21.5%) 47 (23.6%)
11-19 5(2.5%) 42 (21%) 12 (6%) 43 (21.5%) 25 (12.5%) 28 (14%) 23 (11.5%) 32 (16.1%)
>20 11 (5.5%) 45 (22.5%) 31 (15.5%) 31 (15.5%) 45 (22.5%) 27 (13.5%) 36 (18%) 36 (18.1%)
an abundance of foci 7 (3.5%) 33 (16.5%) 15 (7.5%) 23 (11.5%) 17 (8.5%) 7 (3.5%) 11 (5.5%) 25 (12.6%)
compared to control p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177
compared to MEL p =0.000177

24h
0-5 152 (76%) 43 (21.5%) 34 (17.1%) 30 (15%) 28 (14%) 64 (32%) 16 (8%)
6-10 45 (22.5%) 56 (28%) 48 (24.1%) 34 (17%) 33 (16.5%) 47 (23.5%) 25 (12.5%)
11-19 3 (1.5%) 40 (20%) 43 (21.6%) 39 (19.5%) 36 (18%) 36 (18%) 29 (14.5%)
>20 0 (0%) 49 (24.5%) 44 (22.1%) 59 (29.5%) 57 (28.5%) 49 (24.5%) 66 (33%)
an abundance of foci 0 (0%) 12 (6%) 30 (15.1%) 38 (19%) 46 (23%) 4 (2%) 64 (32%)
compared to control p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177
compared to MEL p = 0.000374

48 h
0-5 118 (59%) 43 (21.5%) 11 (5.5%) 24 (12%) 30 (15%) 15 (7.5%) 9 (4.5%)
6-10 50 (25%) 50 (25%) 16 (8%) 39 (19.5%) 22 (11%) 39 (19.5%) 23 (11.5%)
11-19 19 (9.5%) 40 (20%) 17 (8.5%) 60 (30%) 35 (17.5%) 40 (20%) 31 (15.5%)
>20 8 (4%) 42 (21%) 67 (33.5%) 54 (27%) 64 (32%) 57 (28.5%) 59 (29.5%)
an abundance of foci 5 (2.5%) 25 (12.5%) 89 (44.5%) 23 (11.5%) 49 (24.5%) 49 (24.5%) 78 (39%)
compared to control p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177
compared to MEL p =0.000180 p =0.034157 p =0.000271 p =0.000177
HL60 (n = 200)

4h
foci/cell Control 1Gy MEL EE_MEL EM-MEL EM_MOR_MEL EM_I_MEL EM_T_MEL
0-5 180 (90.5%) 19 (9.5%) 130 (65%) 140 (70%) 126 (63%) 117 (58.5%) 127 (63.5%) 90 (45%)
6-10 14 (7%) 62 (31%) 45 (22.5%) 39 (19.5%) 42 (21%) 50 (25%) 29 (14.5%) 37 (18.5%)
11-19 2 (1%) 84 (42%) 11 (5.5%) 10 (5%) 16 (8%) 15 (7.5%) 28 (14%) 24 (12%)
>20 3 (1.5%) 18 (9%) 13 (6.5%) 11 (5.5%) 8 (4%) 17 (8.5%) 15 (7.5%) 37 (18.5%)
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Table 1. Cont.

THP1 (n = 200)

an abundance of foci 0 (0%) 17 (8.5%) 1 (0.5%) 0 (0%) 8 (4%) 1 (0.5%) 1 (0.5%) 12 (6%)
compared to control p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177
compared to MEL p =0.000177 p =0.000177
24h
0-5 150 (75%) 104 (52.5%) 23 (11.6%) 37 (18.7%) 60 (30%) 71 (35.5%) 37 (18.8%)
6-10 39 (19.5%) 41 (20.7%) 32 (16.2%) 32 (16.2%) 39 (19.5%) 44 (22%) 33 (16.8%)
11-19 9 (4.5%) 23 (11.6%) 20 (10.1%) 24 (12.1%) 31 (15.5%) 21 (10.5%) 29 (14.7%)
>20 2 (1%) 21 (10.6%) 88 (44.4%) 68 (34.3%) 50 (25%) 53 (26.5%) 58 (29.4%)
an abundance of foci 0 (0%) 9 (4.5%) 35 (17.7%) 37 (18.7%) 20 (10%) 11 (5.5%) 40 (20.3%)
compared to control p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177
compared to MEL p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177
48 h
0-5 182 (91%) 53 (26.5%) 11 (5.6%) 18 (9%) 8 (4%) 57 (28.5%) 37 (18.5%)
6-10 18 (9%) 22 (11%) 17 (8.6%) 26 (13%) 19 (9.5%) 18 (9%) 27 (13.5%)
11-19 0(0%) 13 (6.5%) 23 (11.7%) 27 (13.5%) 33 (16.5%) 16 (8%) 19 (9.5%)
>20 0 (0%) 54 (27%) 61 (31%) 61 (30.5%) 58 (29%) 61 (30.5%) 52 (26%)
an abundance of foci 0 (0%) 58 (29%) 85 (43.1%) 68 (34%) 82 (41%) 48 (24%) 65 (32%)
compared to control p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177
compared to MEL p =0.000177 p =0.000177 p =0.000177 p =0.005658
RMPI8226 (n = 200)
4h
foci/cell Control 1Gy MEL EE_MEL EM-MEL EM_MOR_MEL EM_I_MEL EM_T_MEL
0-5 155 (77.5%) 30 (15%) 73 (36.5%) 63 (31.5%) 70 (35%) 109 (54.5%) 87 (43.5%) 59 (29.6%)
6-10 22 (11.0%) 50 (25%) 69 (34.5%) 40 (20%) 43 (21.5%) 29 (14.5%) 43 (21.5%) 47 (23.6%)
11-19 5 (2.5%) 42 (21%) 12 (6%) 43 (21.5%) 25 (12.5%) 28 (14%) 23 (11.5%) 32 (16.1%)
>20 11 (5.5%) 45 (22.5%) 31 (15.5%) 31 (15.5%) 45 (22.5%) 27 (13.5%) 36 (18%) 36 (18.1%)
an abundance of foci 7 (3.5%) 33 (16.5%) 15 (7.5%) 23 (11.5%) 17 (8.5%) 7 (3.5%) 11 (5.5%) 25 (12.6%)
compared to control p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177
compared to MEL p = 0.011650
24h
0-5 152 (76%) 43 (21.5%) 34 (17.1%) 30 (15%) 28 (14%) 64 (32%) 16 (8%)
6-10 45 (22.5%) 56 (28%) 48 (24.1%) 34 (17%) 33 (16.5%) 47 (23.5%) 25 (12.5%)
11-19 3 (1.5%) 40 (20%) 43 (21.6%) 39 (19.5%) 36 (18%) 36 (18%) 29 (14.5%)
>20 0 (0%) 49 (24.5%) 44 (22.1%) 59 (29.5%) 57 (28.5%) 49 (24.5%) 66 (33%)
an abundance of foci 0 (0%) 12 (6%) 30 (15.1%) 38 (19%) 46 (23%) 4 (2%) 64 (32%)
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Table 1. Cont.

THP1 (n = 200)

compared to control p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177
compared to MEL p =0.000347 p =0.002221
48 h

0-5 118 (59%) 43 (21.5%) 11 (5.5%) 24 (12%) 30 (15%) 15 (7.5%) 9 (4.5%)
6-10 50 (25%) 50 (25%) 16 (8%) 39 (19.5%) 22 (11%) 39 (19.5%) 23 (11.5%)
11-19 19 (9.5%) 40 (20%) 17 (8.5%) 60 (30%) 35 (17.5%) 40 (20%) 31 (15.5%)
>20 8 (4%) 42 (21%) 67 (33.5%) 54 (27%) 64 (32%) 57 (28.5%) 59 (29.5%)
an abundance of foci 5 (2.5%) 25 (12.5%) 89 (44.5%) 23 (11.5%) 49 (24.5%) 49 (24.5%) 78 (39%)
compared to control p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177 p =0.000177

compared to MEL
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2.4. Melphalan and Its Derivatives Induce G2/M Arrest

The cell cycle was measured by propidium iodide DNA staining using a flow cytomet-
ric technique. The results are shown in Figure 4. Changes in the distribution for each stage
were time and compound dependent. We revealed that the greatest effect was induced by
EM-T-MEL.
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Figure 4. Melphalan and its derivatives induced cell cycle arrest. HL60, THP1, and RPMI8226
cells were incubated for 4, 24, and 48 h with MEL, EE-MEL, EM-MEL, EM-MOR-MEL, EM-I-MEL,
and EM-T-MEL. (A) Distribution of the cell cycle phases. All data are from three biological assays
and are graphed as the mean + SD. (*) Statistically significant differences compared to the con-
trol cells, p < 0.05. (#) Statistically significant differences compared to unmodified MEL, p < 0.05.
(B) Representative histograms of cell cycle analysis.

Treatment with EM-T-MEL significantly (p < 0.05) changed the distribution of the cell
cycle compared to the untreated cells. Compared with the unmodified drug, the time-
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dependent incubation of cells with EM-T-MEL had the greatest effect on the RPMI8226
cell line, followed by the THP1 and HL60 cells. There was an accumulation of cells in the
G2/M phase. In the THP1 cells, there was also an accumulation of cells in the S phase. It is
worth noting that changes for this derivative were observed after 4 h of incubation. The
level of cells arrested in G2/M after 24 h and 48 h increased by about 2-fold compared to
the controls. HL-60 cells in this phase constituted 52% of the cell population at 24 h and
45% at 48 h. This was similar to RPMI8226 cells, in which 58% of the cell population at
24 h and 49% at 48 h, were in the G2/M phase. Simultaneously, the G1 cell population
decreased, thereby causing a reversal of the cell cycle profile. In the case of THP1, there
was a significant (p < 0.05) increase in the G2/M fraction (24 h: 35% of cells; 48 h: 31% of
cells) as well as the S fraction (24 h: 40% of cells, 48 h: 35% of cells) at the expense of the
G1 phase. Minor but significant (p < 0.05) changes in the distribution of the cell cycle were
also observed after treating the cells with EE-MEL, EM-MEL, MOR-MEL (24 h, 48 h), and
EM-I-MEL (after 48 h). Melphalan, compared to EM-T-MEL, caused less enrichment of
cells in the G2/M phase (<30% in HL60 and THP; about 36% in RPMI8226).

2.5. Tested Compounds Activate Caspase 2 in a Multiple Myeloma Cell Line

Caspase 2 plays an important role in initiating the mitotic catastrophe process. The
final results are expressed as a percentage of their activity, with the fluorescence value of
the untreated control as 100% (Figure 5).
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Figure 5. Melphalan derivatives-induced caspase 2 activation. HL60, THP1, RPMI8226 cells were
incubated for 4, 24, and 48 h with MEL, EE-MEL, EM-MEL, EM-MOR-MEL, EM-I-MEL, and EM-
T-MEL. The final results are expressed as the percentage of activity of a specific cysteine protease,
with the untreated control taken as 100%. All data are from three biological assays, and are graphed
as the mean =+ SD. (*) Statistically significant differences compared to the control cells, p < 0.05. (#)
Statistically significant differences compared to MEL at the same time point, p < 0.05.
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RPMI8226 cells were the most sensitive to increased caspase 2 activity after longer
incubation with all tested derivatives when compared to both leukemia cell lines. Only
EM-T-MEL caused changes after 4 h. The greatest activation of caspase 2 occurred after 24 h
treatment and for all tested drugs. After this time, statistically significant (p < 0.005) changes
compared to unmodified MEL (222% = 21) were observed for EM-MEL (311% =+ 15), EM-
MOR-MEL (342% = 8), and EM-T-MEL (455% = 37). Increasing the incubation time with
all tested derivatives up to 48 h was not associated with significantly higher caspase 2
activity. Leukemia cells showed less (HL60) or no increased activity (THP) of caspase 2
compared to RPMI8226 cells. In the case of HL60, most changes were observed after 24 h
of incubation with all tested drugs. All modified drugs had more effects than the original
drug MEL on caspase 2.

3. Discussion

The discovery of new drugs and their pharmacological evaluation is a constant re-
search task of modern science and technology. Understanding the mechanisms of drug
actions and their clinical implications is gaining increasing attention in the field of potent
drug discovery. Elucidating the mechanisms by which cytotoxic drugs inhibit cancer cell
proliferation and induce cell death is essential for optimizing therapeutic efficacy. It is also
the basis for the design of new drugs.

In our previous research [14,15], we focused on the synthesis and preliminary biolog-
ical analysis of new melphalan derivatives with enhanced anti-cancer properties. These
studies allowed us to select the five most promising derivatives: melphalan ethyl ester
(EE-MEL), melphalan methyl ester (EM-MEL), and melphalan methyl esters with an ad-
ditional modification in the amine group, which was replaced with an amidine group
containing a ring of morpholine (EM-MOR-MEL), indoline (EM-I-MEL), or thiomorpholine
(EM-T-MEL). All these derivatives showed higher cytotoxic, genotoxic, and pro-apoptotic
properties against multiple myeloma cells (RPMI8226) and leukemic cells (THP1, HL60)
than melphalan. In this study, we elucidated the modes of action of selected analogs on
tumor cell DNA compared to the original drug melphalan.

Physicochemical methods are key approaches to understanding drug—macromolecule
interactions. DNA and proteins are important biomolecules responsible for all necessary
cellular metabolism in the biological system. Importantly, interaction studies provide
insight into the structure activity relationship of a drug, which is important in designing
more effective drugs [21]. CD spectral changes for DNA in the presence of increasing
amounts of MEL and its analogs were recorded to gain detailed insight into the mechanism
of interaction with DNA. The helix with the right-handed (3-C/N-glycosidic bonds and
asymmetric DNA pattern in the B form gave a characteristic CD spectrum with a positive
band at 280 nm (attributable to the base alignment) and a negative band at 245 nm (due to
the right-handed DNA helix) [22,23]. Variations in typical band positions and ellipticities
are indicative of suitable conformational transitions in the DNA double helix, due to its
interaction with the drug [18]. DNA has three different binding sites: groove binding,
binding to a phosphate group, and intercalation [22]. A classical intercalator aligns axially
between the DNA base pairs, which in turn leads to an increase in the length of the DNA
strand and, thus, to a change in the spiral. This increases the intensity of the positive
and negative DNA bands with a shift to higher wavelengths [22-24]. On the other hand,
the groove binders do not show any shifts or changes in the intensity of the positive and
negative bands [25].

In the presence of all tested compounds, a decrease in the intensity of the positive
peak with a simultaneous shift to higher waves and an increase in the intensity of the
negative peak were observed. The largest changes were observed for EM-T-MEL. The
significant reduction in ellipticity in the negative band (245 nm) may have been associated
with the destabilization and unwinding of the spiral [26]. For EM-MOR-MEL, a decrease in
the intensity of the positive and negative peaks was observed. The shift to higher wave-
lengths is attributed to conformational transitions from the B to A form, and is additionally
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associated with decreased ellipticity. This indicates that the complexes modify the base
alignment of DNA without inducing significant changes in supramolecular helicity [25].
Due to large changes in ellipticity for EM-MOR-MEL and EM-T-MEL, we can assume
that there was partial intercalation [23,27]. Our research showed that unmodified MEL
interacted with DNA in a non-intercalation binding mode. It is known that the major site of
the alkylation of melphalan is guanine N7 in the major groove [28]. Studies by Bielawska
et al. have shown that amidine analogs of melphalan bound to AT-rich sequences in the
minor grooves [29].

The results of the circular dichroism analyses were confirmed using other biophysical
methods, such as zeta potential measurements and the dynamic light scattering tech-
nique. It was shown that melphalan and the tested analogs did not cause the formation of
conjugates with DNA because both MEL and all tested analogs were negatively charged.

The cellular response to DNA damage involves a complex network of signaling
pathways that lead to cell cycle arrest or cell death [30]. One of these events is the phos-
phorylation of the histone H2AX to form YH2AX [31]. In eukaryotes, DNA is packed into
nucleosomes whose core is an octameric particle consisting of two histones of the classes
H2A, H2B, H3, and H4. H2AX is a secondary component of the histone H2A. H2AX phos-
phorylation is a marker of a DNA double-strand break. Within minutes of DSB formation,
several thousand H2AX near the DSB site are phosphorylated at serine 139 to form foci
in the nucleus that are microscopically visible by immunofluorescence staining [32]. The
results of other researchers have shown that YH2AX foci formation can be used as a phar-
macodynamic marker of DNA inter-strand cross-link formation for both nitrogen mustard
and platinum-based drugs [33,34]. Our in vitro studies showed that the response to DNA
damage in the form of YH2AX foci formation after treatment with the tested compounds
was time-dependent for all three cell lines (RPMI8226, H60, and THP1) investigated.

The statistically significant highest ability to phosphorylate histone H2AX was demon-
strated by EM-T-MEL, which showed considerably better effects than the original MEL
after 24 h and 48 h for THP1; after 4 h, 24 h, and 48 h for HL60; and after 24 h for RPMI8226
cells. These results were consistent with our previous assessment of the levels of DNA
damage from these derivatives in the comet test [14,15]. Studies by other groups [35] have
confirmed that melphalan is responsible for an increase in YH2AX levels and the induction
of phosphorylation of checkpoint kinase 1 (CHK-1) and checkpoint kinase 2 (CHK-2) in
MM cells (RPMI18226 and MML.S).

The antiproliferative properties of antitumor compounds result from their ability
to inhibit the division cycle of neoplastic cells. As a result of the genotoxic effects of
MEL and the new analogs, the DNA damage response pathway was activated. There
was an accumulation of cells in the S- and G2/M phases at the expense of the G1 phase.
Studies by other scientists [35,36] have indicated that after treatment with alkylating drugs,
including MEL, the most affected phase in terms of cell progression (cytostatic effect) was
G2/M [36,37]. Changes in the cell cycle distribution for the tested cell lines depended on
the time and sensitivity to the test compound. Treatment with EM-T-MEL significantly
affected the distribution of the cell cycle, leading to an accumulation of RPMI8226 and HL60
in the G2/M phase and THP1 additionally in the S-phase at four hours after treatment.
Dysfunction of the S-phase checkpoint is one of the main causes of mitotic catastrophe [38].
For the other analogs, the shifted distribution of the cell cycle occurred later: between
24-48 h for EE-MEL, EM-MEL, and MOR-MEL, and after 48 h for EM-I-MEL. Overall,
compared to EM-T-MEL, the original drug caused much less enrichment of cells in the
G2/M phase.

Our previous studies [14,15] have shown that MEL derivatives exhibited strong pro-
apoptotic properties, mainly in leukemic cells (THP-1 and HL-60). The assessment was
based on numerous analyses of cell morphological and biochemical changes. THP1 and
HL60 cells were particularly sensitive to caspase 3 activation via the mitochondrial apop-
tosis activation pathway, as opposed to multiple myeloma cells (RPMI8226). It was also
shown previously that cells of the RPMI8226 line showed the characteristics of late stages
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of apoptosis. However, they were least sensitive to caspase 3 activation. No increases in
the activation levels of caspase 8 or 9 were observed. This may have indicated the initiation
of other molecular mechanisms leading to cell death. All of the tested derivatives induced
an accumulation of RPMI8226 cells in the G2/M phase. Cell cycle arrest in this phase is
related to the mitotic catastrophe process [38,39] due to defects in the mitotic apparatus,
DNA damage, and mitotic checkpoint errors that make complete mitosis impossible. This
process is not a typical form of programmed cell death. Other scientists have contributed to
the development of mitotic catastrophe by looking at various types of cell death (apoptosis,
autophagy, and necrosis), as well as the effect of therapeutic agents acting directly on the
DNA [38,40]. The initiation of mitotic catastrophe leads to morphological and biochemical
changes in the cells [41]. Cells unable to complete mitosis are characterized by an abnormal
increase in cyclin B1 levels [42,43], and are delayed in the G2/M transition, leading to
nuclear changes. Multiple nuclei, macronuclei, and micronuclei are formed as a result
of chromosome scattering, chromosome breaks, and the disruption of karyokinesis in
the metaphase. Reconfiguration of the mitochondrial network can also be considered a
morphological feature of mitotic catastrophe [38]. In addition to morphological changes in
cell nuclei and mitochondria, the state of mitotic catastrophe is also characterized by an
accumulation of H2AX, a biochemical marker of DNA damage [38,44]. Cells undergoing
mitotic catastrophe do not show DNA fragmentation that is typical of apoptosis or DNA
breaks detected by terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling
(TUNEL). Our previous studies [14] for DNA damage analysis (using the TUNEL method)
showed a poor response after incubation with all tested compounds, as well as a lack of
DNA fragmentation into segments equal to multiples of nucleosome length [42] typical for
“classic” apoptosis [45]. This encouraged us to continue the investigations on the mitotic
catastrophe process.

One of the most important regulators of mitotic catastrophe is caspase 2 [38,46,47].
The outcome/ending of mitotic catastrophe may be related to the molecular profile of
the cell [48]. Thus, to activate this caspase, PIDDosome is formed, which consists of
three proteins: the p53-induced death domain protein (PIDD), the RIP-associated Ich-
1/Ced-3 homologous protein with a death domain (RAIDD), and caspase 2 [49]. On the
other hand, caspase 2 participates in cell cycle regulation by stabilizing p53 and cleaving its
inhibitor Mdm2, which are essential for the cellular response during abnormal chromosome
segregation and the development of mitotic catastrophe [38]. Melphalan has been shown
to activate mitotic catastrophe in RPMI8226 cells [37]. Our study on caspase 2 activation in
multiple myeloma cells and leukemic cells showed a significant increase in caspase activity,
mainly after 24 h incubation. The RPMI8226 cell line turned out to be the most sensitive.
The greatest changes were observed after incubation with EM-T-MEL.

Mitotic catastrophe is characterized by nuclear changes that lead to multinucleation
and/or micronucleation [38,42]. Under conditions of mitotic catastrophe, changes occur in
the cell nucleus, in which the mitochondria are also involved. Changes in the mitochondrial
network have been shown to accelerate the development of mitotic catastrophe [38,41,48].
The induction of mitotic catastrophe by doxorubicin leads to the remodeling of mitochon-
drial structure and the fragmentation of mitochondria in colon cancer cells. Moreover, in
breast cancer cells, mitochondprial fission promotes radiation-induced mitotic catastrophe
and increases Ca®* levels in the cytosol [38].

In the present study, we focused on another important regulator of mitotic catastrophe,
caspase 2, which is involved in maintaining genome stability. Polyploid and aneuploid cells
are prone to mitotic catastrophe. As part of the PIDDosome complex, caspase 2 participates
in the elimination of extra centrosomes and regulates ploidy and cell proliferation. In
addition, caspase 2 activates the PCD process in cells with abnormal numbers of chromo-
somes and centrosomes, which also prevents the development of mitotic catastrophe [38].
Caspase 2 deficiency results in the predisposition of cancer cells to aneuploidy, due to
B-cell CLL/lymphoma 9-like (BCLIL) protein dysfunction [38,50]. Our results showed high
caspase 2 activity after treatment with new highly genotoxic analogs, mainly in multiple
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myeloma cells, which indicated high genomic instability. Based on the data, we concluded
that high caspase 2 activity may be associated with the removal of cells with mitotic aber-
rations to reduce aneuploidy, so we did not expect a large number of cells with a mitotic
catastrophe phenotype. The reconfiguration of the mitochondrial network can also be
considered a morphological feature of mitotic catastrophe [38]. Our previous data [14,15]
showed that mitochondrial membrane potential decreased after treatment with melphalan
analogs in cancer cell lines. We also observed subtle increases in the activation of the
exocrine caspase 3. Based on the current and previous studies, we can suspect that one of
the pathways of multiple myeloma cell death may be mitotic catastrophe [41,42,48].

4. Materials and Methods
4.1. Materials
4.1.1. Melphalan Derivatives

This study used MEL (25)-2-amino-3-[4-[bis(2-chloroethyl)amino]phenyl]propanoic
acid and its five analogs: EE-MEL (25S)-2-amino-3-[-4-[bis(2-chloroethyl)amino]phenyl]
propanoic acid ethyl ester; EM-MEL (25)-2-amino-3-[-4-[bis (2-chloroethyl)amino]phenyl]
propanoic acid ethyl ester; EM-MOR-MEL (25)-2-(morpholinmethylideneamino)-3-[4-
[bis(2-chloroethyl)amino]phenyl] propanoic acid methyl ester; EM-I-MEL (2S)-2-(indoli
nmethylideneamino)-3-[4-[bis(2-chloroethyl)amino]phenyl]propanoic acid methyl ester;
and EM-T-MEL (2S)-2-(thiomorpholinmethylideneamino)-3-[4-[bis(2-chloroethyl)amino]
phenyl] propanoic acid methyl ester (Figure 6). Their synthesis has been reviewed in our
previous publications [14,15].

S

EE-MEL EM-MEL
C15H2,CIoN,0; C14H20CI2Nz02
MW 333.26 g/mol MW 319.23 g/mol

S

Cl Cl Cl Cl
EM-MOR-MEL EM--MEL EM-T-MEL
C1gH27CloN304 Cy3Hz5CIEN30, C1gHz7CILN3058
MW 416.35 g/mol MW 446.37 g/mol MW 432.41 g/mol

Figure 6. Chemical structure of melphalan (MEL) and its tested derivatives.
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4.1.2. Cell Culture, Drug Concentration, and Treatment Time

The acute monocytic leukemia cell line THP1 (ATCC® TIB-202™), promyelocytic
leukemia cell line HL60 (ATCC® CCL-240™), and the multiple myeloma cell line RPMI8226
(ATCC® CCL-155™) were obtained from the American Type Culture Collection (ATCC,
Rockville, MD, USA). All the investigated cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, penicillin (10 U/mL), and streptomycin (50 pg/mL)
in standard conditions: 37 °C, 100% humidity, and an atmosphere of 5% CO, and 95% air.
Cell viability was systematically controlled using 0.4% trypan blue. In all experiments, cells
in a logarithmic growth phase were used when their viability was above 95%.

One concentration of the drugs for each cell line was chosen for the study: THP1:
0.3 uM; HL60: 0.7 uM; RPMI8226: 3 uM. These were the same as in previous studies
evaluating the biological properties of melphalan analogs [14,15]. In all experiments, cells
were treated for 4 h, 24 h, and 48 h. Simultaneously, control cultures were incubated
similarly without further treatment. For the immunostaining assay, a positive control from
irradiated cells was prepared. The cells were irradiated with 1 Gy of ionizing radiation by
an ISOVOLT Titan X-ray generator (GE, Ahrensburg, Germany) [51,52].

4.2. Methods
4.2.1. Circular Dichroism as a Technique for the Analysis of the Alteration of
DNA Conformation

The circular dichroism spectra of deoxyribonucleic acid from the calf thymus were
measured using a J-815CD spectrometer (Jasco, Japan). Complexes of DNA/MEL or MEL
derivatives were prepared in a 10 mM Na-phosphate buffer, with a pH of 7.4. The concen-
tration of DNA in the samples was 250 ug/mL. However, the concentrations of compounds
in the samples were 5 uM, 25 uM, 50 uM, 75 uM, 100 uM, 150 uM, 200 uM, 250 uM,
and 300 uM. The measurements were made in a Helma quartz cell with a thickness of
0.5 cm. The scan parameters were as follows: wavelengths of 230-320 nm; scan speed of
100 nm/min, and bandwidth of 1.0 nm. The slit was set on the auto mode, and n = 3. The
mean ellipticity was calculated using software provided by Jasco.

4.2.2. Zeta Potential Measurement and DLS for Measuring the Hydrodynamic Diameters
of the Particles

Zeta potential was measured using laser Doppler velocimetry by Zetasizer Nano ZS-90
(Malvern Instruments, United Kingdom) and calculated using the Smoluchowski equation.
Complexes of DNA/MEL or MEL derivatives were prepared in a 10 mM Na-phosphate
buffer, with a pH of 7.4. The concentration of DNA in the samples was 30 ug/mL. The
concentrations of compounds in the samples were 2.5 uM, 5 uM, 10 uM, 25 uM, 50 uM, and
100 pM. Measurements were made with or without DNA. Data analysis was performed
using Malvern software and given as the mean =+ standard deviation (SD) obtained from
five measurements in seven cycles at room temperature (RT) for each sample.

Hydrodynamic diameters of the complexes were measured by the DLS method in a
photon correlation spectrometer (Zetasizer Nano Z5-90, Malvern Instruments, Malvern,
UK). The wavelength was set at 633 nm, the refraction factor was 1.33, and the detection
angle was 900. Complexes of DNA/MEL or MEL derivatives were prepared in a 10 mM
Na-phosphate buffer, with a pH of 7.4. Measurements were made with or without DNA.
The data analysis was performed using Malvern software and is given as the mean £ SD
obtained from five measurements in five cycles at RT for each sample.

4.2.3. Immunofluorescence Staining of YH2AX for DNA Damage Detection

The essence of the test was the detection and localization of YH2AX histone foci, based
on the highly specific antigen-antibody binding reaction. Based on previous publications,
a protocol for fixing [53,54] and staining [55,56] non-adherent cells was prepared.

Cells were treated in Petri dishes with all tested compounds, as described above.
Additionally, a positive control was prepared in which the cells irradiated with 1 Gy.
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Cells were washed with PBS (300 rpm, 5 min, RT), spotted on the surface of defatted
glass slides, and incubated for 10 min to adhere cells to the coverslips. Adherent cells
were fixed in 4% formaldehyde solution with 0.1% Triton X-100. Permeabilized cells were
washed with Tris-buffered saline (TBS) and blocked with 1% BSA in PBS overnight. After
incubation and washing with TBS, staining was performed. Cells were incubated with a
phosphorylated (Ser139) mouse monoclonal IgG-specific anti-H2AX antibody at a dilution
of 1:2500 (BioLegend, San Diego, United States) suspended in TBS buffer supplemented
with 1% BSA. Incubation was for 1 h in the dark in a humid chamber at 24 °C. Then, a
washing step with TBS was performed. The cells were then incubated with Alexa Fluor TM
488 goat anti-mouse IgG secondary antibody at a dilution of 1:400 (Thermo Fisher Scientific,
Waltham, MA, USA) suspended in TBS buffer supplemented with 1% BSA. Incubation was
for 3 h in the dark in a humid chamber at 24 °C. The cell nuclei were then stained with
4/ 6-diamidino-2-phenylindole (DAPI) solution (0.1 ng/mL). Microscopic analysis (Zeiss
Axio Plan 2, Gottingen, Germany) was started, and digital recordings were taken using
the MetaSystem software (Altlussheim, Germany). The photos were analyzed with Image]
(LOCI, University of Wisconsin). The number of foci in each cell was counted; 100 cells
were counted from each image.

4.2.4. Flow Cytometry for Cell Cycle Analysis

Flow cytometry was used to quantify the cellular DNA content. Cells were treated as
described above. After incubation, cells were harvested, washed with PBS, and fixed in
70% ethanol (minimum 24 h; 4 °C). Following ethanol fixation, the cells were washed in
PBS and centrifuged at 7000 x g for 10 min at 4 °C. Harvested cells were stained by adding
300 puL of PBS containing PI and RNase at final concentrations of 75 pM and 20 pg/mL,
respectively. The samples were incubated for 1 h in complete darkness at 37 °C. The stained
cells were analyzed using flow cytometry (Becton Dickinson, San Jose, CA, USA), and the
percentage of cells in each cell phase was calculated [57].

4.2.5. Activity of Caspase 2

The test was based on detecting the cleavage of substrate VDVAD (Val-Asp-Val-Ala-
Asp)-AFC (7-amino-4-trifluoromethycoumarin). VDVAD-AFC emits blue light (A = 400 nm).
However, after substrate cleavage by caspase 2, free AFC emits yellow-green fluorescence
(A = 505 nm), which can be quantified with a fluorometer plate reader. The activities
of caspase 2 were estimated with a caspase 2 assay kit (Fluorometric) according to the
manufacturer’s protocols (Abcam, Cambridge, UK).

Cells were treated on Petri dishes with tested compounds as described above. Next,
cells were counted and placed in 96-well black fluorometric plates (1 x 10°/well). Cells
were resuspended in 50 pL of chilled cell lysis buffer and incubated on ice for 10 min.
Reaction buffer (50 puL) containing 10 mmol of DTT and 5 pL of the 1 mM VDVAD-AFC
substrate was added to each well and incubated for 2 h at 37 °C. The measurement was
done on a Fluoroscan Ascent FL plate reader (Labsystem, Stockholm, Sweden) using a
400 nm excitation filter and a 505 nm emission filter. Caspase 2 activity was expressed as a
ratio of fluorescence of the treated sample relative to the corresponding untreated control,
which was taken as 100%.

4.2.6. Statistical Analysis

Data are presented as the mean =+ standard deviation (SD) unless indicated otherwise.

For analyzing changes from the baseline (control cell culture without treatment or the
original drug MEL), the analysis of variance (ANOVA) with Tukey’s post hoc test was used.
The data from two independent biological assays (100 cells counted in each case, n = 200)
were merged for the immunostaining analysis. Foci-positive cells were labeled as cells with
more than five foci according to or based on a previous study [32]. The statistical analyses
were performed using STATISTICA (StatSoft, Tulsa, OK, USA). The level of significance for
all analyses was set at « = 0.05 (two-tailed). All figures include descriptions of statistically
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significant changes: * p < 0.05 signifies a statistically significant difference compared to
control cells, and # p < 0.05 signifies a statistically significant difference compared to MEL.

5. Conclusions

In this study, we proved that tumor cell DNA is the main molecular target for the
chemically modified analogs of the widely used anti-cancer drug melphalan.

The newly synthesized derivatives, in particular EM-MOR-MEL and EM-T-MEL,
affected the B-DNA conformation, which increased the DNA damage detected by YH2AX
analysis. As a result of the DNA changes, the cell cycle was arrested in the S and G2/M
phases. The cell death occurred by activating a mitotic catastrophe as a special example of
apoptosis. Our investigations suggest that the analogs EM-MOR-MEL and EM-T-MEL have
better anti-cancer activity in multiple myeloma cells than the currently used melphalan, at
least in the in vitro models applied.
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Oswiadczam, ze jestem wspotautorem artykutu naukowego opublikowanego w czasopi$mie Scientific
Reports pt. Chemical modification of melphalan as a key to improving treatment of haematological
malignancies (IF: 4.964; punkty MEIN: 140 pkt.), autorstwa Arkadiusza Gajka, Anastazji Poczta,
Matgorzaty tukawskiej, Violetty Cecudy- Adamczewskiej, Joanny Tobiasz, Agnieszki Marczak.

Méj wklad w powstanie niniejszego artykutu obejmowat koncepcje struktury chemicznej analogéw
melfalanu, synteze tychze analogdw oraz opisanie aspektéw chemicznych ich otrzymywania wraz z
analizg ich struktury, wspoiprace przy nadaniu pracy ostatecznego ksztattu publikacji oraz udziat w
odpowiedziach na uwagi recenzentow.

Maj wkiad w powstanie tej pracy oceniam na 5%.

dr inz. Matgorzata tukawska



tddz, 15.12.2022
dr Violetta Cecuda- Adamczewska
Instytut Biotechnologii i Antybiotykdow
Siec¢ Badawcza tUKASIEWICZ
ul. Staroscinska 5
02-516 Warszawa

OSWIADCZENIE

Oswiadczam, ze jestem wspétautorem artykutu naukowego opublikowanego w czasopismie Scientific
Reports pt. Chemical modification of melphalan as a key to improving treatment of haematological
malignancies (IF: 4.964; punkty MEiIN: 140 pkt.), autorstwa Arkadiusza Gajka, Anastazji Poczta,
Matgorzaty tukawskiej, Violetty Cecudy- Adamczewskiej, Joanny Tobiasz, Agnieszki Marczak.

Mo6j wkiad w powstanie niniejszego artykutu polegat na syntezie badanych zwigzkéw.

Moj wkiad w powstanie tej pracy oceniam na 5%.
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dr Violetta Cecuda- Adamczewska



Warszawa, 15.12.2022
Joanna Tobiasz
Instytut Biotechnologii i Antybiotykéw
Sie¢ Badawcza tUKASIEWICZ
ul. Starosciriska 5
02-516 Warszawa

OSWIADCZENIE

Oswiadczam, ze jestem wspdtautorem artykutu naukowego opublikowanego w czasopismie Scientific
Reports pt. Chemical modification of melphalan as a key to improving treatment of haematological
malignancies (IF: 4.964; punkty MEIN: 140 pkt.), autorstwa Arkadiusza Gajka, Anastazji Poczta,
Matgorzaty tukawskiej, Violetty Cecudy- Adamczewskiej, Joanny Tobiasz, Agnieszki Marczak.

Moj wktad w powstanie niniejszego artykutu polegat na syntezie badanych zwigzkow.

Méj wkiad w powstanie tej pracy oceniam na 5%.

utten... Jolnre.

Jloanna Tobiasz



tédz, 15.12.2022
prof. dr hab. Agnieszka Marczak
Katedra Biofizyki Medyczne]
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet todzki
ul. Pomorskal41/143
90-236 todz

OSWIADCZENIE

Oswiadczam, ze jestem wspotautorem artykutu naukowego opublikowanego w czasopi$mie Scientific
Reports pt. Chemical modification of melphalan as a key to improving treatment of haematological
malignancies (IF: 4.964; punkty MEIN: 140 pkt.), autorstwa Arkadiusza Gajka, Anastazji Poczta,
Matgorzaty tukawskiej, Violetty Cecudy- Adamczewskiej, Joanny Tobiasz, Agnieszki Marczak.

M¢j wktad w powstanie niniejszego artykutu obejmowat wspétudziat w przygotowaniu koncepcji i
planu wykonywanych badar, opieke merytoryczna, udziat w analizie i dyskusji uzyskanych wynikéw
oraz odpowiedziach na recenzje.

Moj wkiad w powstanie tej pracy oceniam na 5%.

b. Maruq &

prof. dr hab. Agnieszka Marczak



to6dz, 15.12.2022

mgr Anastazja Poczta

Katedra Biofizyki Medycznej

Wydziat Biologii i Ochrony Srodowiska
Uniwersytet tédzki

ul. Pomorskal141/143

90-236 todz

OSWIADCZENIE

Oéwiadczam, 2e jestem wspdtautorem artykutu naukowego opublikowanego w czasopismie
International Journal of Molecular Sciences pt. Synthesis and In Vitro Activity of Novel Melphalan
Analogs in Hematological Malignancy Cells (IF: 6.208; punkty MEIN: 140 pkt.), autorstwa Anastazji
Poczta, Piotra Krzeczyriskiego, Joanny Tobiasz, Anety Rogalskiej, Arkadiusza Gajka oraz Agnieszki
Marczak.

Méj wktad w powstanie niniejszego artykutu polegat przeprowadzaniu nastepujgcych oznaczen:

oceny witasciwosci cytotoksycznych nowych analogéw melfalanu testem redukcji resazuryny,
oceny witasciwosci genotoksycznych nowych analogédw melfalanu przy uzyciu alkalicznej
wersji testu kometowego,

oznaczanie frakcji kamarek apoptotycznych i nekrotycznych metoda podwdjnego barwienia z
wykorzystaniem mieszaniny fluorochroméw: jodek propidyny i Hoechst 33342

analiza zaburzen strukturalnych btony komérkowej metoda podwdjnego barwienia z
wykorzystaniem mieszaniny fluorochroméw: jodek propidyny i aneksyna V,

analiza aktywnosci kaspaz 3/7, 8,9 z zastosowaniem sond fluorescencyjnych,

badanie zmian potencjatu btony mitochondrialnej za pomoca sondy fluorescencyjnej JC-1
(5,5',6,6"-tetrachloro-1,1’,3,3'-tetraetylobenzimidazolokarboksyjanina)

wspétudziat w analizach in silico.

Ponadto do moich obowigzkdw, podczas realizacji tej pracy nalezato:

wspétudziat w tworzeniu koncepcji pracy,

zebranie odpowiedniej literatury na dany temat badawczy,

analiza statystyczna, opracowanie i opis wynikdw bazujgc na istniejacych doniesieniach
literaturowych,

przygotowanie wstepnego ksztattu manuskryptu, edycja oraz przygotowywanie odpowiedzi na
recenzje.

Petnitam réwniez funkcje autora korespondencyjnego.

Maj wktad w powstanie tej pracy oceniam na 55 %.

PJ’W/ )m Ul)/ M.\;‘CL)

mgr Angstaua Poczta
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drinZ. Piotr Krzeczyriski

Zaktad Farmacji, Chemii Kosmetycznej i Biotechnologii
Sie¢ Badawcza—tUKASIEWICZ

Instytut Chemii Przemystowe;j

imienia Profesora Ignacego Moscickiego

ul. Rydygiera 8

01-793 Warszawa

OSWIADCZENIE

Oswiadczam, ze jestem wspétautorem artykutu naukowego opublikowanego w czasopiémie
International Journal of Molecular Sciences pt. Synthesis and In Vitro Activity of Novel Melphalan
Analogs in Hematological Malignancy Cells (IF: 6.208; punkty MEiN: 140 pkt.), autorstwa Anastazji
Poczta, Piotra Krzeczyriskiego, Joanny Tobiasz, Anety Rogalskiej, Arkadiusza Gajka oraz Agnieszki
Marczak.

Maj wkiad w powstanie niniejszego artykutu obejmowat:

* zaplanowanie i wsp6twykonanie syntez zwigzkéw opisanych w pracy

® wykonanie badan fizykochemicznych zwigzkéw opisanych w pracy oraz opracowanie
wynikow

® wspotudziat w napisaniu manuskryptu publikacji

¢ wspotudziat w odpowiedziach recenzentom.

Moj wktad w powstanie tej pracy oceniam na 15%.
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drinz. Piogp'ﬁ/[zeczyﬁski



tukasiewicz
IChP

Warszawa, 15.12.2022

Joanna Tobiasz

Zaktad Farmacji, Chemii Kosmetycznej i Biotechnologii
Instytut Chemii Przemysiowej

Sie¢ Badawcza tUKASIEWICZ

Ul. Rydygiera 8

01-793 Warszawa

OSWIADCZENIE

Oswiadczam, ze jestem wspdtautorem artykutu naukowego opublikowanego w czasopi$mie
International Journal of Molecular Sciences pt. Synthesis and In Vitro Activity of Novel Melphalan
Analogs in Hematological Malignancy Cells (IF: 6.208; punkty MEIN: 140 pkt.), autorstwa Anastazji
Poczta, Piotra Krzeczyriskiego, Joanny Tobiasz, Anety Rogalskiej, Arkadiusza Gajka oraz Agnieszki
Marczak.

Moj wktad w powstanie niniejszego artykutu polegat na:

e zaplanowaniu i wykonaniu syntez zwigzkéw opisanych w pracy,
e ustaleniu warunkdow metody analizy HPLC, wykonaniu analiz czystosci chemicznej zwigzkow
opisanych w pracy oraz opracowaniu wynikow.

Maéj wkiad w powstanie tej pracy oceniam na 15%.

/ Joanna Tobhiasz



todz, 15.12.2022
dr hab. Aneta Rogalska, prof. Ut
Katedra Biofizyki Medycznej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet tédzki
ul. Pomorskal41/143
90-236 £od?

OSWIADCZENIE

Osdwiadczam, ze jestem wspotautorem artykutu naukowego opublikowanego w czasopismie
International Journal of Molecular Sciences pt. Synthesis and In Vitro Activity of Novel Melphalan
Analogs in Hematological Malignancy Cells (IF: 6.208; punkty MEIN: 140 pkt.), autorstwa Anastaz;ji
Poczta, Piotra Krzeczynskiego, Joanny Tobiasz, Anety Rogalskiej, Arkadiusza Gajka oraz Agnieszki
Marczak.

Maj wktad w powstanie niniejszego artykutu obejmowat wspotudziat w analizie zmian potencjatu btony
mitochondrialne] za pomoca sondy fluorescencyjnej JC-1 (5,5',6,6'-tetrachloro-1,1°,3,3'-
tetraetylobenzimidazolokarboksyjanina), udziat w analizie i dyskusji uzyskanych wynikéw oraz
odpowiedziach na recenzje.

Moj wktad w powstanie tej pracy oceniam na 5 %.

N i y
[Las f o iy o .
e M. R 0L A,
dr hab. Aneta Rogalska
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t6dz, 15.12.2022
dr Arkadiusz Gajek
Katedra Biofizyki Medycznej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet tédzki
ul. Pomorskal41/143
90-236 tédz

OSWIADCZENIE

Oswiadczam, ze jestem wspotautorem artykutu naukowego opublikowanego w czasopismie
International Journal of Molecular Sciences pt. Synthesis and In Vitro Activity of Novel Melphalan
Analogs in Hematological Malignancy Cells (IF: 6.208; punkty MEiIN: 140 pkt.), autorstwa Anastazji
Poczta, Piotra Krzeczyriskiego, Joanny Tobiasz, Anety Rogalskiej, Arkadiusza Gajka oraz Agnieszki
Marczak.

Mdj wkiad w powstanie niniejszego artykutu obejmowat wspdtudziat w analizie zaburzen
strukturalnych btony komérkowej metoda podwéjnego barwienia z wykorzystaniem mieszaniny
fluorochromoéw: jodek propidyny i aneksyna V-FITC, oraz edycje pierwotne]j wersji manuskryptu.

Méj wkiad w powstanie tej pracy oceniam na 5 %.
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dr Arkadiusz Gajek



todz, 15.12.2022
prof. dr hab. Agnieszka Marczak
Katedra Biofizyki Medycznej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet tédzki
ul. Pomorskal41/143
90-236 £od?

OSWIADCZENIE

Oéwiadczam, e jestem wspdtautorem artykutu naukowego opublikowanego w czasopismie
International Journal of Molecular Sciences pt. Synthesis and In Vitro Activity of Novel Melphalan
Analogs in Hematological Malignancy Cells (IF: 6.208; punkty MEiN: 140 pkt.), autorstwa Anastazji
Poczta, Piotra Krzeczyriskiego, Joanny Tobiasz, Anety Rogalskiej, Arkadiusza Gajka oraz Agnieszki
Marczak.

Méj wkiad w powstanie niniejszego artykutu obejmowat wspétudziat w przeprowadzeniu analizy in
silico badanych zwigzkéw, wspétudziat w przygotowaniu koncepcji i planu wykonywanych badan,

opieke merytoryczng, udziat w analizie i dyskusji uzyskanych wynikéw oraz odpowiedziach na recenzje.

Maj wkiad w powstanie tej pracy oceniam na 5 %.
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prof. dr hab. Agnieszka Marczak



tédi, 15.12.2022
mgr Anastazja Poczta
Katedra Biofizyki Medyczne]
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet todzki
ul. Pomorskal41/143
90-236 tod?

OSWIADCZENIE

Oswiadczam, ze jestem wspodtautorem artykutu naukowego opublikowanego w czasopismie
International Journal of Molecular Sciences pt. Newly Synthesized Melphalan Analogs Induce DNA
Damage and Mitotic Catastrophe in Hematological Malignant Cancer Cells (IF: 6.208; punkty MEiN:
140 pkt.), autorstwa Anastazji Poczta, Piotra Krzeczyriskiego, Maksima lonova, Anety Rogalskiej, Udo
S. Gaipl, Agnieszki Marczak oraz Doroty Lubgan.

Méj wktad w powstanie niniejszego artykutu polegat na przeprowadzaniu nastepujacych oznaczen:
e analiza widm dichroizmu kotowego,
e pomiar potencjatu zeta oraz wielkosci srednicy hydrodynamicznej
e badanie fosforylacji histonu H2AX poprzez barwienie immunofluorescencyjne,
e analiza aktywnosci kaspazy 2,
e analiza zmian rozkfadu cyklu komérkowego metoda cytometrii przeptywowe;j.

Ponadto do moich obowigzkéw, podczas realizacji tej pracy nalezato:
e wspotudziat w tworzeniu koncepcji pracy,
e zebranie odpowiedniej literatury na dany temat badawczy,
e analiza statystyczna, opracowanie i opis wynikéw bazujac na istniejacych doniesieniach
literaturowych,
e przygotowanie wstepnego ksztattu manuskryptu, edycja oraz przygotowywanie odpowiedzi na
recenzje.

Petnitam réwniez funkcje autora korespondencyjnego.

Mdéj wkiad w powstanie te] pracy oceniam na 60%.

i 0

mgr Anastazja Poczta



tukasiewicz
IChP

t6dz, 15.12.2022
dr inz. Piotr Krzeczyriski
Zaktad Farmacji, Chemii Kosmetycznej i Biotechnologii
Sie¢ Badawcza—tUKASIEWICZ
Instytut Chemii Przemystowej
imienia Profesora Ignacego Moscickiego
ul. Rydygiera 8
01-793 Warszawa

OSWIADCZENIE

Oswiadczam, ze jestem wspétautorem artykutu naukowego opublikowanego w czasopiémie
International Journal of Molecular Sciences pt. Newly Synthesized Melphalan Analogs Induce DNA
Damage and Mitotic Catastrophe in Hematological Malignant Cancer Cells (IF: 6.208; punkty MEiN:
140 pkt.), autorstwa Anastazji Poczta, Piotra Krzeczynskiego, Maksima lonova, Anety Rogalskiej, Udo
S. Gaipl, Agnieszki Marczak oraz Doroty Lubgan.

Moj wkiad w powstanie niniejszego artykutu polegat na wspdétudziale w napisaniu manuskryptu
publikacji oraz wspétudziale w odpowiedziach recenzentom.

Méj wktad w powstanie tej pracy oceniam na 10%.

P T T

drinz. Piotr _Iﬁfié"czyr'lski



t6di, 15.12.2022
dr hab. Maksim lonov, prof. Ut
Katedra Biofizyki Ogdlnej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet tédzki
ul. Pomorska141/143
90-236 todz

OSWIADCZENIE

Oswiadczam, ze jestem wspotautorem artykutu naukowego opublikowanego w czasopiémie
International Journal of Molecular Sciences pt. Newly Synthesized Melphalan Analogs induce DNA
Damage and Mitotic Catastrophe in Hematological Malignant Cancer Cells (IF: 6.208; punkty MEiN:
140 pkt.), autorstwa Anastazji Poczta, Piotra Krzeczynskiego, Maksima lonova, Anety Rogalskiej, Udo
S. Gaipl, Agnieszki Marczak oraz Doroty Lubgan.

Mdj wktad w powstanie niniejszego artykutu obejmowat opieke merytoryczng i wspotudziat w analizie

i opisaniu uzyskanych wynikéw podczas wykonywania nastepujgcych eksperymentdw: analiza zmian
dichroizmu kotowego, pomiar potencjatu zeta, wielkosci srednicy hydrodynamicznej.

il
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dr hab. Maksim | ov, prof. Ut

Méj wkiad w powstanie tej pracy oceniam na 5%.




tédz7, 15.12.2022

dr hab. Aneta Rogalska, prof. Ut
Katedra Biofizyki Medyczne]j

Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £tédzki

ul. Pomorskal141/143

90-236 tod?

OSWIADCZENIE

Oswiadczam, ze jestem wspotautorem artykutu naukowego opublikowanego w czasopismie
International Journal of Molecular Sciences pt. Newly Synthesized Melphalan Analogs Induce DNA
Damage and Mitotic Catastrophe in Hematological Malignant Cancer Cells (IF: 6.208; punkty MEIN:
140 pkt.), autorstwa Anastazji Poczta, Piotra Krzeczyriskiego, Maksima lonova, Anety Rogalskiej, Udo
S. Gaipl, Agnieszki Marczak oraz Doroty Lubgan.

M6j wkiad w powstanie niniejszego artykutu obejmowat wspdtudziat w opracowaniu wynikow
dotyczagcych analizy rozktadu faz cyklu komérkowego oraz udziat w dyskusji i w przygotowaniu
odpowiedzi na recenzje.

Maj wktad w powstanie tej pracy oceniam na 5%.

.‘ﬂ L. b AL M. .....
dr hab. Aneta Rogalska, prof. Ut
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tadz, 15.12.2022
prof. dr hab. Agnieszka Marczak
Katedra Biofizyki Medycznej
Wydziat Biologii i Ochrony Srodowiska
Uniwersytet £édzki
ul. Pomorska141/143
90-236 +od?

OSWIADCZENIE

Oswiadczam, Ze jestem wspdtautorem artykutu naukowego opublikowanego w czasopismie
International Journal of Molecular Sciences pt. Newly Synthesized Melphalan Analogs Induce DNA
Damage and Mitotic Catastrophe in Hematological Malignant Cancer Cells (IF: 6.208; punkty MEiN:
140 pkt.), autorstwa Anastazji Poczta, Piotra Krzeczyriskiego, Maksima lonova, Anety Rogalskiej, Udo
S. Gaipl, Agnieszki Marczak oraz Doroty Lubgan.

Moj wktad w powstanie niniejszego artykutu obejmowat wspdétudziat w przygotowaniu koncepcji i
planu wykaonywanych badan, opieke merytoryczng, udziat w analizie i dyskusji uzyskanych wynikow
oraz odpowiedziach na recenzje.

M&j wkiad w powstanie tej pracy oceniam na 5%.

él / {i/u 7R {{/ﬁ

prof. dr hab. Agnieszka Marczak



Erlangen, 15.12.2022
PD Dr. Dr. habil. med. Dorota Lubgan
Translational Radiobiology,
Department of Radiation Oncology,
University Hospital Erlangen
Friedrich-Alexander-Universitat Erlangen-Nirnberg,
Universitatsstr. 27, 91054 Erlangen, Germany

OSWIADCZENIE

Oswiadczam, ze jestem wspotautorem artykutu naukowego opublikowanego w czasopismie
International Journal of Molecular Sciences pt. Newly Synthesized Melphalan Analogs Iinduce DNA
Damage and Mitotic Catastrophe in Hematological Malignant Cancer Cells (IF: 6.208; punkty MNiSW:
140 pkt.), autorstwa Anastazji Poczta, Piotra Krzeczynskiego, Maksima lonova, Anety Rogalskiej, Udo
S. Gaipl, Agnieszki Marczak oraz Doroty Lubgan.

Méj wktad w powstanie niniejszego artykutu obejmowat wspotudziat w tworzeniu koncepcji pracy,
opieke merytoryczng nad eksperymentem dotyczacym badania fosforylacji histonu H2AX, a takze
udziat w analizie i dyskusji uzyskanych wynikéw oraz odpowiedziach na recenzje.

Moj wktad w powstanie tej pracy oceniam na 10%.

B R e
trasianes s

PD Dr. Dr. habil. med. Dorota Lubgan



