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Wykaz stosowanych skrotow

BCLC (ang. Barcelona Clinic Liver Cancer staging system) - klasyfikacja barceloriska oceniajgca

kliniczne zaawansowanie raka watrobowokomérkowego

BLCA (ang. bladder cancer) - rak pecherza moczowego

CDK (ang. cyclin-dependent kinase) - kinaza cyklino-zalezna, kinaza zalezna od cyklin
EMA (ang. European Medicines Agency) - Europejska Agencja Lekéw

FDA (ang. Food and Drug Administration) - Urzad ds. Zywnosci i Lekéw

HCC (ang. hepatocellular carcinoma) - rak watrobowokomarkowy

iASPP (ang. inhibitor of apoptosis-stimulating protein of p53) - inhibitor biatka p53

stymulujgcego apoptoze

MM (ang. multiple myeloma) - szpiczak mnogi

OS (ang. overall survival) - przezycie catkowite

PFS (ang. progression-free survival) - przezycie do progresiji

PROTAC (ang. Proteolysis Targeting Chimera) - chimera ukierunkowana na proteolize
TCGA (ang. The Cancer Genome Atlas) - Atlas Genomowy Nowotworéow

P-TEFb (ang. Positive-Transcription Elongation Factor b) - pozytywny czynnik elongacji

transkrypcji
TMA (ang. tissue microarray) - mikromacierze tkankowe
TP53 (ang. Tumor Protein 53) - biatko p53

wt-p53 (ang. wild-type tumor protein 53) - “dzikie”, niezmutowane biatko p53
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Rozdziat 2. Wprowadzenie

W ostatnich dekadach nastgpit znaczacy postep w terapii nowotwordéw i opiece
onkologicznej. Nowoczesne badania profilaktyczne oraz rozwdj metod diagnostycznych
zaowocowaty zwiekszeniem sie odsetka wczesnych rozpoznan nowotworéw oraz
przedtuzeniem czasu przezycia chorych. Dzieki rozwojowi nowych metod terapeutycznych,
takich jak immunoterapia czy terapia celowana, nawet u chorych w zaawansowanym stadium

choroby znaczgco wydtuzyt sie oczekiwany czas przezycia [1,2].

Niestety, obecnie dostepne terapie systemowe majg liczne ograniczenia, ktore wynikajg
z ograniczonej biodostepnosci substancji aktywnych, ich niezadowalajgcej penetracji w gtgb
guza oraz powiktan zwigzanych z toksycznoscig [3]. Ponadto parakrynna aktywnosé
mikrosrodowiska guza, dysregulacja cyklu komérkowego i akumulacja zmian genetycznych
mogg znacznie ograniczy¢ efektywnos¢ terapii [4]. Pomimo czestych remisji uzyskanych po
zastosowaniu pierwszej linii leczenia systemowego, rozwijajgca sie lekoopornosé¢ i rychty
nawrot choroby prowadzg do nieuchronnego pogorszenia sie stanu zdrowia pacjenta [3,5].
W zwigzku z tym, poszukiwanie nowych markeréw prognostycznych i celéw terapeutycznych

jest kluczowe dla dalszego postepu w terapii nowotworow.

Zdolnos¢ do unikania apoptozy jest jednym z podstawowych znamion choroby
nowotworowej [6]. Naturalng konsekwencjg rozpowszechnienia tej tezy poprzez Hanahana
i Weinberga stato sie rosngce zainteresowanie biatkami kontrolujgcymi cykl komodrkowy
i ich wykorzystaniem w terapii nowotworéw. Grupg, ktéra w ostatnim czasie cieszy sie
szczegblnym zainteresowaniem, sg kinazy zalezne od cyklin (CDK). Obecnie znanych jest 20
kinaz cyklinozaleznych, kodowanych przez 21 genéw [7]. Sposréd nich CDK od 1 do 6, 14 do
18 oraz CDK 20 kontrolujg cykl komdrkowy, natomiast CDK od 7 do 13 oraz CDK 19 reguluja
transkrypcje [8,9]. CDK funkcjonujg w kompleksach z cyklinami, poprzez ktére kontroluja

przezycie i proliferacje komarki (Rycina 1) [10,11].



A) B) Kinazy cyklu
komoérkowego

Rycina 1. Mechanizm dziatania gtdwnych kinaz cyklinozaleznych [12]. Kinazy transkrypcyjne,
zwitaszcza CDK7 i 9, regulujg aktywnos$¢ polimerazy Il RNA i transkrypcje (Rycina 1A). Kinazy
cyklu komorkowego, takie jak CDK1, 2 i 4/6, sg regulatorami punktéw kontrolnych, a ich
aktywnos¢ umozliwia przejscie cyklu komorkowego do interfazy (G1 i G2), fazy syntezy (S)

i fazy mitozy (M) (Rycina 1B).

Inhibitory CDK4/6, miedzy innymi abemaciclib, palbociclib i ribociclib, zostaty niedawno
zaaprobowane przez Urzad ds. Zywnosci i Lekéw (FDA) oraz Europejska Agencje Lekéw (EMA)
jako leki stosowane w terapii zaawansowanego i rozsianego HR+/HER2- raka piersi [13].
Inhibitory CDK7 sg obecnie testowane w leczeniu pacjentéw z drobnokomaorkowym rakiem
ptuca, rakiem trzustki i rakiem piersi (NCT05394103 i NCT04247126). Niemniej jednak, za jeden
z centralnych osrodkéw regulacji transkrypcji i obiecujgcy cel terapeutyczny uwazana jest

dzisiaj CDK9 [14].

CDK9 jest biatkiem regulujgcym transkrypcje i wystepujgcym w dwdch znanych
izoformach, CDK94, i CDK9s5 [15]. taczac sie z cyklinami T1 i T2a, tworzg one pozytywny
czynnik elongacji transkrypcji (P-TEFb), ktéry fosforylujgc polimeraze II RNA wydtuza
transkrypcje (Rycina 2) [8,14]. Niemniej jednak, obie izoformy wykazujg pewnga funkcjonalng
odmienno$é. Zwiekszona ekspresja CDK94;, ale nie CDK9ss, jest zwigzana z nasilong
proliferacjg komodrek [16]. Natomiast CDK9s5 wspottworzy mechanizmy naprawy DNA poprzez
szlak sygnatowy zwigzany z biatkiem Ku70 [17]. Podobng rdézinorodno$é funkcyjng
zaobserwowano w stosunku do cyklin wigzgcych sie z CDK9. Cyklina T jest niezbedna
do prawidtowego réznicowania sie limfocytéw, monocytéow i adipocytdw, podczas gdy

nadekspresja cykliny K, wynikajgca z aktywacji p53, sugeruje jej role w mechanizmach



odpowiedzi na stres komodrkowy [18]. Aktywacja Sciezki sygnatowej CDK9 sprzyja
powstawaniu biatek antyapoptotycznych, takich jak Bcl-2, XIAP, MYC i Mcl-1. Dysregulacja
tego szlaku zaburza homeostaze komarki, zapobiega jej programowanej smierci i prowadzi

do niekontrolowanej mitogenezy, bedacej zaczatkiem choroby nowotworowej [8,10,19,20].

Komorka

Mcl-1, MYC, Bcl-2,
XIAP
TRANSKRYPCJA

PRZEZYCIE
KOMORKI

Rycina 2. Mechanizm dziatania CDK9. CDK7 fosforyluje CDK9, powodujac jej zwigzanie
z cykling T i powstanie dodatniego kompleksu elongacji transkrypcji. Kompleks ten, poprzez
fosforylacje domeny C-koncowej polimerazy Il RNA na serynie 2, warunkuje transkrypcje

biatek antyapoptotycznych i przyczynia sie do przezycia komdrki nowotworowe;j.

Wiekszos¢ autordw jest zgodna co do prognostycznej roli CDK9 w nowotworach
ztosdliwych cztowieka. Jej nadekspresja koreluje z nasileniem cech histologicznej ztosliwosci
i krotszym czasem przezycia pacjentéw z rakiem trzustki, rakiem endometrium

i kostniakomiesakiem, a takze jest czynnikiem predykcyjnym nawrotu raka surowiczego jajnika



[21-24]. Jednakze Schlafstein i wsp. wykazali, ze wysoka ekspresja CDK9 jest zwigzana
z dtuzszym czasem przezycia pacjentow z rakiem piersi, ktérzy nie osiggneli kompletnej remisji
po neoadjuwantowej chemioterapii [25]. Fenomen ten nie zostat dotychczas w petni
wyjasniony. Berthet i Kaldis w swojej publikacji zasugerowali, ze dobrze zréznicowane komaérki
sg bardziej wrazliwe na zaburzenia cyklu komérkowego [26]. Badania na modelach
zwierzecych wykazaty istotne réznice w mechanizmach kontroli cyklu komdrkowego
dojrzatych komérek eukariotycznych i embrionalnych komdrek macierzystych [27]. W czasie
podziatu, komodrki nowotworowe zaczynajg zachowywaé sie podobnie do komdrek
macierzystych. Hamowanie aktywnosci kinaz zaleznych od cyklin pozwala odwrdcic¢ ten trend
i sprawia, ze komérki nowotworowe nabierajg cech komaérek dobrze zréznicowanych. Wydaje
sie zatem, ze nadekspresja CDK ma szczegdlne znaczenie na wczesnych etapach rozwoju
choroby, kiedy relatywnie dojrzate komérki nowotworowe sg wcigz zalezne od czynnikdw

pobudzajgcych wzrost [24,28].

Schlafstein i wspotpracownicy wyciggneli podobne wnioski, argumentujac, ze niska
ekspresja CDK9 moze zaburza¢ naprawe DNA i prowadzi¢ do niestabilnosci genetycznej,
a w zwigzku z tym agresywnego przebiegu choroby [25]. Stata aktywno$¢é CDK9 w czasie cyklu
komérkowego jest niezbedna do zachowania réwnowagi pomiedzy biatkami
proapoptotycznymi i antyapoptotycznymi [29]. Ze wzgledu na swojg role w apoptozie, CDK9
wchodzi w interakcje z czynnikami transkrypcyjnymi i biatkami supresorowymi, takimi jak p53,
a ich wzajemna regulacja warunkuje przezycie lub $mier¢ komodrki [30]. Zmiany aktywnosci
tych biatek majg zatem bezposrednie przetozenie na aktywnos¢ i funkcjonowanie CDK9
[31,32]. Przyktadowo, jednym z najczestszych zdarzen w ewolucji nowotworu jest mutacja
p53. Prowadzi ona do stopniowego narastania niestabilnosci genetycznej. Jej wystgpienie jest
takze czynnikiem ryzyka progresji nieinwazyjnego raka urotelialnego pecherza moczowego
do raka inwazyjnego [33,34]. Z tego powodu, rak urotelialny pecherza moczowego (BLCA)

staje sie naturalnym przedmiotem dalszych badan.

W literaturze istniejg liczne watpliwosci  dotyczace terapeutycznego stosowania
inhibitorow CDK9, wynikajgce z ich niskiej skutecznosci w monoterapii. Przyczyng
niepowodzen jest najprawdopodobniej niska selektywnos¢ pierwszej generacji inhibitoréw
CDKa9, takich jak flavopiridol, powodujacy wysokg toksycznoscig terapii [35]. Chociaz w 2021

roku Anshabo i wsp. oraz Mandal i wsp. scharakteryzowali CDK9 jako potencjalny cel
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terapeutyczny, brak jest w literaturze swiatowej prac podsumowujgcych postepy w uzyciu

nowej generacji inhibitorow CDK9 w terapii poszczegdlnych nowotworéw [8,19].

Blokada CDK9, ze wzgledu na swdj potencjat do przetamywania opornosci komédrek
na apoptoze, cieszy sie duzym zainteresowaniem w nowotworach hematologicznych.
W dotychczasowych badaniach pacjenci z przewlekta biataczkg limfocytowa leczeni
dinaciclibem, inhibitorem CDK9 pierwszej generacji, osiggneli dtuzszy czas przezycia wolnego
od progresji (13.7 vs. 5.9 miesiecy), dtuzszy catkowity czas przezycia (21.2 vs. 16.7 miesiecy)
oraz wyzszy odsetek odpowiedzi na leczenie (40% vs. 8.3%) niz pacjenci leczeni
zaaprobowanym przez FDA przeciwciatem monoklonalnym skierowanym przeciwko
limfocytom B (ofatumumabem). Co istotne, zdecydowane wieksze korzysci z terapii
dinaciclibem zaobserwowano wsréd pacjentow z delecjg p53 (czas przezycia 21.2 vs. 5.4
miesigce), wskazujgc na skutecznos¢ inhibitorow CDK9 w tej grupie pacjentéw [36]. Praca Ghia
i wspotautorédw otworzyta réwniez droge dla oceny skutecznosci CDK9 w terapii guzéw litych.
Chemioterapuetyk paclitaxel moze indukowa¢ apoptoze poprzez sciezki sygnatowe zwigzane
z p53/p21. Z tego powodu ocena korelacji miedzy ekspresjg CDK9 i p53 moze pozwolic
na wstepng ocene potencjalnego zastosowania inhibitorow CDK9 w terapii zaawansowanych

nowotwordw ztosliwych [37,38].

Wyniki badan dotyczacych innych nowotwordw hematologicznych sg jednak
niejednoznaczne i nie zostaty wczesniej uporzgdkowane. Druga generacja inhibitoréw CDK9
charakteryzuje sie wiekszg selektywnoscig, rzadszymi dziataniami niepozgdanymi i moze
poprawi¢ tolerancje terapii [8]. Rozwdj technologii wytwarzania lekéw umozliwit
zastosowanie metod alternatywnych do inhibicji kinazy CDK9. Chimery ukierunkowane
na proteolize (PROTAC) umozliwiajg selektywng degradacje CDK9 oraz sprzezenie inhibitoréw
CDK9 z innymi substancjami aktywnymi [39]. Niestety, zalety i wady réznych metod terapii
ukierunkowanej na CDK9 nie zostaty jeszcze w petni poznane.

W ostatnich latach przeprowadzono liczne badania przedkliniczne oceniajace
skutecznos¢ inhibitoréw CDK9 w raku watrobowokomaorkowym (HCC) [40,41]. Wczesne préby
kliniczne w HCC stajg sie coraz bardziej prawdopodobne, dlatego pojawita sie potrzeba
usystematyzowania dotychczasowych doniesien,, okreslenia potencjalnej grupy badanej oraz
momentu wigczenia terapii. Inhibitory CDK9 zdajg sie zmniejsza¢ opornosé na inne leki, nawet

u pacjentow o niekorzystnymi profilu cytogenetycznym, dlatego mogg stanowi¢ uzupetnienie
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podstawowych schematéw terapeutycznych. Biorgc pod uwage synergistyczne dziatanie

flavopiridolu i sorafenibu, koncepcja zastosowania blokady CDK9 w terapii raka

watrobowokomadrkowego wymaga pogtebionej analizy [42,43].

Rozdziat 3. Cel pracy z uzasadnieniem podjetej tematyki

badawczej

Gtéwne cele pracy:

Ocena wartosci predykcyjnej CDK9 w przewidywaniu rokowania pacjentéow
z nowotworami ztosliwymi na przykfadzie raka urotelialnego pecherza moczowego.
Ocena korelacji miedzy ekspresjg CDK9 a wystepowaniem histopatologicznych cech
ztosliwosci raka urotelialnego pecherza moczowego.

Ocena korelacji pomiedzy ekspresjg biatek regulatorowych cyklu komoérkowego i CDK9
oraz ich wptywu na rokowanie pacjentow z rakiem urotelialnym pecherza moczowego.
Analiza mozliwosci zastosowania inhibitorow CDK9 w terapii celowanej oraz
zaproponowanie sposobu ich wigczenia do obecnych schematéw terapeutycznych.
Wskazanie, ktére grupy pacjentdow moga osiggngé najwieksze korzysci kliniczne

w zwigzku z hamowaniem aktywnosci CDK9.

Szczegodtowe cele realizowane w poszczegdlnych publikacjach:

1.

Uwzgledniajgc najnowsze doniesienia o niejednoznacznej roli CDK9 w prognostyce
rokowania w nowotworach ztosliwych, zdecydowalismy o jej sprawdzeniu
w niezbadanym dotychczas raku. Praca oryginalna “The Prognostic Role of CDK9
in Bladder Cancer” miata zweryfikowaé, czy ekspresja CDK9 umozliwia oceng
rokowania pacjentéw z rakiem urotelialnym pecherza moczowego. Zaktadalismy,
ze wysoka ekspresja CDK9 zwigzana bedzie ze ztym rokowaniem, a wynik badania

stanowi¢ bedzie podstawe do terapeutycznej blokady tej kinazy.
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2.

3.

Kontynuujgc oceng wartosci prognostycznej CDK9 w raku urotelialnym pecherza
moczowego, zdecydowalismy o ocenie korelacji pomiedzy CDK9 a innymi biatkami
regulujgcymi cykl komdrkowy. Praca oryginalna “The prognostic role of p53 and its
correlation with CDK9 in urothelial carcinoma” miafa sprawdzi¢ czy znaczenie
prognostycznej CDK9 zmienia sie w zaleznos$ci od wysokosci ekspresji i obecnosci
mutacji biatka p53, jednej z najczestszych zmian genowych w raku urotelialnym

pecherza moczowego.

Artykut przeglagdowy “CDK9: Therapeutic Perspective in HCC Therapy” miat na celu
usystematyzowanie dotychczasowej wiedzy na temat zastosowania inhibitoréw kinazy
CDK9 w raku watrobowokomadrkowym. W zwigzku z perspektywa nieodlegtych badan
klinicznych, szczegdlne znaczenie miato podsumowanie dotychczas przeprowadzonych
prob oraz analiza mozliwosci witgczenia inhibitoréw CDK9 do obecnie stosowanych
schematow terapeutycznych. Biorgc pod uwage, ze wybor metody leczenia pacjentow
z rakiem watrobowokomoérkowym jest bezposrednio zwigzany ze stopniem jego
klinicznego zaawansowania, praca ta miat zidentyfikowac grupe pacjentow moggcych

odnies¢ najwiekszg korzys¢ z leczenia.

Z powodu braku badan klinicznych z zastosowaniem inhibitoréw CDK9 w raku
watrobowokomdrkowym zdecydowalismy sie na pogtebienie analizy o doniesienia
z badan klinicznych w nowotworéw hematologicznych. Publikacja “CDK9 inhibitors
in multiple myeloma: a review of progress and perspectives” miata za zadanie wyjasnié¢
wczesne niepowodzenia w uzyciu terapii ukierunkowanej na CDK9, uwzgledniajac
réznice w mechanizmie dziatania poszczegdlnych inhibitoréw, potencjalne skutki
uboczne i skutecznos¢ kliniczng. Zaktadajgc ich niewielkg skutecznos¢ w monoterapii,
skupilismy sie na analizie interakcji pomiedzy blokerami CDK9 a lekami stosowanymi
obecnie w praktyce klinicznej, a takze znalezieniu alternatywy dla hamowania

aktywnosci CDKO9.
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Simple Summary: In this article, we investigated the prognostic role of cyclin-dependent kinase 9
expression in urothelial carcinoma. High CDK9 expression has recently been associated with shorter
patient survival time, but its role in urothelial carcinoma has not yet been explored. The expression of
CDK9 was higher in cancer than in normal urothelial tissue and correlated with tumor grade, stage,
and invasiveness. To our surprise, patients with high CDK9 expression lived longer than patients with
low CDK9 expression. In The Cancer Genome Atlas database cohort, high CDK9 RNA concentration
correlates with longer survival of patients and CDK9 status remained a statistically significant
prognostic factor in multivariate analysis. It seems that CDK9 not only regulates the expression
of anti-apoptotic genes, leading to longer survival of cancer cells, it also facilitates DNA repair,
preventing the build-up of genomic instability, crucial in the initiation and progression of bladder
cancer. The results suggest that CDK9 overexpression is not always associated with a worse prognosis,
while cell maturity and disease stage may influence the efficacy of potential targeted therapy.

Abstract: Introduction: Most patients with urothelial carcinoma are diagnosed with non-invasive
tumors, but the prognosis worsens with the progression of the disease. Overexpression of cyclin-
dependent kinase 9 has been recently linked to increased cancer proliferation, faster progression, and
worse prognosis. However, some cancers seem to contradict this rule. In this work, we explored the
prognostic role of CDK9 expression in urothelial carcinoma. Materials and Methods: We performed
immunohistochemical analysis on 72 bladder cancer samples. To assess a larger group of patients,
the Cancer Genome Atlas (TCGA) database containing 406 cases and transcriptomics information
through the Human Pathology Atlas were analyzed. Results: CDKO9 is overexpressed in urothelial
cancer tissues when compared to normal urothelial tissues (p < 0.05). High CDK9 expression was
observed in low-stage, low-grade, and non-muscle-invasive tumors (p < 0.05). The patients with
high CDKO9 expression had a significantly higher 5-year overall survival rate than those with low
CDKO expression (77.54% vs. 53.6% in the TMA group and 57.75% vs. 35.44% in the TCGA group,
respectively) (p < 0.05). The results were consistent in both cohorts. Multivariate Cox regression
analysis indicated that low CDK9 status was an independent predictor for poor prognosis in the
TCGA cohort (HR 1.60, CL95% 1.1-2.33, p = 0.014). Conclusions: High CDK9 expression predicts
a favorable prognosis in urothelial carcinoma and is associated with clinicopathological features
characteristic for early-stage disease. The decrease in CDK9 expression can be associated with
the build-up of genetic instability and may indicate a key role for CDK9 in the early stages of
urothelial carcinoma.

Cancers 2022, 14, 1492. https:/ /doi.org/10.3390/ cancers14061492
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1. Introduction

Bladder cancer is the ninth most frequent malignancy worldwide, with approximately
430,000 cases a year. It ranks 13th in terms of mortality with almost 200,000 deaths per
year [1-3]. The most common histological subtype is urothelial cancer, which accounts for
approximately 90% of the cases. Over half of the patients are diagnosed in the early stage
of the disease with non-invasive tumors and are successfully treated radically. This results
in a high 5-year survival rate of up to 77.1%. However, when the disease is more advanced,
these numbers drop dramatically, reaching a 4.7% survival rate in metastatic cancer [2].
Genetic heterogeneity, reactive increase in DNA repair, and mechanisms modifying the
intracellular drug concentration may limit the response to therapy [4]. Therefore, there is a
need for novel treatment options as well as novel prognostic markers.

Cyclin-Dependent Kinase 9 (CDK 9)

Cyclin-dependent kinase 9 (CDK9) is a transcription regulating protein [5]. Together
with cyclin T, CDK9 forms positive transcription elongation factor-B (P-TEFb), which
activates RNA polymerase II (RNA POL II), and through this mechanism, stimulates
transcription [5,6]. The following translation results in the formation of anti-apoptotic
proteins, such as MYC or Mcl-1 [7]. This disrupts cellular homeostasis, shifting the apoptotic
balance towards the survival of cells [8]. At the same time, the recruitment of P-TEFb is
required for the differentiation of muscles [9], neurons [10], or adipocytes [11]. Furthermore,
CDK9 promotes tumor growth via the p53 related pathway [12,13]. Its overexpression
is associated with poor prognosis in various neoplasms, such as pancreatic cancer and
osteosarcoma [14,15]. CDKO9 inhibitors are being tested for the treatment of multiple
malignancies, including multiple myeloma, acute myeloid leukemia, prostate cancer, and
hepatocellular carcinoma, making CDK9 a valid potential therapeutic target and a novel
prognostic marker [16-19]. In this work, we aimed to investigate whether there is a
connection between the CDK 9 expression and individual clinical features of bladder
cancer, such as stage, grade, presence of metastasis, and survival time. We assessed the
prognostic value of CDK9 expression in urothelial cancer and validated the findings in The
Cancer Genome Atlas Program database.

2. Materials and Methods
2.1. Patients and Tissue Samples

All tissue specimens were collected from patients diagnosed with urothelial carcinoma
and treated in the Department of Urology between November 2009 and July 2018. Our
study includes 72 cases of bladder cancer (study group) and 32 cases of normal urothelial
mucosa (control group), collected immediately during either transurethral resection of
bladder tumor (TURBT) or radical cystectomy (RC). Clinical data, including age, sex, overall
survival, tumor differentiation (grade), stage T, lymph nodes invasion, metastasis, tumor
size, cancer invasiveness, progression, and recurrence were obtained (Table 1). The study
was conducted following the Declaration of Helsinki, and the protocol was approved by
the Bioethics Committee (KB881/2019).

Table 1. Clinicopathological characteristics of the study group.

Variables n (%)
Age Mean 71.5 years (range 45-88 years)
Female 11 (15.28%)

Sex
Male 61 (84.72%)
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Table 1. Cont.

Variables n (%)
Grad low 34/72 (47.22%)
rade high 38/72 (52.78%)
T1 39/72 (54.17%)
T2 20/72 (27.78%)
Stage T3 9/72 (12.5%)
T4 4/72 (5.56%)
T . >3 cm 39/72 (54.17%)
umor size <3cm 33/72 (45.83%)
NO 61/72 (84.72%)
Lymph node metastases N1-3 9/72 (12.5%)
Unknown 2/72(2.78%)
No 62/72 (86.11%)
Distant metastasis Yes 7/72(9.72%)
Unknown 3/72 (4.17%)
NMIBC 36/72 (50%)
Invasiveness MIBC 35/72 (48.61%)
Unknown 1/72 (1.39%)
Yes 17 (23.61%)
Progression No 34 (47.22%)
Unknown 21 (29.17%)
Yes 26 (36.11%)
Recurrence No 8 (11.11%)
Unknown 38 (52.78%)
Mean recurrence time 21.07 months
TURBT 35 (48.61%)
Type of procedure PC 31 (43.06%)
Unknown 6 (8.33%
Di Alive 29/72 (40.28%)
1sease course Dead 43/72 (59.72%)
Median follow-up time 60 months (range 5-60 months)

2.2. Sample Staining

The expression of CDK9 was determined using IHC assays according to the protocol
described in Buchholz et al.’s study [20]. In the beginning, standardization and optimization
of the IHC method were performed on a recommended tissue, based on the antibody
datasheet and reference sources (The Human Protein Atlas: https://www.proteinatlas.org
(accessed on 11 November 2021); Uhlen et al., 2010 [21]). In brief, 3 um thick sections of the
tissue arrays were baked for 1 h at 60 °C before xylene deparaffinization and subsequent
rehydration through graded ethanol (99.8%; 96%; 90% and 80%). Tissue sections were
incubated with a primary rabbit monoclonal anti-CDK9 antibody (1:200; 40 min; cat. no:
ab76320, Abcam, Cambridge, MA, USA). Primary antibodies were visualized using the
UltraView Universal DAB Detection Kit (Roche Diagnostics/Ventana Medical Systems,
Tucson, AZ, USA) followed by color development using 3,3-diaminobenzidine. The slides
were counterstained with hematoxylin II for 12 min and blue reagent for 4 min. Finally,
tissue sections were dehydrated in increasing ethanol concentrations (80, 90, 96, and 99.8%),
cleared in xylenes (I-IV), mounted using a mounting medium, and examined.

2.3. Image Acquisition and IHC Analysis

Initially, the clinical data were blinded and the images were captured using an optical
microscope at X 10 magnification with a color video camera attached to a computer system.
For each sample, two experienced pathologists selected the most representative regions
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and acquired images. The analysis was performed using the Image]J 1.53j version (NIH,
Bethesda, MD, USA) (Java 1.8.0_172) and the IHC profiler plugin. Nuclear CDK9 expression
was obtained by calculating the H-score. To determine CDK9 expression in cancer cells,
the standard protocol designed by Verghese et al. was followed [22]. The highly positive
zone was found to be ranging from 1 to 60; 61 to 120 for the positive zone; 121 to 170 for
the low positive zone; and 181 to 220 for the negative zone, respectively. The intensity
values ranging from 221-255 predominantly represent fatty tissues, stroma, or background
artifacts that do not contribute to pathological scoring and were therefore excluded from
the score determination zones. H-score was assigned using the formula (1 x (%cells low
positive) + 2 x (%cells positive) + 3 x (%cells high positive)), obtaining a value from 0 to 300.

2.4. Statistical Analysis

All statistical analyses were performed using Statistica version 13.3 (Statsoft) and Mi-
crosoft Excel 2019. The value of p < 0.05 was considered statistically significant. Continuous
variables were tested for normality by the Kolmogorov-Smirnov test. The relations between
compared groups, due to the categorical character of variables, were analyzed using the
Mann-Whitney U Test. More than two independent groups were compared using the
ANOVA Kruskal-Wallis test. Correlation between clinicopathological characteristics and
CDK9 expression was evaluated using Spearman’s rank correlation coefficient. Univariate
and multivariate analyses of potential predictors for overall survival were performed using
Cox proportional hazard regression. Results were expressed as hazard ratio (HR) and
95% confidence interval (CI). The two-sided p-value of <0.05 was considered to indicate
statistical significance. The relation between CDK9 expression with overall survival was
evaluated with a log-rank test and presented using Kaplan-Meier analysis.

3. Results
3.1. Patients Characteristics

We explored the relevance of CDK9 expression in human urothelial carcinoma by
comparing normal urothelial mucosa and urothelial carcinoma of bladder cancer patients.
Table 1 summarizes the characteristics of the TMA cohort. The research group consisted
of 11 females and 61 males. The mean age of patients was 71.5 years (range 45-88 years)
and the median follow-up time was 5 years. Among 72 patients, 34 (47.22%) were diag-
nosed with low-grade tumors and 38 (52.78%) were diagnosed with high-grade tumors.
39 (54.17%) tumors were classified as T1, 20 (27.78%) as T2, 9 (12.5%) as T3, and 4 (5.56%)
as T4. The samples were categorized as low stage (T1) or high stage (T2-4). Nine (12.5%)
patients were diagnosed with lymph node metastases and seven (9.72%) patients had
distant metastases at the time of diagnosis. The mean 5-year overall survival time was
45.3 months, ranging from 5.0 to 60.0 months.

3.2. CDKQ9 Is Overexpressed in Bladder Cancer

To explore the characteristics of CDK9 staining patterns in urothelial cancer and control
samples, we performed immunohistochemical staining using a monoclonal CDK9 antibody
(1:200; 40 min; cat. no: ab76320, Abcam, Cambridge, MA, USA). CDK9 expression was
present in all examined samples in both study and control groups. Strong immunoreactivity
was observed in bladder cancer samples and was significantly higher than in the control
group (median H-SCORE = 204 vs. 170.5 respectively, p = 0.0022) (Figure 1). CDK9 is
overexpressed in urothelial carcinoma.

3.3. CDK9 Expression Correlates with Disease Course in Bladder Cancer TMA Cohort

According to the Mann—-Whitney U test, CDK9 expression was significantly higher
in the lower stage (pT1 vs. pT2—4; p = 0.0172), lower grade (low vs. high; p = 0.04), and
non-invasive tumors (NMIBC vs. MIBC; p = 0.0075) (Figure 2). The detailed description
of CDKO9 expression in selected groups is assembled in Table 2. CDK9 expression in T1
tumors was significantly higher than in the T2-T4 group and in the control. However,



Cancers 2022, 14, 1492 50f 13

we found no significant difference between CDK9 expression in the T2-T4 group and the
control. Spearman’s correlation coefficient showed a weak to moderate negative correla-
tion between CDKO9 expression and tumor stage, grade, size, and invasiveness (p < 0.05).
CDKO expression did not correlate with metastasis, lymph node invasion, recurrence, or
progression of the disease (p > 0.05) (Table 2).
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Figure 1. Representative cross-sectional staining patterns at x10 magnitude; (a) invasive bladder can-
cer with low CDK9 expression; (b) non-invasive bladder carcinoma with medium CDK9 expression;
(c) non-invasive bladder cancer with high CDK9 expression; (d) CDK9 negative control; (e) normal
mucosa with low CDK9 expression; (f) normal mucosa with high CDK9 expression and positive
reaction in the cells of the stromal inflammatory infiltration; (g) CDK9 expression in cancer and
control groups (p = 0.0022).
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Figure 2. CDK9 expression depending on: (a) tumor grade (p = 0.04); (b) tumor invasiveness
(p = 0.0075); (c) tumor stage (p = 0.0001). NMIBC—non-muscle-invasive bladder cancer; MIBC—
muscle-invasive bladder cancer.

To determine the prognostic value of CDK9 expression in patients with urothelial
carcinoma, we dichotomized the samples into low and high CDK9 expression groups, with
the cutoff point being 219 H-score. Patients with high CDK9 expression had a significantly
higher 5-year overall survival (OS) rate than patients with low CDK9 expression (77.54%
vs. 53.6%, respectively; p = 0.04) (Figure 3). The Kaplan—-Meier analysis of OS by quartiles
showed significant differences in OS between patients in the lower and upper quartiles of
CDKO expression (p = 0.039) (Figure 3).
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Table 2. Correlation between CDK9 expression and clinical predictors for bladder cancer.

Statistical CDK 9 Expression
Median CDK9 Differences Correlation
Clinical Data Total N Expression Q1 Q3 (Spearman’s
.y between Groups .
(Min-Max) (@ < 0.05) Correlation
p<t Coefficient)
Cancer group 72 204 (57-258) 184 222 -
Low grade 34 208 (122-258) 197 229 ~ B
High grade 38 198.5 (57-244) 180 216 p=004 0283 (p < 0.05)
T1 39 210 (122-258) 199 230 ~ B
T2-T4 33 194 (57-241) 168 213 p = 0.0001 0.35 (p < 0.05)
NMIBC 36 206 (122-258) 198 229 ~ B
MIBC 35 195 (57-241) 176 214 p=0.0075 0.34 (p < 0.05)
NO 61 206 (57-258) 190 225 ~
N1-3 9 184 (69-246) 167 218 p=031 0.05 (p>0.05)
MO 62 204.5 (57-258) 181 224 ~
M1 7 205 (69-244) 184 225 p=091 0.026 (p > 0.05)
Progression 17 195 (69-244) 197 226 _
Lack of progression 35 210 (115-258) 184 212 p=019 016 (p>0.05)

NMIBC—non-muscle-invasive bladder cancer; MIBC—muscle-invasive bladder cancer; NO, N1—3-lymph node
metastasis; M0, M1—distant metastasis; Q—quartile.
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Figure 3. OS analysis of TMA cohort (a) overall survival in low CDK9 and high CDK9 groups (5-year
OS 77,54% vs. 53.6%, respectively; p = 0.04); (b) overall survival by CDK9 expression quartiles.

Univariate Cox regression analysis showed that the type of procedure, stage, grade,
invasiveness, tumor size, lymph node invasion, presence of distant metastases, and pro-
gression were significant prognostic factors. In multivariate analysis, only the occurrence
of progression remained statistically significant (<0.05) (Table 3). CDK9 status was not sta-
tistically significant for the prognosis of overall survival (HR 2.7, CI195% 0.93-7.82, p = 0.06),
but due to borderline statistical significance and small group size, we decided to explore
the prognostic value of CDK9 in the TCGA urothelial cancer cohort.
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Table 3. Univariate and multivariate analysis of overall survival.

Univariate Analysis Multivariate Analysis

Viable

RR 95% CI p-Value RR 95% CI p-Value
Age (<70 vs. >70) 0.45 0.17-1.2 0.112 - - -
Sex (M vs. F) 0.64 0.19-2.13 0.47 - - -
Stage (T1 vs. T2-T4) 0.16 0.06-0.4 0.0001 0.36 0.02-8.55 0.53
Grade (low vs. high) 0.17 0.06-0.45 0.0003 0.85 0.14-5.26 0.86
Invasiveness

(NMIBC vs. MIBC) 0.13 0.05-0.34 0.00004 0.65 0.06-6.81 0.72

Lymph node metastasis

(NO vs. N1-3) 0.26 0.11-0.63 0.003 1.1 0.21-5.74 0.91
Distant metastasis
(MO vs. M1) 0.17 0.07-0.42 0.0001 0.35 0.08-1.56 0.17
Tumor size 030  013-072  0.007 043 0.12-1.57 02
(<3 cm vs. >3 cm)
Recurrence (Y/N) 0.35 0.05-2.5 0.295 - - -
Progression (Y/N) 22 6.08-79.48  0.000002 7.96 1.48-42.5 0.015
CDKO9 (low vs. high) 2.7 0.93-7.82 0.06 - - -

3.4. TCGA Uvrothelial Bladder Cancer Cohort

We found that CDK9 expression correlates with higher OS rate, lower stage, and
grade (Figure 2, Table 2). However, due to a relatively small number of cases, with only
13 tumors being T3 or T4, as well as a lack of statistical significance in Cox regression
analysis and contradictory reports from other researchers, we deemed it necessary to
validate our findings. To assess a larger group of patients, we accessed The Cancer Genome
Atlas (TCGA) database and obtained transcriptomics information through the Human
Pathology Atlas. The TCGA cohort consisted of 406 cases with urothelial bladder cancer,
out of which 273 samples were high stage (T3 or T4) (Table 4) [23]. The Ensembl gene
id, available from TCGA, was used to map the TCGA RNA-seq data and the FPKMs
(number of fragments per kilobase of exon per Million reads). Based on the FPKM value
of CDKO9, the samples were dichotomized into the low expression and high expression
groups. Univariate Cox regression analysis showed that age, stage, and CDK9 status
were statistically significant prognostic factors. All predictors, including CDK9 status
(HR 1.60, CL95% 1.1-2.33, p = 0.014) remained significant in multivariate analysis (Table 5).
The 5-year survival rate in patients with high CDK9 expression reached 57.75% and was
significantly higher than the 35.44% 5-year survival rate in the low CDK9 expression group
(p < 0.005) (Figure 4). We found no differences between patients” OS by quartiles in the
Kaplan-Meier analysis (Figure 4). The results obtained from the TCGA cohort are consistent
with the findings in the TMA cohort.

Table 4. Baseline characteristics of TGCA (1 = 406) cohort.

Clinical Data 1 (%)
Age (years) 68.1 (range 34-90)
Median follow-up time 1.44 years
male 299 /406 (73.65%)
Sex female 107/406 (26.35%)
I 2/406 (0.49%)
Stage I 129/406 (31.77%)
111 140/406 (34.48%)
v 133/406 (32.76%)
. Alive 227 /406 (55.91%)
Disease course Dead 179,406 (44.09%)
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Figure 4. Overall survival analysis of TCGA cohort (a) overall survival in low CDK9 and high
CDKO groups (5-year OS 57.75% vs. 35.44%), respectively (p = 0.009); (b) overall survival by CDK9
expression quartiles.

Table 5. Univariate and multivariate analysis of overall survival in the TCGA cohort.

Univariate Analysis Multivariate Analysis

Variable

RR 95% CI p-Value RR 95% CI p-Value
Age (<70 vs. >70) 0.63 0.47-0.85 0.002 0.64 0.48-0.86 0.003
Sex M vs. F) 1.16 0.83-1.6 0.38 - - -
Stage (T1 vs. T2-T4) 0.46 0.32-0.67  0.00004 0.48 0.33-0.69  0.00008
CDK9 (low vs. high) 1.61 1.11-2.33 0.01 1.60 1.1-2.33 0.014

CDKO9 expression was prognostic in the TCGA cohort, and its high expression predicts
longer overall survival in urothelial bladder cancer.

4. Discussion
4.1. The Prognostic Role of CDK9 in Cancers

The presented results show that although CDKO is overexpressed in all stages and
grades of bladder cancer when compared to normal bladder tissue, its expression decreases
in line with higher grade and stage. With the Kaplan-Meier estimator, the results indicate
that CDK9 may predict a good prognosis in patients with bladder cancer. However,
available literature mentions an ambiguous prognostic role of CDK9, which differs in
various types of cancers.

Kretz et al. [15] showed that CDK9 is overexpressed in pancreatic ductal adenocarci-
noma and higher CDK9 expression correlates with shorter survival times in PDAC patients.
In Ma et al.’s study, CDK9 expression is inversely correlated to the percent of tumor necrosis
post-neoadjuvant chemotherapy, an important predictive factor for disease outcomes in
osteosarcoma patients and correlates with worse prognosis [14]. Wang et al. reported
that in ovarian cancer high-CDK9 expression correlated with significantly shorter overall
survival time and disease-free survival. CDK9 expression was also significantly higher
in the patient-paired metastatic and recurrent tissue when compared to primary ovarian
cancer tissue [24]. Similarly, Parvathareddy et al. reported that high CDK9 expression
is an indicator of poor prognosis, tumor recurrence, and high Ki-67 index in epithelial
ovarian cancer (441 samples) [25]. On the other hand, Schlafstein et al.’s study revealed that
high CDK9 expression was associated with longer overall survival starting in patients at
3 years after the initial surgery, who did not achieve complete response after neoadjuvant
chemotherapy [26].
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4.2. CDK9 in Cell Differentiation and Carcinogenesis

Berthet and Kaldis [27] suggested that well-differentiated cells are more sensitive to
cell cycle dysregulation. In mouse models, cell cycle regulating mechanisms were different
in embryonic stem cells and differentiated cells [28]. When tumor cells proliferate, they start
to behave similarly to stem cells. However, inhibition of CDK can affect proliferation, and
in this scenario, tumor cells behave more like differentiated cells. It seems plausible that in
specific tumors, CDK overexpression may be pivotal especially in the early stages of disease
when relatively well-differentiated cells are more dependent on Cdk/cyclin complexes and
the genomic instability is still limited. Schlafstein et al. drew similar conclusions, arguing
that if low CDK9 expression leads to increased DNA damage and genetic instability, then
the disease in patients with low CDK9 expression may be more aggressive [26,29]. This
thesis seems to be reinforced by De Falco et al.’s study, where higher expression of CDK9
was observed in PNET and neuroblastoma tumors with more differentiated cells [10].

In our study CDKO9 expression was the highest in the low-stage tumors, suggesting
that CDK9 overexpression may play an important role in cancer development, but its role
decreases when the genomic instability increases (Figure 2). The main implications of
CDKO9 overexpression are summarized in Figure 5 [12,13,30]. Similarly, CDK9 expression
was higher in the low-grade group than in the high-grade group, which can be attributed to
the increasing independence from cell cycle regulators in higher-grade cancers and suggest
that the role of CDK9 may be marginalized as the disease progresses [31] (Figure 2).

CDK9
Overexpression

} Y

MDM 4 iASPP RNAIIPOL
Overexpression Upregulation Activation
MYC
. 053 B Mcl-1 <
Inhibition BCL2
Overexpression
CANCER
PROGRESSION

Figure 5. The role of CDK9 overexpression in cancer progression. CDK9 activates the mouse double
minute 4 (MDM4) and the inhibitor of apoptosis-stimulating protein of p53 (iASPP) proteins, which
inhibit the tumor-suppressing functions of p53 and disturb genomic integrity. Overexpression of
CDKO9 increases the activity of RNA polymerase II and causes an increase in anti-apoptotic proteins,
such as c-Myc, Mcl-1, and Bcl-2, preventing the programmed death of cancer cells. Both pathways
lead to the accumulation of genetic changes and the progression of the disease [12,13,30].

4.3. CDK9 and Genome Stability

Yu et al. suggested that CDK9 plays a key role in maintaining genome integrity in
response to replication stress [32]. CDKO silencing in U20S cells resulted in delayed progres-
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sion through S-phase. Similar results were observed in human telomerase-immortalized
epithelial cells, suggesting that the effects are independent of cell type. The recovery defect
was similar to that after treatment of aphidicolin, a DNA polymerase inhibitor. In the
absence of exogenous damage, CDK9-silencing caused no changes in proliferation and
apoptosis. The induction of DNA damage after CDK9 knockdown led to replication fork
instability and breakdown, even in the absence of added genotoxic agents [32-34]. Those
findings suggest that CDK9 is needed to complete DNA synthesis and contributes to main-
taining genome integrity in a response to replication stress. Interestingly, only the deficit in
cyclin K, but not cyclin T1 or cyclin T2, impaired the cell cycle recovery, suggesting that
cyclin K is the regulatory subunit of CDK9, which mediates its activities in the RSR [32].

Low-grade bladder cancers are usually non-muscle-invasive, but due to the increasing
genomic instability, they may progress to invasive tumors [35,36]. In Vaish et al. study
cancer microsatellite instability was observed frequently in high-stage (40.6%) and high-
grade (59.4%) tumors [36]. CDK9 accumulates in response to replication stress and lifts
the burden of transcriptional stress by limiting the amount of single-stranded DNA in
cells. CDK9 knockdown increases the spontaneous DNA damage signaling in replicating
cells and impairs their ability to recover from a transient cell cycle arrest [32]. Relatively
high CDKO9 expression in the non-muscle-invasive and low-grade cancer groups (Figure 2)
seems to be in line with those reports.

The p53 human suppressor gene plays a pivotal role in maintaining genomic stability
by regulating the cell cycle, cell differentiation, DNA repair, and apoptosis [37]. The loss
of p53 function is associated with lower overall survival of bladder cancer patients and is
the most prevalent in high-grade, high-stage, and muscle-invasive cancers [38—41]. CDK9
and p53 form a feedback loop, in which CDK9 phosphorylates p53 and renders its ability
to cause cell cycle arrest and apoptosis, while p53 increases CDK9 gene expression [42].
In response to DNA damage, p53 also activates the transcription of cyclin K, critical for
genomic maintenance and replication shock response. As cyclin K and cyclin T differ
structurally, the CDK9-cyclin K complex can act independently of cyclin T [29,43]. The
reduction in CDKO9 activity may be a direct consequence of p53 mutation, its subsequent
loss of function, and dysregulation of the p53-CDKO9 feedback loop. In that sense, CDK9
expression may be an indicator of p53 functionality. We hypothesize that in low-grade
urothelial cancer, CDK9 overexpression may diminish p53 activity, facilitating progression.
However, in high-grade tumors, p53 is usually mutated or inactive, therefore the relatively
reduced expression of CDK9 would limit the stabilizing activity of cyclin K and further
impair DNA repair mechanisms [44].

The pathways between CDK9, p53, and other tumor-suppressive proteins are well
established, but it is still unclear whether the decrease in CDK9 activity arises from their
interactions. The assumption that the relationship between CDK9 and other proteins differs
in nature when compared to other malignancies seems doubtful. The relatively decreased
CDKO9 expression may be a direct manifestation of genomic instability. The most frequent
genetic alteration in transitional cell carcinoma is the loss of chromosome 9, occurring
in >50% of bladder tumors for all grades and stages [45]. Deletions of chromosome 9 more
frequently affect 9q than 9p and are more prevalent in higher-grade tumors [46,47]. Tumors
with deletions of the regions 9ptr-p22, 9q22.3, 9933, and 9g34 recur more rapidly than
those without deletion [47]. Loss of heterogeneity of 9q is considered a very early genomic
alteration in bladder cancer pathogenesis and the most common event amongst a series
of copy number changes, suggesting that loss of 9q leads to a rapid increase in genomic
instability [45]. Since the CDK9 gene is located on chromosome 9q34, it is possible that
the decrease in CDK9 expression is a result of CDK9 knockdown in genetically unstable
cells and reflects the destabilization of the genome [48,49]. According to this hypothesis, in
cancers with a relatively lower frequency of somatic mutations, the expression of CDK9
is not hindered by genomic instability and high CDK9 expression may predict a poor
prognosis. However, in cancers where somatic mutations are more frequent, the genomic
instability, including early deletions of 9q, may decrease the expression of CDK9. This
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statement seems to be true for bladder cancer and lung cancer, which are characterized by
a high frequency of somatic mutations and in which low CDK9 expression correlates with
a shorter overall survival time [50,51]. In those tumors, low CDK9 expression may be an
indicator of more aggressive disease.

Low CDK9 expression in urothelial cancer tissues correlates with more advanced,
higher-grade, and muscle-invasive disease, therefore subjecting low-expression patients
to more aggressive therapy may provide clinical benefits. DNA repair gene mutations
are prevalent in this group; therefore, combined therapy of CDK9 inhibitors with other
agents that impair DNA repair, such as PARP inhibitors, may be beneficial [52]. However,
co-inhibition of CDK9 and PARP has yet to be proven in urothelial cancer cell lines [45].
Furthermore, CDK9 silencing resulted in no modification of DNA repair genes in SAS and
FaDu cells, suggesting another mechanism of action [29,46,53]. On the other hand, in the
early stage of urothelial cancer, where CDK9 expression is the highest, CDK9 inhibition can
inhibit transcription of anti-apoptotic proteins, impair tumor growth, reactivate wild-type
p53 and increase its concentration, thereby preventing disease progression [12,47,54]. As
CDKO has yet to be investigated as a therapeutic target in urothelial carcinoma, preclinical
studies should be performed before attempting clinical trials.

5. Conclusions

Higher CDKO expression correlates with a lower grade, lower stage, and non-muscle-
invasive bladder cancer. Urothelial bladder cancer patients with higher CDK9 expression
had a higher 5-year overall survival rate when compared to the low CDK9 expression
group. Contrary to results from other malignancies, CDK9’s role in bladder cancer seems
different. Its high expression seems to be more significant in low-stage tumors, where
p-53 mutations are rare and the genome is stable. Along with the increase in genomic
instability, CDK9 decreases due to a decrease in p53 functionality, deletions of chromosome
9q, or dedifferentiation of cancer cells. Although our findings suggest that the CDK9
influence on disease progression is not clearly negative, there are no proven mechanisms
that would confirm CDKY’s duality in carcinogenesis. The ambiguous role of CDK9 needs
further evaluation.
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Abstract

Purpose The mutation of p53 is considered a pivotal step in bladder cancer pathogenesis. Recently, distinct interactions
between p53 and CDKO9, a transcription regulator, have been described. In this work, we explored the prognostic role of p53
expression and evaluated its associations with CDK9 in urothelial carcinoma.

Materials and methods The research group consisted of 67 bladder cancer samples and 32 normal urothelial mucosa samples.
All specimens were analyzed using ImageJ and the IHC profiler plugin. To validate the results, 406 cases from The Cancer
Genome Atlas database were analyzed.

Results P53 and CDK9 are overexpressed in urothelial cancer tissues when compared to normal urothelial tissues (p <0.05).
High p53 expression was observed in metastatic tumors and tumors with high CDK9 expression (p <0,05). High p53 expres-
sion was predictive for shorter survival in patients with non-muscle-invasive bladder cancer (HR =0.107 [0.012-0.96];
p=0.046) but did not correlate with prognosis in the muscle-invasive group. In high CDK9 cancers, high p53 expression
correlated with the occurrence of high-grade and muscle-invasive tumors (p <0.05).

Conclusion High expression of p53 correlates with unfavorable clinical features of bladder cancer. CDKO is associated with
the expression of p53, possibly through interactions with p53 inhibitors. Since the blockade of CDK9 in other malignancies
reactivates wild-p53 activity, confirming the crosstalk between p53 and CDK9 in bladder cancer may be another step to
explain the mechanism of tumor progression in its early stages.

Keywords P53 - CDK9 - Bladder cancer - Expression - Prognosis

Introduction

Bladder cancer is one of the most common malignancies
worldwide, with approximately 524,000 cases annually [1].
In 2019, its incidence and mortality rates increased and
D4 Jedrzej Borowczak were estimated at 6.5 and 2.9 per 100 000, respectively,

jedrzej.borowczak @ gmail.com accounting for 229,000 deaths and 4.39 million disability-
adjusted life years [1]. In many European countries, the
prevalence of bladder cancer is still on a rise, presumably
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abnormalities that accumulate during the progression of the
disease may prevent the apoptosis of cancer cells and hinder
the efficacy of systemic therapy [4]. In such cases, genomic
profiling may be a key point to truly personalize care for
bladder cancer patients. Therefore, finding new prognostic
markers and therapeutic targets seems of great importance.

Tumor protein 53 (p53) is a major tumor suppressor
encoded by the TP53 gene located on human chromosome
17 [5]. P53 is post-translationally stabilized and activated in
response to cellular stress, including DNA damage, hypoxia,
and mitogenic oncogenes [6]. By intervening in the activity
of its direct target genes, such as cyclin-dependent kinases,
DNA repair genes, or apoptotic proteins, p53 alleviates cel-
lular stress, maintains genome integrity, and prevents the
initiation of carcinogenesis [5, 6]. TP53 is mutated in about
half of human cancers. The hereditary loss of p53 function is
associated with the occurrence of aggressive cancers, espe-
cially in young patients [7]. Therefore, p5S3 has become a
potential therapeutic target. Recently, its newly discovered
interactions with cyclin-dependent kinases have shed new
light on how its activity may influence the early steps of
tumorigenesis [8].

Cyclin-dependent kinases are a family of kinases that
must bind to their regulatory proteins, cyclins, to gain enzy-
matic activity [9]. Cyclin-dependent kinase 9 (CDKD9) is
a transcription-regulating protein that has recently gained
attention after promising in-vivo and in-vitro trials in mul-
tiple human cancers [10]. CDK9 binds to cyclin T, forming
positive transcription elongation factor-B (P-TEFb), and
stimulates transcription through the activity of RNA poly-
merase II (RNA POL II). Its overexpression may cause the
accumulation of anti-apoptotic proteins, such as MYC or
Mcl-1, disrupt cellular homeostasis, and promote the immor-
talization of abnormal cells [8, 10]. As a central regulatory
hub of transcription, CDKO9 is required for cell proliferation,
differentiation, and apoptosis. It is also believed to partake
in tumor growth via the p53-related pathway [11, 12]. Cur-
rently, two isoforms are known: 42-kDa and 55-kDa; they
may differ functionally and prognostically. The upregulation
of CDKO9 42-kDa was recently associated with increased cell
proliferation and survival, while no such activity of CDK9
55-kDa was detected [13, 14]. Instead, the 55-kDa isoform
seems to mediate DNA repair through the Ku70-associ-
ated pathway, suggesting its potential role in maintaining
genomic stability [15].

Recently, two novel drug regimens, immune checkpoint
inhibitors, and fibroblast growth factor receptor tyrosine
kinase inhibitors, have been approved for the treatment of
bladder cancer. Nevertheless, frequent chemoresistance and
low response rates prompt further research for novel thera-
peutic targets. In this work, we evaluate the prognostic value
of p53 in urothelial carcinoma and investigate its possible
correlations with CDK9 expression.

@ Springer

Materials and methods
Patients and tissue samples

The study included paraffin-embedded blocks containing tis-
sue samples that were collected from urothelial carcinoma
patients treated in the Department of Urology. The research
group consisted of 67 bladder cancer samples, while 32 normal
urothelial mucosa samples were used as a control group. All
samples were collected during either transurethral resection of
bladder tumor (TURBT) or radical cystectomy (RC). Clinical
data, including age, sex, tumor grade and stage, cancer inva-
siveness, lymph node metastases, tumor size, the occurrence
of progression and recurrence, as well as overall survival time
were obtained (Table 1). The study was conducted following
the Declaration of Helsinki, and the protocol was approved by
the Bioethics Committee (KB881/2019).

Sample staining

A retrospective immunohistochemical analysis of p53 com-
prised 67 formalin-fixed, paraffin-embedded tissue blocks
derived from 67 bladder cancer patients. The tissue block was
cutinto 5 pm sections, attached to a glass slide, and incubated
at 60 °C for 2 h. IHC staining was performed on the Ventana
Benchmark Ultra platform according to NordiQC operating
procedure. A primary p53 monoclonal antibody (Bp53-11)
was used for staining.

The expression of CDK9 was determined using IHC
assays according to the protocol described in Buchholz et al.
study [16]. In the beginning, standardization and optimiza-
tion of the IHC method were performed on a recommended
tissue, based on the antibody datasheet and reference sources
(The Human Protein Atlas: https://www.proteinatlas.org;
[17]). In brief, 3 pm thick sections of the tissue arrays were
baked for 1 h at 60 °C before xylene deparaffinization and
subsequent rehydration through graded ethanol (99.8, 96,
90 and 80%). Tissue sections were incubated with a primary
rabbit monoclonal anti-CDK9 antibody (1:200, 40 min;
ab76320, Abcam). Primary antibodies were visualized using
either the UltraView Universal DAB Detection Kit (Roche
Diagnostics/Ventana) followed by color development using
3,3-diaminobenzidine. The slides were counterstained with
Hematoxylin II for 12 min and Bluing Reagent for 4 min.
Finally, tissue sections were dehydrated in increasing ethanol
concentrations (80, 90, 96, and 99.8%), cleared in xylenes
(I-IV), mounted using a mounting medium, and examined.

Image acquisition and immunohistochemical
analysis

The immunohistochemically stained slides were scanned by
Ventana DP 200 Slide scanner (Roche Diagnostics). For each
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Table 1 Clinicopathological characteristics of the study group

Variables n (%)
Age (mean) 73.37 years (range 45-88 years)
Median follow-up time 60 months (range 5-60 months)
Sex

Female 11/67 (16.42%)

Male 56/67 (83.58%)
Grade

Low (G1) 32/67 (47.76%)

High (G2. G3) 35/67 (52.24%)
Stage

Ta-T1 36/67 (53.73%)

T2 19/67 (28.36%)

T3 8/67 (11.94%)

T4 4/67 (0.06%)

Lymph node invasion
NO
N1-3
Unknown

Distant metastasis

56/67 (83.58%)
9/67 (13.43%)
2/67 (0.03%)

No 57167 (85.07%)

Yes 7167 (10.45%)

Unknown 3/67 (4.48%)
Size

<3cm 31/67 (46.27%)

>3 cm 36/67 (53.73%)
Invasiveness

NMIBC 33/67 (49.25%)

MIBC 33/67 (49.25%)

Unknown 1/67 (1.5%)
Type of procedure

TURBT 33/67 (49.2%)

RC 29/67 (43.28%)

Unknown 5/67 (7.46%)
Progression

No 32/67 (47.76%)

Yes 16/67 (23.88%)

Unknown 19/67 (28.36%)
Recurrence

No 7/67 (10.48%)

Yes 23/67 (24.33%)

Unknown 37167 (55.22%)

Mean recurrence time
Disease course

Alive

Dead

13.0 months (range 0—60 months)

40/67 (59.7%)
27/67 (40.3%)

sample, two experienced pathologists selected the most rep-
resentative regions and captured images atx10 magnification
with a VENTANA Image Viewer v. 3.2.0. The analysis was
performed using the ImageJ 1.53j version (NIH, Bethesda,

Maryland) (Java 1.8.0_172) and the IHC profiler plugin. The
expressions of p53 and CDK9 were assessed by following
the standard protocol designed by Varghese et al. [18]. The
highly positive zone was found to be ranging from 1 to 60;
61 to 120 for the positive zone; 121 to 170 for the low posi-
tive zone; and 181 to 220 for the negative zone, respectively.
The intensity values ranging from 221 to 255 predominantly
represent fatty tissues, stroma, or background artifacts that
do not contribute to pathological scoring and were there-
fore excluded from the score determination zones. For each
sample, the expression of p53 and CDK9 was obtained by
calculating the H-Score. H-score was assigned using the for-
mula [1 X (% cells low positive) +2 X (% cells positive) + 3
X (%cells high positive)], obtaining a value from 0 to 300.

In silico analysis

The analysis was carried out using the data gathered from
The Human Pathology Atlas (www.proteinatlas.org), cBio-
Portal [19] and The Cancer Genome Atlas (TCGA) database
[20]. The TCGA cohort consisted of 406 patients diagnosed
with urothelial carcinoma. The TCGA RNA-seq data were
mapped using the Ensembl gene id available from TCGA,
and the FPKMs (Fragments Per Kilobase of exon per Mil-
lion reads) for TP53 and CDK9 were used to perform the
quantitative analysis of their expression. The patients were
classified into two expression groups based on the FPKM
value. The best cutoffs were chosen using the Cutoff Finder
web app [21]. Cancers with an expression of TP53 lower
than 23.5 FPKM were considered low-TP53 and those with
an expression equal to or higher than 23.5 FPKM were clas-
sified as high-TP53. Similarly, if the expression of CDK9
was lower than 13, the tumors were classified as low CDK9,
otherwise were considered high-CDKO9.

Statistical analysis

All statistical analyses were performed using Statistica
version 13.3 (Statsoft) and Microsoft Excel 2019. The p
value was considered statistically significant if p <0.05.
Continuous variables were tested for normality by the Kol-
mogorov—Smirnov test. The relations between groups of
categorical variables were analyzed in the Mann—Whitney
U Test or the ANOVA Kruskal-Wallis test. Correlations
between clinicopathological features and p53 expression
were evaluated using Pearson’s correlation coefficient or
Spearman’s rank correlation coefficient. Univariate and mul-
tivariate analyses of potential predictors of overall survival
were performed using Cox proportional hazard regression.
Results were expressed as hazard ratio (HR) and 95% con-
fidence interval (CI). The two-sided p value of <0.05 was
considered to indicate statistical significance. The relation
between p53 expression with overall survival was evaluated
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«Fig. 1 Representative cross-sectional staining patterns of 1a bladder
cancer with high p53 expression; 1b bladder cancer with high CDK9
expression; 2a bladder cancer with low p53 expression; 2b bladder
cancer with low CDK9 expression; 3a normal mucosa with low p53
expression; 3b normal mucosa with high CDK9 expression and posi-
tive reaction in the cells of the stromal inflammatory infiltration; 4a
p53 negative control; 4b CDKO negative control

with a log-rank test and presented using the Kaplan—-Meier
estimate.

Results
Patients characteristics

The research group consisted of 11 female and 56 male
patients; their mean age was 71.5 years (range 45-88 years)
and the median follow-up time was 5 years. Among 67
patients, 32 (47.76%) were diagnosed with low-grade
tumors and 35 (52.24%) were diagnosed with high-grade
tumors. 36 (53.73%) tumors were low-stage (Ta/T1), while
31 were high-stage (46.27%; T2-T4). At the time of diag-
nosis 9 (13.43%) patients had lymph node metastases and
7 (9.72%) had distant organ metastases. The mean 5-year
overall survival time was 45.26 months, ranging from 5.0
to 60.0 months. The characteristics of this cohort are sum-
marized in Table 1 (Fig. 1).

P53 is overexpressed in urothelial carcinoma

Immunohistochemical staining was evaluated in all sam-
ples in the study and the control group. The immunoreac-
tivity observed in bladder cancer samples was significantly
higher than in the control group (median H-SCORE =46 vs.
5, respectively; p=0.00001), and the results retained sig-
nificance in both high-stage and low-stage tumors (Fig. 2a,
b). The expression of p53 was then classified into low and
high p53 expression groups with the cutoff being set at 90
H-Score.

P53 expression and clinical features of urothelial
carcinoma

We evaluated the correlations between p53 expression and
clinical features of BLCA. P53 levels were significantly
higher in tumors with distant metastases than in non-metastatic
tumors (p=0.02) (Fig. 2¢). There were no differences in p53
expression between groups of various stages, grades, invasive-
ness, tumor size, and lymph node invasion (p>0.05) (Table 2).

The prognostic value of pS3 was evaluated separately in
muscle-invasive bladder cancer (MIBC) and non-muscle-
invasive bladder cancer (NMIBC) patients. In the NMIBC

group, patients with high p53 expression had significantly
lower overall survival rate (94.44 vs. 57.14%, respectively;
p=0.015), lower progression-free survival rate (91.74 vs
52.85%, p=0.013) and higher risk of reduced disease-free
survival (HR=9.63 [1.06-87.67); p=0.04) than patients
with low p53 expression after 5 years of follow-up. Univari-
ate analysis revealed that low p53 expression (HR =0.107
[0.012-0.96]; p=0.046), low tumor grade (HR=0.15 (0.03
—0.093), p=0.04) and a lack of distant metastases (HR =0.06
[0.01-0.37]; p=0.002) were favorable prognostic factors for
longer patients’ survival in NMIBC (Table 3). P53 was not
prognostic of patients' survival in the MIBC group.

CDK9 is overexpressed in bladder cancer
and correlates with longer survival

CDKO staining intensity was measured in normal tissue and
bladder cancer samples. CDK9 was overexpressed in the
cancer group when compared to the control (196 vs. 166
H-Score, respectively). The expression of CDK9 was also
higher in low-grade, non-muscle-invasive, and lower-stage
tumors compared to high-grade, muscle-invasive, and high-
stage tumors, respectively (p <0.05). The samples were
then classified into high-CDK9 and low-CDK9 expression
groups, with the cutoff point being 219 H-Score. Patients
with high CDK9 expression had a significantly higher 5-year
survival rate than patients with low CDK9 tumors (76.19 vs.
51.93%; p=0.04).

Correlations between the expression of p53
and CDK9

We examined correlations between the expression of p53
and CDK9. Tumors with high CDK9 expression showed
significantly higher p53 expression than those with low
CDK9 (mean H-SCORE 79.5 vs 39, respectively; p <0.05)
(Table 2); however, no significant correlation between p53
and CDK9 expressions in the research group was found
(Pearson’s correlation coefficient k=0.14; p>0.05). In
tumors with high CDKO9, higher p53 expression was detected
in high-grade and muscle-invasive cancers compared to low-
grade and non-muscle-invasive tumors (p < 0.05) (Fig. 3).

In silico analysis of CDK9 and p53 correlations
in urothelial carcinoma

To validate our findings, in silico analysis of p53 and CDK9
expression was performed. We accessed The Human Pathol-
ogy Atlas (www.proteinatlas.org) and gathered the corre-
sponding data from The Cancer Genome Atlas (TCGA)
database [31]. The TCGA cohort consisted of 406 patients
diagnosed with urothelial carcinoma. The basic patient char-
acteristics are summarized in Table 4. The median age of
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Fig.2 P53 expression: a cancer vs. control (p=0.00001), b T1 and T2-T4 vs. control (»p=0.0001), ¢ in non-metastatic cancers vs. cancers with

distant metastasis (MO vs M1; p=0.02)

Table 2 Correlations

. Clinical data Total N Median P53 expres- Q1 Q3 Statistical differ-
bgtvyeen p33 expression and sion (min-max) ences between groups
clinicopathological features (p<0.05)

Cancer group 67 46 (0-272) 8 112 p=0.00001
Control group 26 5 (0-85) 2 10

Low-grade 32 47.5 (1-252) 11 95.5 p=0.84
High-grade 35 40 (0-272) 7 129

T1 36 45 (1-252) 9 112 p=0.88
T2-T4 31 47 (0-272) 7 112

NMIBC 33 49 (1-210) 11 113 p=0.51
MIBC 33 39 (0-272) 7 73

NO 56 46.5 (0-272) 9 113.5 p=0.89
NI-N3 9 55 (0-252) 23 63

MO 57 39 (0-252) 8 94 p=0.021
M1 7 111 (23-272) 55 240

Progression 16 70.5 (7-272) 31 187 p=0.19
No progression 32 45 (1-252) 11 113.5

Low CDK9 49 39 (0-272) 7 80 p=0.027
High CDK9 18 77 (5-252) 13 207

NMIBC non-muscle-invasive bladder cancer; MIBC muscle-invasive bladder cancer; NO, NI-N3 lymph
nodes metastasis, M0, M1 distant metastasis, Q quartile

Table 3 Univariate analysis of patients’ overall survival in non-mus-
cle-invasive bladder cancer

Variable HR 95% CI p value
Age (<70 vs.>70) 0.53 0.064.79 0.57
Sex (F vs. M) 0 0-0 0.995
Stage (T1 vs. T2-T4) 0.14 0.015-1.27 0.08
Grade (low vs. high) 0.15 0.03-0.093 0.04
Metastasis (MO vs. M1) 0.06 0.01-0.37 0.002
Tumor size (<3 cm vs.>3 cm) 0.37 0.06-2.2 0.27
Recurrence (Y/N) 0.52 0.05-5.73 0.59
CDKO (low vs. high) 1.05 0.18-6.29 0.96
P53 (low vs. high) 0.11 0.01-0.96 0.046

@ Springer

patients was 69 years (range 34-90 years) and the median
follow-up was 1.46 years (Table 4). The patients were
dichotomized into low and high-expression groups. In the
TCGA cohort, high CDK?9 expression correlated with longer
overall survival and favorable clinical features of urothelial
carcinoma [22]. We found that tumors with no lymph node
metastasis showed higher TP53 levels than those with lymph
node metastasis (median FPKM 21.35 vs 18.00; p <0.05)
(Fig. 4a). The expression of TP53 was not prognostic of
patients’ survival in this group and did not differ between
tumors of different stages, grades, or distant metastatic status
(p>0.05). There was also no difference in TP53 expres-
sion between tumors with mutated and non-mutated TP53.
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Fig.3 P53 expression in high (a) High CDK9 cancers (b) High CDK9 cancers
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Table4 The basic characteristics of The Cancer Genome Atlas Discussion

cohort

Clinical data Total n=406 (%)

Sex

Male 299 (73.65%)

Female 107 (26.35%)
Stage

I 2 (0.49%)

I 129 (31.77%)

11 140 (34.48%)

v 133 (32.76%)
Grade

Low 20 (4.93%)

High 379 (93.35%)
Distant metastasis

MO 193 (47.54%)

M1 11 2.71%)
Lymph node metastasis

NO 234 (57.64%)

N1 126 (31.03%)
Disease course

Alive 227 (55.91%)

Dead 179 (44.09%)
TP53

Not mutated 210 (51.72%)

Mutated 196 (48.28%)
Age (median) 69 (range 34-90)

Median follow-up time (months) 17.57 (range 0.43-168.3)

In samples with mutated TP53, the median expression of
CDKO9 was significantly higher than in samples without
mutation (FPKM 18.85 vs 20.00; p <0.05) (Fig. 4b).

The analysis of the TCGA cohort was broadened to inves-
tigate the potential correlation with other proteins associ-
ated with p53 and CDK®9 biology. However, no correlation
between the expressions of CDK9, TP53, MYC, Mcl-1,
CDKNI1A (p21 coding gene), and CDKN2A (p16 coding
gene) was statistically significant (correlation coefficients
k<0.2) [23-28].

We found that p53 is overexpressed in urothelial carcinoma
tissues (Table 2, Fig. 2). P53 expression was significantly
higher in tumors with distant metastasis when compared to
non-metastatic tumors (p <0.05). P53 has turned out to be
prognostic in the NMIBC cohort, which seems to be in line
with reports regarding the prognostic role of p53 in bladder
cancer [29, 30].

In the early stages of BLCA, the overexpression of CDK9
and p53 seems to be a common occurrence. However, even
in bladder cancers with high CDK9 expression, which seems
to be a feature of less aggressive disease, high expression
of p53 is associated with muscle-invasive, high-grade and
metastatic cancers [22]. Those results suggest an interplay
between CDK9 and p53, which may affect the progression
of the disease, especially in its early stages.

The role of p53 in urothelial carcinoma

In this study, p53 was overexpressed in urothelial carcinoma
and its levels were higher in high-stage, high-grade, muscle-
invasive, and metastatic disease. Those results are consistent
with the recent meta-analysis published by Liao et al. and
reports regarding the prognostic value of p53 in NMIBC
[31, 32]. TP53 mutation is more frequent in muscle-invasive
tumors when compared to non-invasive tumors (35 vs 70%),
and correlates with tumor grade, stage, and disease recur-
rence [33-35]. The p53 loss of function often leads to the
accumulation of nonfunctional p53 and manifests as overex-
pression in various stages of carcinogenesis [36]. Although
TP53 polymorphism influences the risk of bladder cancer
initiation, the overexpression of p53 is consistently asso-
ciated with an increased risk of T1 NMIBC progression.
Given the importance of early treatment and diagnosis, p53
overexpression may be considered an indication for more
aggressive treatment [29].

Nuclear p53 phosphoprotein is a regulator of cell prolifer-
ation, cell cycle arrest, and apoptosis [37]. While its normal
expression suppresses proliferation, in response to cellular
stress pS53 is upregulated, accumulates in the nucleus, and
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Fig.4 Statistically significant
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can initiate cell death [38]. Furthermore, wt-p53 (wild-
type p53) downregulates vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF) produc-
tion, limiting angiogenesis [39]. Its mutation often alters
related signaling pathways and could drive the initiation
and progression of bladder cancer [40]. In most cases, the
inactivation of the TP53 gene is caused by a sporadic loss
of function mutation or negative regulation of TP53 activity.
More than 75% of TP53 mutations lead to an emergence of a
nonfunctional wild-type p53. It not only cannot induce cell
cycle arrest, DNA repair, and apoptosis, but can also gain
tumorigenic properties and drive proliferation, invasion, and
survival of cells, facilitating cancer progression [37, 41, 42].
Alternatively, p53 activity can be diminished by the upreg-
ulation of its inhibitors. MDM?2, an E3 ubiquitin-protein
ligase, mediates the ubiquitination and degradation of p53.
Therefore, deregulation of the p5S3/MDM?2 axis may impact
patients' survival, accelerate the occurrence of immune
resistance and reduce the efficacy of therapy [33, 43].

The role of CDK9 in urothelial carcinoma

The overexpression of CDK9 is frequently reported in
cancers and is often associated with unfavorable progno-
ses. However, in some malignancies, such as PNET and
neuroblastoma, its levels increase in line with cell differ-
entiation grade [44]. In our recent study, CDK9 was over-
expressed in all clinical stages of bladder cancer, while its
levels decreased in line with grade and stage. Moreover,
high CDK®9 expression measured immunohistochemically
correlated with longer patient survival. Those results were
subsequently confirmed in The Cancer Genome Atlas cohort
[22]. On the contrary, in Antonova et al. Study, CDK9 was
upregulated in muscle-invasive bladder cancer samples
when compared to non-muscle-invasive samples [45]. Rui
et al. identified a novel long noncoding RNA (IncRNA)
named GAS6-AS2 that contributed to the progression of
bladder cancer cells through the GAS6-AS2/miR-298/
CDKY9 axis [46]. In this study, GAS6-AS2 knockdown
in cancer cells induced G, cell cycle arrest, proliferation,
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endothelial-mesenchymal transition and metastasis, while
its overexpression correlated with worse prognosis in BLCA
patients. GAS6-AS2 increased the expression of CDK9,
while CDK9 knockdown antagonized the effects of GAS6-
AS?2 on cell migration and proliferation [46].

At first, the initiation of transcription was deemed the
main checkpoint of transcriptional regulation. However,
as it became apparent that RNA POL II is paused at the
promoter-proximal regions of most genes in a strictly reg-
ulated manner shortly after the initiation of transcription,
the control of transcription elongation gained more atten-
tion. CDK9-cyclin T1, as a key part of the PTEF-b complex
required to overcome the pause and continue elongation, is
now considered the central hub for transcriptional control
[47, 48]. As a relatively short-lived protein, with a half-life
T,/ of 4-7 h, consistently expressed throughout the cell
cycle, CDK9 mediates the production of anti-apoptotic pro-
teins and enables cell division [49]. The CDK9-cyclin T1
activity seems crucial in preventing cell death in the setting
of replication stress. There, the functional distinctiveness
between CDK®9 isoforms seems crucial. The depletion of
CDKO955 induces double-strand DNA breaks and apoptosis,
while no such activity has been reported for the CDK9,,
isoform. CDK9s; interactions with Ku70, a protein partaking
in the non-homologous end-joining pathway, might play a
role in double-strand DNA break repair. Presumably, cyclin
K, but not T is engaged in this process [15]. In addition,
CDKO forms a complex with cyclin K, which functionally
substitutes for positive transcription factor b (P-TEFb) and
partakes in DNA damage response as a transcriptional target
for p53 [50, 51]. In the presence of DNA damage, the deple-
tion of CDK9 and cyclin K, but not cyclin T, hinders cell
cycle progression [15].

Thus, CDK9 may play a key role in preventing genome
instability in the early stages of carcinogenesis. Yu D.S.
et al. observed no changes in proliferation and apoptosis
when CDKD9 signaling was silenced in the absence of DNA
damage. However, in the setting of exogenous stress, CDK9
knockdown was associated with replication fork instability
and breakdown. Since only the deficit in cyclin K, but not
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cyclin T1 or cyclin T2, hindered the cell cycle recovery,
cyclin K seems the more likely mediator of the genome-sta-
bilizing CDKO9 activity [50]. Interestingly, the role of cyclin
K in DNA damage response seems ambiguous. The over-
expression of cyclin K in 98G and U373MG glioblastoma
cell lines and SW480 colorectal cancer cell lines suppressed
cell growth after being targeted for transcription with p53
[51]. Its interplay with CDK12 seems crucial to maintaining
genomic stability; the absence of cyclin K/CDK12 signaling
induces spontaneous DNA damage and causes early embry-
onic lethality in mice [52]. On the other hand, degradation
of CCNK/CDK12 in colorectal cancer inhibits cancer cell
proliferation and growth in vivo [53]. Therefore, the biologi-
cal effects of cyclin K activity may differ depending on the
presence of exogenous DNA damage, disease stage, and the
expression of its co-units.

The prospects of p53 and CDK9 interplay

In settings of cellular stress, pS3 recruits various media-
tors, such as cyclin K, which control the transcription
of DNA damage response genes and protect cells from
genomic instability [51, 52]. Cyclin T and cyclin K, form-
ing complexes with CDKO9, act independently. Therefore,
the differences in signaling activity determine whether the
cell will survive or undergo apoptosis [50, 54]. CDK9/
cyclin T1 and p53 form a regulatory feedback loop, in
which CDK9 phosphorylates the C-terminal domain of
p53, activating it, while p53 binds to and activates the
CDKO9 promoter at the N-terminal domain [54, 55]. This
mechanism seems to explain why the expression of p53
is higher in high-CDK9 tumors (Fig. 3a). Furthermore,
wt-p53 might play a pivotal role in the anti-cancer activity
of CDK9 inhibitors. CDK9 phosphorylates MDM2, an E3
ubiquitin-protein ligase which mediates the ubiquitination
and degradation of wt-p53 [56]. The inhibition of CDKO9 is
capable of restoring wild-type p53 activity in tumor cells
through the inhibition of MDM2 signaling [57]. However,
the outcome depends on the degree of CDK9 blockade.
Complete CDK?9 inhibition seems to diminish the residual
activity of wt-p53, while partial CDK9 blockade has the
potential to restore wt-p53 function [12]. CDK?9 inhibi-
tion has also been reported to limit the activity of iASPP,
a preferential inhibitor of p53’s pro-apoptotic activity.
In hepatocellular carcinoma cells, the overexpression
of 1ASPP has been associated with even worse patients’
overall survival than MDM2 overexpression [11]. Given
that CDK®9 is involved in the regulation of two main p53
inhibitors, its blockade may lead to the restoration of wild-
type p53 functions, which has been reported to suppress
tumor growth in tumors with a low frequency of p53 muta-
tions. Therefore, CDK9 inhibitors might be most effective
in lower-grade bladder cancers, where p53 mutations are

still rarer and the genome is more stable than in high-grade
tumors [11, 12, 58].

Conclusion

P53 is overexpressed in bladder cancer and its high expres-
sion correlates with the occurrence of metastasis. In non-
muscle-invasive bladder cancer, p53 is a predictor of shorter
overall survival, and shorter progression-free survival, while
its expression increases in line with cancer grade. CDK®9 is
overexpressed in bladder cancer and correlates with favora-
ble clinical features and longer patient survival. Although
we found no correlations between the expression of p53 and
CDKO, the levels of p53 were higher in cancers with high
CDKD9 expression. In high-CDK®9 cancers, p53 was asso-
ciated with high-grade and muscle-invasive cancers. Since
the inhibition of CDK®9 in other malignancies was reported
to downregulate the expression of two main p53 inhibitors,
MDM?2 and iASPP, then its concurrent blockade may be an
interesting approach to reactivate wild-p53 activity. Nev-
ertheless, to this day, no clinical trials regarding the use of
CDKO inhibitors in bladder cancer have been conducted.
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Abstract

Currently, multiple myeloma is not yet considered a curable disease. Despite the recent advances in therapy, the average
patient lifespan is still unsatisfactory. Recently, CDK9 inhibitors emerged as a suitable agent to overcome resistance and
prolong survival in patients with poor diagnoses. Downregulation of c-MYC, XIAP, Mcl-1 and restoration of p53 tumor-
suppressive functions seems to play a key role in achieving clinical response. The applicability of the first generation of
CDKO9 inhibitors was limited due to relatively high toxicity, but the introduction of novel, highly selective drugs, seems to
reduce the effects of off-target inhibition. CDK?9 inhibitors were able to induce dose-dependent cytotoxicity in Doxorubicin-
resistant, Lenalidomide-resistant and Bortezomib-resistant cell lines. They seem to be effective in cell lines with unfavorable
prognostic factors, such as p53 deletion, #(4; 14) and #(14; 16). In preclinical trials, the application of CDKO inhibitors led
to tumor cells apoptosis, tumor growth inhibition and tumor mass reduction. Synergistic effects between CDKO9 inhibitors
and either Venetoclax, Bortezomib, Lenalidomide or Erlotinib have been proven and are awaiting verification in clinical
trials. Although conclusions should be drawn with due care, obtained reports suggest that including CDK9 inhibitors into
the current drug regimen may turn out to be beneficial, especially in poor prognosis patients.

Keywords CDKO9 - Myeloma - Resistance - Synergism - p53 - Bortezomib

Introduction transformation are related to cyclin D protein dysregu-

lation which can be observed in nearly 50% of cases [3].

Multiple myeloma (MM) is the second most common
hematological malignancy characterized by monoclonal
plasma cell growth leading to the production of non-func-
tional immunoglobulins [1]. MM is characterized by over
138.000 cases per year worldwide and an approximately 2
per 100,000 incidence rate [2]. Multiple myeloma derives
from monoclonal gammopathy of undetermined signifi-
cance (MGUS) transformed plasma cells. Recent studies
suggest that the early genetic changes leading to MGUS

4 Jedrzej Borowczak
jedrzej.borowczak @ gmail.com

Department of Clinical Pathomorphology, Collegium
Medicum in Bydgoszcz, Nicolaus Copernicus University
in Torun, Bydgoszcz, Poland

Department of Cardiothoracic Surgery, Royal Papworth
Hospital, Cambridge, UK

Department of Tumor Pathology and Pathomorphology,
Oncology Centre-Prof. Franciszek Lukaszczyk Memorial
Hospital, Bydgoszcz, Poland

Published online: 29 January 2022

The overexpressed cyclin D1 was connected with better
chemotherapy response in newly diagnosed MM. MYC and
RAS gene mutations are other common findings in multiple
myeloma [4]. Interestingly, c-MYC expression is increased
in myeloma cells in relation to MGUS thus suggesting it
to be the key player in MGUS to MM transition [5]. Mcl-1
and Bcl-2 dysregulations are subsequent molecular changes
enabling MM cells to escape apoptotic mechanisms and pro-
mote progression [6].

Due to the introduction of novel drugs, such as Borte-
zomib (BTZ), the estimated survival rate of MM patients
improved significantly. For newly diagnosed patients receiv-
ing an autologous stem cell transplant (ASCT), the 3-year
overall survival rate has increased from 45% in 1992—-1998
to 80% in 2014-2016 [7]. However, acquired drug resist-
ance results in limited long-term survival [1]. The outcomes
are highly dependent on the presence of karyotype changes.
Translocation of #(11:14) is deemed a favorable marker,
while #(14:16) and #(14:20) are predictors of poor prognosis.
Del (17.13) is another poor prognostic factor, bound with
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resistance to Bortezomib. It is presumably related to the
loss of TP53 tumor-suppressing functions, which is also an
independent prognostic factor [1, 8]. The advances and pos-
sibilities of their use in the treatment of multiple myeloma
will be discussed later. As for now, the disease is treatable,
but not yet curable [9].

Cyclin-dependent kinases

Cyclin-dependent kinases (CDK) are a family of enzymes
regulating the cell cycle and transcription. Together with
cyclins, another protein group, they form active complexes
that control cell survival and proliferation [10]. Depend-
ing on their functions, CDKs can be divided into two main
subgroups, namely transcriptional and cell cycle regulators.
CDKs 1-6 and 14-18 control cell cycle, whereas CDKs
7-13 regulate transcription [11]. Recent studies have shown
a potential clinical benefit of targeting certain proteins from
the CDK family in multiple neoplasms [12]. (Fig. 1) CDK7
inhibitors are tested as single agents or in combination
with fulvestrant in small cell lung cancer and breast cancer
(NCT04247126). Several CDK 4/6 inhibitors, such as abe-
maciclib, palbociclib and ribociclib were recently approved
by FDA and EMA in the treatment of HR+/HER2— mBC/
ABC breast cancer. These drugs are currently ongoing in
multiple clinical trials in other types of breast cancer as well
as in other neoplasms such as head and neck squamous cell
carcinoma and glioblastoma [13, 14].

TRANSCRIPTIONAL KINASES

“ CDK7
CDK9 & /
RNA POLYMERASE II

ATIN
g d

Fig. 1 Role of main cyclin-dependent kinases
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CDK9 is a member of the transcriptional cyclin-
dependent kinases family which can be found in two iso-
forms CDK9,, and CDK95 [15]. Together with cyclins
T1, T2a, and T2b it forms a Positive Transcription Elonga-
tion Factor (P-TEFb). Most of the cellular P-TEFb is inac-
tive, sequestrated by the 7SK snRNA complex, but can be
mobilized through BRD4 binding. Together, P-TEFb and
BRD4 are capable of phosphorylating RNA pol 11, sustain-
ing transcription [15, 16]. Although CDK9,, and CDK9s;
share the ability to phosphorylate RNA pol II there seems
to be some difference between their function. Recent stud-
ies have shown a correlation between increased cell pro-
liferation and upregulation of the CDK9,,, whereas the
CDKD9s5 seems not to have that relationship [17]. Further-
more, CDK955 was suggested to take part in DNA repair
mechanisms via the Ku70 associated pathway [18]. A
similar variation in function was observed between CDK9
related cyclins. Cyclin T was deemed necessary for the
differentiation of multiple cell lines including monocytes,
lymphocytes and adipocytes [19]. Whereas Cyclin K was
shown to be upregulated through p53 activation suggest-
ing its role in DNA repair due to stress [20]. The role of
the CDKO in cancer pathogenesis is not fully established
yet, but several studies proved it to be a poor prognos-
tic factor in various cancers [12]. CDK9 was shown to
take part in c-MYC oncogene activation and Mcl-1 and
Bcl-2 protein overexpression. Since those proteins were
proved to have an important role in the progression of

CELL CYCLE KINASES
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hematological malignancies, CDK9 inhibitors are cur-
rently widely researched in those diseases [15].

Novel CDK9 inhibitors in multiple myeloma

CDKD inhibitors recently gained more attention due to
the application of Flavopiridol in breast cancer therapy
and its synergistic effect with Trastuzumab [21, 22]. These
drugs are currently undergoing thorough investigation in
multiple hematological diseases (Table 1). Inhibition of
CDK9 downregulates key metabolic pathways required
for malignant cell survival and proliferation, for example,
decreasing Mcl-1, XIAP and MYC expression [10]. Inter-
estingly, p53 target genes function through CDK9-medi-
ated transcription, while CDK®9 inhibition downregulates
p53 transcription and can increase the concentration of

p53. The outcome depends on the degree of CDK9 block-
ade. Incomplete CDK9 blockade may trigger reactivation
of residual CDK9 activity and overrun initial inhibition
[10, 23]. St&tkova et al. suggested that this effect can also
be related to the inhibition of p53-opposing factors, such
as mouse double minute 4 (MDM4) overexpression in
tumors [24]. Moreover, CDK®9 inhibitors downregulate the
inhibitor of apoptosis-stimulating protein of p53 (iIASPP),
restoring p53 tumor-suppressing functions and opening a
new perspective for the treatment of patients with loss of
p353 function [25] (Fig. 2).

Despite recent progress in MM treatment, most patients
develop resistance to therapy. Immunoresistance and inev-
itable relapse seems to be among the urgent challenges
[26]. Although some clinicians proposed that MM is cur-
able cancer [27], others argue that these patients lose over
25 years of life when compared to a healthy population and

Table 1 Clinical trials of CDK9

VR . : Drug Neoplasm Phase clinicaltrial.gov
inhibitors in hematologic
malignancies Dinaciclib Chronic Lymphocytic Leukemia 11T NCT01580228
AT-7519 Chronic Lymphocytic Leukemia II NCT01627054
P276-00 Mantle cell lymphoma II NCT00843050
AZD-4573 Hematological malignancies v NCT04630756
Alvocidib/Flavopiridol Chronic lymphocytic leukemia I NCT00464633
CYCO065 Solid tumors or lymphomas I NCT02552953
Atuveciclib Acute leukemia I NCT02345382
BAY-1251152 Hematological malignancies I NCT02745743
Voruciclib Hematological malignancies I (recruiting) NCT03547115
GFHO009 Hematological malignancies I (not yet recruiting) NCT04588922
MDM4
P53
CDK9 o
/ \( iASPP \
BRDQ Ll A
- Apoptosis

4» RNA POL
N

CDK7

MYC
MCL-1
BCL-2

Transcription

Fig.2 Role of CDKY in transcription and apoptosis. CDK cyclin-dependent kinase, BRD4 bromodomain containing 4, MDM4 mouse double

minute 4, ;ASPP inhibitor of apoptosis-stimulating protein of p53
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still need continuous therapy, which makes the use of the
word “curable” ungrounded [9].

The pathomechanism of resistance in MM is complex.
Bone marrow stromal cells (BMSCs) can prevent apop-
tosis by adhesion-mediated drug resistance, upregulating
the expression of anti-apoptotic Bcl-2 family proteins and
promoting the autocrine loop to facilitate proliferation and
progression [26, 28, 29]. CDK9 inhibitors can potentially

induce apoptosis, overcome resistance in Melphalan-, Bort-
ezomib- and Doxorubicin-resistant cell lines and resensitize
the “survivor” cells to re-treatment [30-32].

Multiple novel CDK9 inhibitors are currently used as
either single agents or co-therapeutics in multiple myeloma
(Tables 2 and 3). The first generation of CDK9 inhibitors
(Flavopiridol and Seliciclib) were pan-CDK inhibitors,
prone to cause off-target toxicity. As the understanding of

Table 2 Clinical trials of CDK9 inhibitors in multiple myeloma

Drug Selectivity Clinical trials Phase Status Study completion date
AZD-4573 CDK9 NCTO03263637 1 Recruiting N/A
P276-00 CDKO9-T1, CDK4-D1 and  NCT00882063 v Completed May 2012
CDKI-B NCT00547404 I Withdrawn July 2010
AT-7519 + Bortezomib CDK1,2,4,5,6 and 9 NCTO01183949 v Completed March 2015
SNS-032 CDK2,7,9 NCT00446342 1 Completed December 2009
RGB-286638 CDK 1-9 NCTO01168882 I Withdrawn (sponsor  N/A
decision)
Dinaciclib CDK1, 2,5 and 9 NCT01096342 II Completed December 2012
NCT00871663 1 Completed October 2012
NCTO00871910 1 Completed February 2010
NCTO01711528 1 Completed November 2016
NCT02684617 | Terminated N/A

Table 3 Preclinical trials of CDK?9 inhibitors

Drug Trial setup Inhibited targets Clinical effect
P276-00 MM xenograft; SCID murine model CDK9, Mcl-1; RNA polymerase II, 26% tumor mass reduction;
[33] cyclin T1 63% growth inhibition
MM xenograft; SCID murine model CDKO, Cyclin D1, pRB, CDK4, Tumor cell apoptosis; tumor growth
[34] arrest; 10% mice mass reduction
SLM-6 [35] MM xenograft; SCID murine model CDKO9, c-Myc, cyclin D1, RNA poly-  60-80% MM cells apoptosis; tumor
merase II, c-Maf mass reduction; no signs of systemic
toxicity;
AT751 [36] MM xenograft; SCID murine model CDKO, cyclin D1, cyclin A, cyclin B1, MM cells growth suppression;

AAP1742 [37]

MC180295 [32]

AZD-4573 [38]

RGB-286638 [39]

In-vitro, MM cell lines

MM xenograft; murine model

In-vitro; cell line- and patient-derived
xenograft models in-vivo

MM xenograft murine model

Mcl-1, XIAP

CDKO, Mcl-1, Bcl-2, XIAP, RNA pol
II,

CDK9

CDK9, Mcl-1, CD45 +

Mcl-1; XIAP;

45,5% longer overall survival time;
tumor mass reduction;

Apoptosis and growth arrest of MM cells

Delayed sensitization; increase in the
sub-G1 subpopulation; improved
mouse survival; PD-L1 downregula-
tion; downregulation of EMT transcrip-
tion factors;

Regression of MML for all treated mice
(> 125 days) and 55% tumor volume
reduction; AML tumor growth inhibi-
tion

Induction of p53-independent apoptosis;
reduced transcription in mutant-p53
MM cells; induction of apoptosis in
MM cells lines with mutant-p53

MM multiple myeloma, SCID severe combined immunodeficiency, EMT epithelial-mesenchymal transition, PD-LI programmed death ligand-1,
AML acute myeloid leukemia
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CDKO9 biology grew, more selective CDK inhibitors were
introduced. In the following part, we will discuss recent
advances in the use of CDKO inhibitors for multiple mye-
loma therapy.

AZD-4573

Non-selective inhibitors act in an ATP-competitive manner;
therefore, they tend to target multiple CDKs, limiting their
use as therapeutic agents. Due to the lack of selectivity, it
was unclear whether therapeutic effects in previous trials
are related to CDK9 inhibition alone [40]. AZD-4573 is a
novel, highly selective CDK®9 inhibitor that binds to CDK9
in complex with cyclin T1 near the aC-helix of CDK9,
with no direct interaction with the ATP binding site nor the
ligand [41]. Although it can block other CDKs, the inhibi-
tory effect is > 25-fold more selective for CDK9 (ICs, (uM)
a [ATP] 5 mM <0.004) over CDK1, CDK2, CDK4, CDKG6,
and CDK7 upon short-term treatment of MCF7 cells. AZD-
4573 can limit the activity of GSK-3a, GSK-3f, Jnkl and
DYRK?2, but in much higher concentration [38]. It has an
estimated t;,, of 1.6 h in humans [41].

AZD-4573 was successful in downregulating the phos-
phorylated RNA pol II, MCL-1 and Myc expression with no
effect on the total RNA pol II levels [38]. Furthermore, in
combination with ARV825, bromodomain proteolysis tar-
geting chimeric molecule (PROTAC), AZD-4573 showed
further decrease in MCL-1, Myc, RNA pol II, BRD2, BRD3
and BRD4 expression. A higher apoptosis rate was observed
in MM cell lines treated with both drugs in comparison to
monotherapy. A synergistic effect has been shown in in-vivo
MM xenograft models with no significant side effects, apart
from minor weight loss (< 10%) [42]. AZD-4573 was able
to cause apoptosis in T-cell lymphoma and AML xenograft
models, showing the synergistic effect with Venetoclax
[38]. According to Su-Lin Lim et al. study AZD-4573 can
inhibit the proliferation of multiple myeloma cell lines in-
vitro, including Bortezomib- and Lenalidomide-resistant cell
lines [42].

Despite promising anti-cancer activity in-vivo and in-
vitro, and high selectivity, there are currently no reports
from clinical trials that can validate the effect in humans.
AZD-4573 was recently undergoing a phase I clinical
trial in relapsed/refractory hematologic malignancies
(NCT03263637). Although the study ended in September
2020, the results have not been posted yet.

MC180295

In the pursuit of epigenetic drugs that can reverse the
silencing of tumor suppressor genes in cancer, Zhang et al.
investigated the role of CDK®9 in gene silencing in cancers.
They discovered MC180295, a potent CDK®9 inhibitor that

binds to the C-terminal part of CDK9 through the norbor-
nyl group, whose selectivity results from the subtle struc-
tural variation in the active site. The drug's potency toward
CDK9 (IC5,=5 nM) is over 22-fold stronger than for other
CDK:s. It also seems to downregulate GSK-3a and GSK-
3b via non-gene activation mechanisms. The inhibition of
CDKO9, induced by MC180295 led to dephosphorylation of
BRG], which contributed to the restoration of tumor sup-
pressor gene expression [32].

MC180295 inhibits the proliferation of numerous mul-
tiple myeloma cell lines. Even though MC180295 showed
higher selectivity toward CDK9 than AZD-4573, it was not
as potent [42]. MC180295 downregulated Myc and Mcl-1
in mantle cell lymphoma cell lines, as well as in Ibrutinib-
and Venetoclax-resistant cell lines. A synergistic effect of
Venetoclax and MC180295 was observed [43]. When com-
pared to SNS-032 in NSG mice injected with SW48 cells,
MC180295 slowed tumor growth slower and improved
mouse survival without causing overt toxicity [32].

The broad MC180295 anti-cancer activity in-vivo and
in-vitro seems promising, although the lack of toxicity and
higher selectivity goes hand in hand with relatively lower
potency toward CDK9 when compared to AZD-4573.

SLM-6

Sangivamycin was originally isolated from Streptomyces
rimosus, and subsequently tested in phase I clinical trial
in the 1960s [44]. It showed anti-tumor and anti-retroviral
properties, safety in humans; however no further studies
were conducted [35, 44]. Sangivamycin-Like Molecules
(SLM) are nucleoside analogs of sangivamycin, which pos-
sess the same anti-tumor properties and were previously
tested in preclinical models of colon cancer to overcome
hypoxia-induced resistance to apoptosis [45]. Recently, Dol-
loff et al. reported that MM cells are sensitive to SLMs and
identified SLM-6 as a lead compound with good tolerability
and the most activity to inhibit growth and induce apoptosis
of MM tumors [35].

SLM-6 inhibits phosphorylation of CDKO, critical to the
kinase activity of P-TEFb, with preference to 55-kDa isoform
of CDKO [35, 46]. Unlike Flavopiridol, SLM-6 did not affect
the phosphorylation of RNA polymerase II at Ser5, a CDK7
specific site. However, it was found to bind an autophospho-
rylation site of CDK9 at Thr186, a place critical to the kinase
activity of P-TEFb [46]. in-vitro analysis showed that SLM-6
inhibits CDK9/cyclin K and CDK9/cyclin T1 with ICs;’s of
280 nmol/L and 133 nmol/L, respectively. SLM-6 inhibits
CDKI1 and CDK?2 (both ICs,’s <300 nmol/L), but only its
activity against CDK9 induced MM cell death. The effect
was similar when the authors treated MM cells with various
CDKSs inhibitors. Only the drugs with activity toward CDK9
were capable of downregulating c-Myc, c-Maf and cyclin
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D1 in RPMI-8226 cells suggesting the pivotal role of CDK9
inhibition in SLMs anti-MM activity. Another sangivamycin
analog, SM-3, was able to induce dose-dependent apoptosis
of MM cells but did not affect cell lines from other types of
tumors. MM cells turned out to be more sensitive to SLM3
than to other nucleoside analogs, namely 5’-fluorouracil,
gemcitabine, and cladribine. That resulted in a rapid reduc-
tion of MM cells viability, measured histologically [35].

In in-vivo studies, SLM-6 significantly reduced the size
of MM tumors, while Flavopiridol showed no anti-MM
activity at a dose 10 times higher than SLM-6 in the same
model. The repeated dosing of SLM-6 in immunocompetent
mice showed no signs of systemic toxicity and no effects on
normal hematopoiesis, aside from modest thrombocytope-
nia. It may be the effect of direct inhibition of CDK9 in MM
cells but not in any other cell lines. SLM-6 and bortezomib
showed an additive therapeutic effect in NCI-H929 and
CD138+ patients bone marrow cells. The combination of
both agents was more effective in reducing MM cell viability
than either of the drugs alone [35]. SLM-6 showed promis-
ing anti-cancer properties in-vivo and in-vitro, but to our
best knowledge, there were no more reports regarding the
use of SLMs in cancer studies.

AAP1742

AAP1742 is an analog of CAN 508 discovered in the library
of arylazo-3,5-diaminopyrazoles that is active in RPMI-8226
MM cell lines [37]. Although the compound acts primar-
ily through inhibition of CDK9 (IC5,=0.28 uM) it shows
activity toward other CDKs (CDK2 IC,=0.549; CDK4
IC5,=0.454), but in higher concentrations. It decreases the
phosphorylation of RNA polymerase II and induces MM
cells apoptosis by downregulating anti-apoptotic proteins
Mcl-1, Bcl-2, and XIAP in a dose- and time-dependent
manner.

The treatment of RPMI-8226 cells with AAP1742
induced suppression of proliferation and apoptosis at 10
IM concentration. After 24 h of treatment with 40 IM dose,
Bcl-2 mRNA level decreased to 10% of the control, and
Mcl-1 mRNA to 62% of the control. Mcl-1 downregulation
was considered the event that initiated apoptosis in treated
MM cells, while the cytotoxic activity of AAP1742 was
attributed to cellular inhibition of CDK9 [37].

AT-7519

AT-7519 is an ATP-competitive multi-CDK inhibi-
tor with potent activity toward CDK1,CDK2,CDK4,
CDK6,and CDK9 with ICs values of 210,47,100,13,170,
and < 10 nmol/L, respectively. It shows the selectivity for
CDKO9 and blocks RNA polymerase II phosphorylation,
a CDK7/9 substrate, and glycogen synthase kinase 3
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(GSK-3p) phosphorylation [36]. In-vitro and in-vivo stud-
ies showed its cytotoxicity toward MM cells, associated
with in-vivo tumor growth inhibition and prolonged sur-
vival of mice. MM cell death occurred through the dephos-
phorylation of RNA pol II, which resulted in the inhibition
of transcription [36]. AT-7519 anti-tumor properties were
independent of p53 expression, while the drug was effec-
tive against HT29 and MDA-MB-468 cell lines expressing
a mutant form of p53 [47].

Dose-dependent cytotoxicity of AT-7519 was determined
in MM cell lines sensitive and resistant to Doxorubicin and
Melphalan. Moreover, AT7951 partially overcomes the pro-
liferative effects of bone marrow stromal cells (BMSCs),
IL-6 and IGF-1, reducing resistance to Doxorubicin and
Bortezomib. Prolonged exposure of MM cells to AT-7519
did not show additional cytotoxicity, suggesting maxi-
mum effect at 48 h. Starting from 2 h after the first dose of
AT7591, Bcl-2 family proteins, cyclin D1, cyclin A, and
cyclin B1 were downregulated. Moreover, AT-7519 did not
induce cytotoxicity in peripheral blood mononuclear cells
from five healthy volunteers [36, 48]. In mice, AT-7519
inhibited tumor growth when compared with controls
(P <0.05). The median overall survival of animals treated
was significantly prolonged (39 days vs. 27.50 days respec-
tively) [36].

AZT7519 was recently tested in combination with Bort-
ezomib in patients with previously treated multiple myeloma
[49]. The treatment was well-tolerated, and the maximum
doses for both AZT7519 and Bortezomib were achieved
(21 mg/m? and 1.3 mg/m?, respectively). No significant effi-
cacy was observed after treatment with AT7519M alone, but
the combination of AT7519M with Bortezomib resulted in
significant rate (33% > partial remission) responses.

P276-00

P276-00 is a flavone that arrests cells in the G1/S phase of
the cell cycle. It shows selectivity toward inhibiting CDK9-
T1, CDK-4-D1 and CDKI1-B with ICy, values at 20 nM,
63 nM and 79 nM, respectively [33, 50]. It competes with
ATP in the active site of CDKs causing either cell cycle
arrest or apoptosis, but its efficacy is dose-dependent and
cell-type dependent [50]. P276-00 acts mainly through
inhibition of CDK9-T1, affecting primarily transcription of
mRNA with short half-lives, such as Mcl-1 [33].

P276-00 inhibits tumor cell growth in culture 2 to 3 times
stronger than Flavopiridol because of its higher selectivity
toward CDK®9. Hence, it’s less toxic than Flavopiridol but
remains more potent in inhibiting tumor cell growth [33].
The treatment of myeloma cell lines with P276-00 caused
transcription inhibition and a significant decline in Mcl-1
protein levels prior to MM cells death [33, 34]. P276-00-in-
duced downregulation of Mcl-1 seems to switch the balance
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toward apoptosis, overcoming programmed cell death eva-
sion in MM cells [33]. Treating cell lines for 3 h and 6 h
resulted in a rapid, time and dose-dependent decrease in
CDKO and Mcl-1 expression. Other proteins from the Bcl-2
family and cyclin D1 with longer half-lives were signifi-
cantly downregulated at the 24 h time-point. An increase
in PARP cleavage and caspase-3 activity suggested the
activation of apoptotic pathways [33, 34, 51]. An anti-MM
synergistic effect of P276-00 and Bortezomib was observed
in-vitro at a wide range of tested concentrations. P276-00
overcomes the growth and survival stimulation mediated by
cytokines and bone marrow stem cells, alleviating the resist-
ance to Bortezomib [34]. However, cyclin D1 overexpres-
sion may render the response to P276-00 therapy by making
the MM cells more responsive to proliferative stimuli [34].
A synergistic effect of P276-00 and Doxorubicin was also
reported in non-small cell lung carcinoma [42].

To confirm the in-vivo activity, P276-00 was adminis-
tered intraperitoneally into RPMI-8226 xenograft for 15 days
and reached the growth inhibition of 63% [33]. Reduction
of the tumor mass and significant survival benefit in mice,
compared to the control group, was observed after 30 days
of P276-00 administration [34]. P276-00 was tested in phase
I/II clinical trials to assess the safety and efficacy in patients
with refractory multiple myeloma, but the results have not
been published (Table 2).

P276-00 affects transcription of short half-live proteins,
switching the in-cell balance toward apoptosis. The drug
showed effectiveness in-vitro, in-vivo and enhanced the effi-
cacy of Bortezomib, but the overexpression of cyclin D1 and
other pro-apoptotic proteins may render its activity.

RGB-286638

RGB-286638 is a non-selective CDK inhibitor with activity
against CDK 1, 2, 3,4, 5, 6, 7, 9 and has the highest potency
toward CDK9 (ICs;,=1 nM). It has shown the ability to
downregulate other serine-threonine and tyrosine kinases,
such as JAK2, AMPK, TAK1, MEK 1 and GSK-3p [39].

RGB-286638 can effectively inhibit the transcription to
total blockage after 24 h of exposition of in-vitro multiple
myeloma cell lines. It inhibits both RNA and DNA, down-
regulating their synthesis by 50% and 60% respectively. Fur-
thermore, accumulation of p53, MM associated mi-RNAs
and NAD/NADH reduction was observed after application
of RGB-286638. Treatment after 12 h and 24 h caused an
increase in apoptosis of MM cells by 25% and 45%, respec-
tively [39]. in-vivo examination showed significant multiple
myeloma growth suppression and improved survival time
in SCID mice (43 days vs 24 days in the control group). It
also triggered dose-dependent cytotoxicity in Melphalan-
resistant, Doxorubicin-resistant and steroid-resistant MM
cells [52].

In phase I clinical trials RGB-286638 treatment resulted
in stabilization of the disease by up to 14 months. How-
ever, some side effects emerged during the treatment,
with the most significant being hypotension, tachycardia,
troponin T and liver enzyme elevation. This led to rec-
ommended administration for phase II is suggested to be
120 mg/d for 5 days every 28 days [53].

Dinaciclib

Dinaciclib interacts with acetyl-lysine recognition sites
of bromodomains, primarily inhibiting CDK1, CDK2,
CDKS5, and CDKO ((IC5,=3, 1, 1, and 4 nM, respectively).
Its high selectivity is probably associated with the binding
interactions in the ATP site of CDKs [54].

In phase I clinical trial for patients with advanced
malignancies, Dinaciclib suppressed the proliferation of
stimulated lymphocytes and reduced Rb phosphorylation.
Inhibition of CDK9 blocked the transcription of both
CCND1 and hDM?2, leading to a reduction in cyclin D1
and increased p53 expression [55]. Dinaciclib enhanced
the response to Doxorubicin in RPMI-8226 MM cells [56].

Dinaciclib, as a single agent led to a prolonged remis-
sion in 3 out of 27 patients (11%), and minimal response
in 2 patients with relapsed MM. The overall response in
refractory/relapsed multiple myeloma was 18.5% and
was the highest in the patients treated with a 40 mg/m?
dose. The most common side effects were diarrhea (87%),
fatigue (67%), thrombocytopenia (60%), and nausea
(53%), but the treatment was overall well-tolerated [57].

Ghia et al. reported results of the only phase III study
regarding the use of Dinaciclib when compared with Ofa-
tumumab, an anti-CD20 antibody, in 44 patients with
chronic lymphocytic leukemia (CLL) resistant to either
fludarabine or chemoimmunotherapy [58]. Even though
the patients assigned to the Dinaciclib group had more
advanced disease (Rai stage IV 65% vs. 31,8%) compared
to the Ofatumumab group, the Dinaciclib group achieved
longer median PFS (13.7 vs. 5.9 months), longer OS (21.2
vs. 16.7 months) and higher ORR (40% vs. 8.3%). Interest-
ingly, these differences increased significantly in patients
with p53 deletion (median PFS 17.2 vs. 2.4 months;
median OS 21.2 vs. 5.4 months), suggesting that CDK9
inhibitors might be beneficial for patients with refractory/
relapsed disease and unfavorable in cytogenetic changes
(Table 4).

Dinaciclib is currently under investigation in combined
therapy with Bortezomib and Dexamethasone in the treat-
ment of relapsed multiple myeloma (NCT01096342). It can
potentially reduce exposure to cytotoxic chemotherapy and
minimize side effects, by enhancing the activity of other
drugs, such as Doxorubicin and Bortezomib [55].
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Table 4 Clinical effects of

N Drug Medium PFS (months) Medium OS (months) ORR
Dinaciclib and Ofatumumab
in 44 patients with chronic Overall P53 deletion Overall P53 deletion Overall P53 deletion
lymphocytic leukemia [58]
Dinaciclib 13.7 17.2 21.2 21.2 8/20 (40%) N/A
Ofatumumab 5.9 2.4 16.7 5.4 2/24 (8.3%) N/A

PF'S progression-free survival, OS overall survival, ORR overall response rate

*The deletion of p53 was present in seven patients

Seliciclib

Seliciclib is a roscovitine derivative, multipotent, ATP-
competitive pan-CDK inhibitor with most activity against
CDK?2, CDK7 and CDK9 (IC5,=0.1, 0.36 and 0.81 pm,
respectively). Seliciclib can effectively kill MM cells in-vitro
even with added protective factors such as Interleukin 6,
VEGF and IGF-1. It showed an anti-tumor effect in multiple
neoplastic cell lines and xenografts including non-small cell
lung cancer, hepatocellular carcinoma and multiple myeloma
[51]. The effect of 8 h Seliciclib infusion persisted up to
72 h, reducing the three different cell lines by a minimum
of 50% and a reduction in Mcl-1 level was observed. These
changes were mainly obtained via transcription inhibition
thus suggesting the key role of CDK9 and CDK?7 inhibition
in the process.

Seliciclib might be a potent additional treatment to Bort-
ezomib and Doxorubicin-based MM protocols due to the
synergistic effect [59]. Zhang et al. revealed that “survivors”
of CDKO9 inhibition were also more sensitive to re-treatment,
which may prove crucial in case of recurrence and long-term
therapy [32].

SNS-032

SNS-032 was previously described as a selective CDK2
inhibitor that possesses anti-tumor activity in animal models.
Subsequent research revealed that it possesses the greatest
potency toward CDK9 (IC5,=4 nM) and weaker activity
toward other kinases such as CDK2, CDK7 and GSK-3a
(ICsy 38-48 nM, 62 nM and 230 nM, respectively) [60].
It inhibits phosphorylation of mTOR proteins, completely
blocking the activity of mMTORC1 and mTORC?2 in HL-60
and KG-1 cells (IC5,=200 and 400 nM), achieving a slight
degradation of mTOR expression [61].

In RPMI-8226 MM cells SNS-032 transiently inhibited
transcription and decreased the concentration of VEGF,
XIAP and Mcl-1 transcripts within 2 h after infusion. Evalu-
ation of CDK9 inhibition and PARP cleavage established
a temporal association between CDK inhibition, down-
regulation of survival proteins, and apoptosis. In human
plasma, SNS-032 kept its anti-MM activity and remained
fivefold more potent than Flavopiridol [60]. H929 MM cells
co-cultured with the bone marrow stromal cell line HS-5
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showed resistance to SNS-032, which suggests that bone
marrow stroma may play a pivotal role in the development
of primary resistance to CDK9-targeted treatment. in-vitro
exposure of patient-derived MM cells showed that SNS-032
induces apoptosis of CD138+ cells, but it's only mildly toxic
to CD138- MM population and does not prevent the forma-
tion of CD34+ colonies derived from normal bone marrow
[62].

SNS-032 was examined in phase I clinical trial
(NCT00446342) in patients with advanced CLL and MM.
Dose-limiting toxicities were not observed, while maximum-
tolerated dose was not established due to the early closure
of the study. In the MM group, 78% of patients experienced
grade 3 to 4 neutropenia, thrombocytopenia or anemia.
Other grades 3 to 4 adverse events were sporadic. The most
common grade 1 to 2 adverse were nausea, vomiting, con-
stipation, and diarrhea. The treatment was well-tolerated,
but the efficacy was limited. As all patients in this study had
two or more prior therapies, a better clinical response may
be observed in the earlier-stage disease [63].

Flavopiridol

Flavopiridol (Alvocidib) is a flavonoid alkaloid and the first
pan-CDK inhibitor to enter clinical trials [64]. Its anti-can-
cer activity was originally attributed to its ability to induce
cell cycle arrest at G1 and G2/M checkpoints through
ATP-competitive inhibition of CDK1 and CDK4/6. Later
it was found to be most effective against CDK7 and CDK9
(IC57 <300 nM), but also able to inhibit both EGFR and
PKA kinases (ICs, 21 and 122 uM, respectively) [65].

Flavopiridol downregulated the expression of anti-apop-
totic proteins in ANBL-6, ARP1 and RPMI-8226 MM cells
lines in-vitro. The decrease in Mcl-1, Bcl-XL and XIAP
correlated with early apoptosis of MM cells, but the effect
differed in various cell lines. Flavopiridol induced rapid
apoptosis of MM cell lines, but Mcl-1 overexpression was
able to limit Flavopiridol-induced cell death [66].

In phase 1II clinical trials of relapsed/refractory multiple
myeloma flavopiridol showed no indication of anti-myeloma
effects in any patient. The subsequent in-vitro study showed
that although significant anti-myeloma effects were noted
after 12 h to 24 h, no response was observed after 4 h of
exposure. The results were then confirmed in another phase
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I clinical study [67]. Flavopiridol turned out to be unable to
cause long-term anti-myeloma effects [68].

Recently, attempts to use Flavopiridol in MM have been
resumed. Zhou et al. reported that Flavopiridol enhanced the
efficacy of Venetoclax in MM cell lines that were primar-
ily less responsive or unresponsive to Venetoclax-induced
apoptosis. The synergistic effect was present in either U266,
H929 and RPMI-8226 cell lines, as well as multiple other
cell lines with unfavorable karyotypes [del 13, del 17p,
#(11; 14)]. The combination has the potential to overcome
MM-related and microenvironment-driven drug resistance
by downregulating MCL-1 and upregulating BIM, proteins
mediating resistance to Venetoclax. In both NOD/SCID-y
and immunocompetent mice Flavopiridol achieved longer
survival than mice treated with Venetoclax (79 vs 63 days
and 69 vs 49 days, respectively) [69].

While further trials with Flavopiridol as a single drug in
MM seems inexpedient, the ability of CDK9 inhibitors to
overcome resistance to therapy is well-grounded in litera-
ture [6, 28, 30, 66, 70]. In this case, Flavopiridol may prove
effective, but it's being replaced by more selective drugs.

Potential synergistic combinations
with CDK9 inhibitors in multiple myeloma

Most of the reports regarding the use of CDK®9 inhibitors
in MM pertain to refractory or relapsed patients, in which
previous treatment regimens turned out to be ineffective.
In those settings, CDK9 inhibitors were primarily exam-
ined as co-therapeutics to alleviate the resistance to other
drugs and enhance anti-tumor properties. Therefore, not
much data are available regarding the clinical outcomes in
patients with better prognosis. Furthermore, accurate safe
doses, therapeutic doses, bioavailability and pharmacoki-
netics of individual drugs are still not clearly determined.
Nonetheless, many authors suggest that CDK9 inhibitors
may complement current treatment regimens and will be
discussed below (Table 5).

Bortezomib, a proteasome inhibitor, has revolutionized
the treatment of MM, but despite its high initial response
rate, Bortezomib loses efficacy over time [35]. Dai et al. sug-
gested that a combination of Flavopiridol and Bortezomib
acts synergistically through induction of mitochondrial dam-
age, caspase activation, and apoptosis [72]. CDK inhibitors
downregulate the transcription, reducing the number of anti-
apoptotic proteins, while proteasome inhibition blocks the
degradation of pro-apoptotic proteins. Hence, the combina-
tion of both drugs changes the intracellular balance to favor
apoptosis. P276-00 was tested together with Bortezomib in
myeloma cells and showed marked synergism [34], which
coincides with the results of SLM-6 [86] and Dinaciclib
[87]. The combination of Doxorubicin, Bortezomib and

either P276-00 [34] or Seliciclib [59] were also deemed
effective. Zhang et al. showed that Mcl-1 was upregulated
in all tested MM lines, including the Bortezomib-resistant
lines. Moreover, Mcl-1 overexpression significantly reduced
Bortezomib cytotoxicity, indicating a functional role for
Mcl-1 in Bortezomib resistance. CDK9 inhibition substan-
tially potentiated the susceptibility of Bortezomib-resistant
cells to both proteasome inhibitors and BH-3 mimetics [30].
On the other hand, Zabihi et al. study showed no significant
enhancing effect of AT-7519 together with Bortezomib in
KG-1 cells, suggesting that CDK9 inhibitors do not act by
the activation of the proteasome pathway [88].

Venetoclax is a BH-3-mimetic that blocks the Bcl-2
protein, leading to cell apoptosis [89]. Voruciclib [90],
A-1467729 and A-1592668 [79] were recently proven syn-
ergistic with Venetoclax via CDK9 inhibition. Treatment of
mice with A-1592668, a selective CDK9 inhibitor, led to a
significant increase in survival (median survival 24.5 days,
P <0.0001) compared to the control group (median survival
13.5 days). There was no significant weight loss, and the
decrease in lymphocyte burden did not impact hemoglobin,
neutrophil, or platelet counts. Venetoclax was substantially
less active and did not provide any survival benefit. How-
ever, co-treatment of mouse lymphoma #4242 cell line
tumors in-vitro with A-1592668 and Venetoclax extended
the median survival from 30.5 to 41 days [91]. Voruciclib
was reported to downregulate Mcl-1 and c-Myc, enhancing
Venetoclax activity in AML models. However, the effect
is transient and the drug needs to be administered repeat-
edly [90]. Similarly, AZD-4573 together with Venetoclax
achieved prolonged regressions in 100% of treated mice,
with all eight mice remaining tumor-free till day 63. The
only notable side-effect was minimal bodyweight loss, sug-
gesting that the combination was well-tolerated [38].

BRD4 is a member of the human BET protein family that
binds acetylated histones during mitosis to maintain chro-
matin structure and ensure early re-initiation of transcrip-
tion after mitosis [92]. BRD4 recruits P-TEFb and promotes
the elongation of transcription. When used together, CDK9
and BRD4 inhibitors impede transcription of anti-apoptotic
genes and c-MYC oncogene, suppressing tumor prolifera-
tion. Combination of ARV825 and AZD-4573 caused apop-
tosis of 67% of KMS11 cells and 71% of RPMI-8226 cells,
significantly slowing MM tumor growth (P <0.001) [42].

A synergy between CPI-203, a novel bromodomain
inhibitor, and either Bortezomib or Lenalidomide was also
observed [86, 87]. Lenalidomide contributes to overcom-
ing resistance to Bortezomib via inhibition of IRF4, which
leads to MYC downregulation [93]. CPI-203 represses MYC
gene transcription and has a cytostatic effect on MCL cells
in-vivo, while the cytotoxicity in peripheral blood from
healthy donors was below 25%, indicating the drug’s selec-
tivity. Lenalidomide alone partially reduced MYC and RF4
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expression, but together with CPI-203 the expression of
genes was almost completely abrogated. The combination
of CPI-203 and lenalidomide induces programmed cell death
in MCL, inhibits the growth of bortezomib-resistant cells
in-vivo and reduces tumor volume [93]. While this combina-
tion has not been tested in multiple myeloma models Minzel
et al. [85] showed that CDIa inhibition, which co-targets
CDK?7/9, underlines the therapeutic effect of lenalidomide
in a pre-leukemia syndrome through p53 activation and sta-
bilization [85]. Since the synergies between BET inhibitors
and CDKO9 inhibitors, as well as BET inhibitors and lena-
lidomide were confirmed, the addition of CDK9 inhibitors to
standard lenalidomide-based therapy could prove beneficial.

CDK9 degradation or CDK9 inhibition?

Currently, all CDK®9 inhibitors that have advanced to the sec-
ond phase of clinical trials are non-selective, reversible and
require continuous target occupancy to maintain CDKO9 inhi-
bition [15, 94]. As those agents bind to the CDK9/cyclinT1
complex in an ATP-competitive manner, the CDK9 blockade
may be prone to be overrun by residual CDKO activity, limit-
ing their clinical effectiveness [10, 12, 15, 23]. Due to the
lack of human clinical trials with selective CDKO9 inhibitors
and the off-target toxicity of the first generation CDK9 inhib-
itors, an alternative method to blocking the CDK9 activity
was sought. Recently, the degradation of CDK9 has been
suggested as an alternative to CDK9 inhibition [15, 94-97].
CDKD9, as an endogenous protein is stabilized by a chap-
erone pathway, which helps in forming a stable cyclin T1/
CDK9 complex. The excess of CDK9 becomes very unsta-
ble and is rapidly degraded by the proteasome [95]. Robb
et al. demonstrated that chemical degradation of CDK9 in
HCT116 can be successfully induced by proteolysis target-
ing chimera (PROTAC) [96].

The PROTAC s are bivalent chemical protein degraders
that link specific endogenous proteins with a component of
E3 ubiquitin ligase. In this way, the protein is polyubiquit-
inated and degraded [98]. Ubiquitination is associated with
the functionality of the CRBN gene, whose product is a
receptor of E3 ubiquitin ligase; hence, CRBN expression
may affect the therapeutic effectiveness of protein degraders
[94, 99]. This strategy seems promising, especially in the
degradation of CDK 9-13, which are not associated with
the cell cycle [100].

Olson et al. reported that THAL-SNS-032, a selective
CDK9 degrader, together with NVP-2, a CDK9 inhibi-
tor, induced rapid degradation of CDK9 without affecting
the levels of other CDKs [94]. THAL-SNS-032 inhib-
ited proliferation of MOLT4 cells at lower concentrations
(IC50=50 nM) than SNS-032 (IC5,=173 nM) 11 differ-
ent leukemia cancer cell lines. However, THAL-SNS-032
was less potent than the selective CDK?9 inhibitor NVP-2

(IC5o=9 nM). The anti-proliferative activity of THAL-
SNS-032 was nearly 100 times weaker in CRBN negative
cells than in CRBN positive cells, while CDK9 inhibitors
activity was independent of CRBN status.

The in-vivo ability to degrade CDK9 via PROTAC mole-
cules was examined by Qiu et al. who introduced PROTACs
based on Pomalidomide and a selective CDKO9 inhibitor,
BAY-1143572. In their study, PROTAC B03 showed 20-fold
stronger anti-proliferative activity in MV4-11 cells than
BAY-1143572 alone, resulting in strong cancer cell inhibi-
tion in BALB/c nude mice bearing MV4-11 xenograft [97].

CDK9 degraders show prolonged pharmacodynamic
effects compared to CDKO9 inhibitions and high on-target
selectivity. They can contribute to achieving an irreversible
inhibition via CDK9 degradation, overcoming treatment
resistance caused by target mutation and limiting effects of
off-target toxicity [98]. However, the lack of clinical trials
with CDK9 degraders in multiple myeloma makes the final
comparison of these methods a matter of the future.

Perspectives and limitations

CDKO inhibitors showed broad anti-cancer activity in-vivo
and in-vitro, but the results from clinical trials are still
uncertain. The first generation of CDK9 inhibitors (Fla-
vopiridol and Seliciclib) targets multiple CDKs and acts in
an ATP-competitive manner, which was the main reason for
their off-target toxicity and lack of clinical relevance [16,
57]. Novel CDKO9 inhibitors are designed to improve toler-
ance and compliance for patients undergoing treatment [91].
Their systemic toxicity, cytotoxicity to peripheral blood [36]
and adverse effects rate [58] seems to be acceptable.

The use of CDK®9 inhibitors as a standalone medication
is not supported by much evidence. Despite the encouraging
results of preclinical studies, their efficacy in clinical trials
was mediocre. Only dinaciclib showed encouraging results
as a single agent in patients with relapsed multiple myeloma
[57]. Flavopiridol showed no anti-MM activity in patients,
while the activity of SNS-032 in phase I clinical trial was
limited [63, 67]. Although Dinaciclib and RGB-286638 were
able to either achieve prolonged remission or stabilize the
disease due to their lack of selectivity there is no certainty
that this effect was caused by the inhibition of CDK9 [53,
57]. Nevertheless, the combination of CDK9 inhibitors
with either Bortezomib, Doxorubicin or Venetoclax seems
to overcome resistance to therapy and cause increased apop-
tosis of MM cells. This effect was observed in most pre-
clinical studies of examined drugs and was later confirmed
in clinical trials with AT-7519 and is currently examined
in MM patients treated with Dinaciclib, Bortezomib and
Dexamethasone (NCT01096342) [49]. CDK9 inhibitors
have an established mechanism of synergy with numerous
drugs (Table 5). In this scenation CDKO inhibitors are used
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as co-agent, the use of more selective inhibitors may reduce
systemic toxicity and alleviate resistance to therapy.

CDKO9 degraders appeared because of the inability to
induce selective CDK®9 inhibition [96, 97]. THAL-SNS-032
and PROTAC B03 induced rapid degradation of CDK9
without affecting the levels of other CDKs [94, 97]. Both of
them showed higher potency than CDK®9 inhibitors, but their
activity seems to depend on the expression of CRBN-medi-
ated genes. THAL-SNS-032 was nearly 100 times weaker
in CRBN negative cells, while CDKO9 inhibitors work inde-
pendently of CRBN status [94]. CDK9 degraders show pro-
longed pharmacodynamic effects compared to CDK9 [98].
This is a major advantage over older CDK®9 inhibitors, which
requires longer and repetitive infusions [90]. Novel, orally
active CDK inhibitors, such as voruciclib, started to emerge
to improve the compliance with patients, but were not tested
in MM treatment yet [91].

Noteworthy, CDKO9 inhibitors were tested only in pre-
treated patients with relapsed/refractory multiple myeloma
or unfavorable cytogenetics. Even in those disadvantageous
settings their clinical effect in lifting resistance was notice-
able. [49] Furthermore, CDKY inhibitors act independently
of p53, causing MM cell apoptosis even in p53-mutated cell
lines [47]. P53 target genes function through CDK9-medi-
ated transcription, while CDK®9 inhibition can downregulate
p53 transcription or increase the concentration of p53. The
outcome depends on the degree of CDK9 blockade, which
can be overrun by residual CDKO9 activity [10, 23]. Moreo-
ver, CDKO9 inhibitors can restore pS3 tumor-suppressing
functions by downregulating iASPP [25]. The nuances of
p53 and CDKD interactions are not clearly explained yet, but
opens a new perspective for the treatment of patients with
loss of p53 function (Fig. 2).

The last decade has significantly improved the under-
standing of CDK9 and MM biology. While the first genera-
tion of CDK®9 inhibitors turned out to be lacking as single
agents, they seem to potentiate the efficacy of other thera-
peutics [84, 93]. More selective inhibitors are less toxic and
are usually well-tolerated [15]. The mechanism of synergy
between CDKO9 inhibitors and Bortezomib, Doxorubicin or
Venetoclax is established and prompts the incorporation of
CDKD inhibitors into current drug regimens in further clini-
cal trials (Table 5). However, the need for a long drug infu-
sion or the lack of pharmacokinetic data are still obstacles
that need to be addressed.
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Abstract: CDKDY is an important cell-cycle control enzyme essential in transcription, elongation, and
mRNA maturation. Overexpression of CDK9 has been reported in several diseases, including acute
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lymphoblastic leukemia, chronic lymphocytic leukemia, and malignant melanoma. Recent research
revealed that CDK9-inhibitors have a major impact on the induction of apoptosis in hepatocellular

carcinoma (HCC) cell lines. Despite surprisingly promising results in in vitro and in vivo research,
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no CDKO related therapy is currently allowed in cases of HCC. Furthermore, due to their high speci-
ficity, the inhibitors had no effects on unaltered hepatocytes and no toxic effects were shown. Con-
sidering that they were well tolerated and showed relatively few severe side-effects in mice, CDK9-

inhibitors would seem to be promising targets in HCC biomarker-guided immunotherapy. Studies
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have verified that CDK9 has a pivotal role in c-Myc-mediated tumor growth and CDK9 inhibitors

inhibit not only its progression but diametrically decrease both the mass and size of HCC nodules.
CDKO9-inhibitors seem to be a promising target in HCC treatment.

Keywords: CDK9, c-Myc, HCC, inhibitors, P-TEFbD, therapy.

1. INTRODUCTION

CDKs are a family of proline-directed serine/threonine
kinases that work in association with another family of pro-
teins called cyclins. Heterodimers, which they form with
each other, are responsible for cell proliferation, differentia-
tion and apoptosis [1].

Among the many proteins from the CDK family, the one
that currently seems to be gaining attention is CDK9, which
is thought to be responsible for the regulation of transcription
in normal and elevated stimulation conditions. Recent stud-
ies suggest, that CDKO is not only an RNA polymerase 11
transcription elongation factor, but also becomes important
as a central hub of transcription regulation. Embryonic stem
cells require CDK9 activation to activate the transcription of
genes responsible for cell differentiation, while under re-
duced stimulation conditions, a decrease in the activity of
CDKO9 (through its incorporation into the 7SK snRNP com-
plex) was observed. Therefore, CDK9 activation requires its
release from snRNP complexes, either by direct interaction
or by CDKO releasing factors [2].

Malfunctions of CDK9 have been confirmed in various
diseases, including acute lymphoblastic leukemia [3], pan-
creatic cancer [4], prostate cancer [5, 6] and breast cancer [7]
(Table 1). Recent research shows that the altered function of
CDKD9 also has a major impact on the induction of apoptosis
in hepatocellular carcinoma (HCC) cell lines [1-3].
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Presently, two isoforms of CDK9 are known: a 42-kDa
isoform and a 55-kDa isoform, the expression of which de-
pends on the type of tissue and cell cycle phase [1, 8]. In-
creased expression of the 55-kDa CDK9 isoform may be
observed in many cases of HCC cell lines. Proteins from the
CDK family, including CDK9, interact with cyclin T1 or
cyclin T2, forming heterodimers and leading to autophos-
phorylation of the T-loop, which is necessary to form Posi-
tive Transcription Elongation Factor (P-TEFb). A model has
been proposed, in which CDK9 is required to release previ-
ously stopped Pol 1II, initiating transcription. Aside from the
direct pro-transcriptional activity, it is suspected, that CDK9
is able to induce transcription by the enhancer-promotor loop
[8-10]. Physiological regulation of CDK activity is necessary
to maintain cell homeostasis [11, 12]. Moreover, Claudio et
al. [13] showed that a positive feedback loop exists between
CDKO9 and p53, enabling a mutual increase of transcriptional
activity. It is worth mentioning that CDK9 inhibition in the
treatment of synovial inflammation resulted in the loss of
Mcl-1 expression [14], a protein from the BCL-2 family,
which is often overexpressed in HCC and enhances cell sur-
vival by inhibiting apoptosis [15].

Due to overexpression of the c-Myc oncogene and in-
creased Mcl-1 activity, which are responsible for increased
proliferation and impaired apoptosis respectively [1, 7, 16]
studies have concluded that the CDK9 signaling pathway
might be an interesting target for future therapy for patients
with HCC.

2. ROLE OF CDKY9 IN HCC

HCC has been one of the most common cancer types
worldwide in recent decades and its incidence and mortality

© 2020 Bentham Science Publishers
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rates have been increasing [17-19]. Despite recent advances
in the therapeutic approach towards HCC, the prognosis is
still poor, due to long asymptomatic progress and late diag-
nosis [20, 21]. Most known cases of HCC are associated
with chronic hepatitis [22]. Major risk factors include liver
cirrhosis, HBV and HCV infection, alcohol abuse and nonal-
coholic fatty liver disease [17]. The occurring inflammation
leads to both reactive oxygen species (ROS) mediated DNA
injury, and the initiation and progression of carcinogenesis
[23]. HCC is a highly heterogeneous tumor and multiple
genetic alterations have been identified [24], therefore no
leading mutation has been found [12].

Although HCC is not widely considered to be an immu-
nogenic tumor [21], there is no doubt, that this cancer is able
to escape immune surveillance [25] by affecting its microen-
vironment, recruiting tumor-associated cells, [26] and by
secreting immunosuppressive cytokines [27]. Recent studies
have proven that inhibition of CDK9 suppresses the NF-kB
mediated inflammatory pathway, and therefore leads to the
reduction of inflammation [14, 28]. Moreover, Haider at al.
2013 [29] showed that CDK?9 is involved in cancer cell inva-
sion and that suppressing the activity of the CDK9/P-TEFb
complex can prevent cell migration and invasion. Commonly
occurring Myc oncogene overexpression in cells with unin-
hibited CDK9 (a fundamental component of P-TEFb) leads
to abnormal proliferation of affected cells, affecting different
metabolic pathways [11,12,16]. Furthermore, due to frequent
inactivation of suppressor genes (pl6, p21, p53, pRB) or
abnormal CDK activation, CDK9 activity in HCC cells is
up-regulated [30, 31]. Physiologically, T-loop autophos-
phorylation of CDK9/cyclin T1 complex leads to direct acti-
vation of tumor suppressor proteins p53 [13] and pRB [32]
which are essential for proper control at cell cycle check-
points [2]. The existence of a positive feedback loop between
p53 and CDKO9 suggests that in order to initiate the neoplas-
tic process, an inactivating mutation of both is needed. The
disfunction of DNA repair mechanisms is followed by the
uncontrolled expression of proto-oncogenes, such as c-Myc
and Mcl-1. C-Myc is also responsible for the recruitment of
positive transcription factors which, in the presence of dys-
functional suppressor proteins, leads to positive feedback
and overexpression of anti-apoptotic genes [33]. Under
physiological conditions, CDK9 activity is related to c-Myc
expression and Myc overexpression, which is a common
finding in HCC [34]. Prolonged inhibition of CDK9 is
thought to prevent the proliferation and maintenance of cells
and is associated with Myc overexpression and tumor invo-
lution. The suggested mechanism involves reducing the in-
tracellular concentration of anti-apoptotic proteins and in-
ducing cell cycle arrest [1, 33, 35]

Chemoresistance is one of the major factors that hinder
HCC treatment [36]. While the impact of HCC chemoresis-
tance oriented on CDK9 inhibition has not yet been fully
explored, there have been clinical trials that have demon-
strated a directly proportional correlation between CDK9
activity and tumor chemoresistance, for instance in pancre-
atic cancer [4]. Some studies have shown that inhibition of
CDK9 may reduce the resistance of tumors to apoptosis by
decreasing Mcl-1 and Myc overexpression, thereby modulat-
ing chemoresistance. The possibilities and limitations of
CDKO9 inhibitors, as used in HCC treatment, will be dis-
cussed further.

Borowczak et al.

3. CDK9 RELATED TARGETS IN HCC TREATMENT

The overall survival rate in HCC has not improved in the
recent 18 years [37]. Current HCC therapies are still deemed
unsatisfactory due to the estimated median survival time
which varies from 11 to 20 months [18, 38]. Despite surpris-
ingly promising results in in vitro and in vivo research (Table
2), no CDKD9 related therapy is currently allowed in hepato-
cellular carcinoma [39]. Nevertheless, many potential thera-
pies and therapeutic goals have been identified and will be
discussed below.

3.1. miR-206

miR-206 is a miRNA particle from the miR1 family and
has a role in the suppression of tumor growth [40]. It has
been found to be downregulated in many diseases, including
prostate cancer [41], pancreatic cancer [42], and hepatocellu-
lar carcinoma (Table 1). Inhibition of miR-206 leads to the
up-regulation of E-cadherin, down-regulation of N-cadherin,
and the promotion of cell invasion in vitro [41]. In vitro trials
have suggested that miR-206 mediated therapy, aimed at
increasing intracellular miR-206 levels, may lead to the de-
creased invasive and metastatic potential of cancers [5]. Re-
cent studies have shown that the antineoplastic properties of
miR-206 were caused by its inhibitory effects on the mRNA
of CDKD9, in turn leading to the downregulation of hepatocel-
lular carcinoma cell line proliferation and the downregula-
tion of VEGF expression [43]. These findings indicate
that miR-206 is a strong candidate as a future target in HCC
therapy [5, 40].

3.2. PHA-767491

PHA-767491 is an inhibitor of cell division cycle kinase
(Cdc7) and cyclin-dependent kinase 9. Recent research by
Liu et al. [44] has shown that it might also be an inhibitor of
the NRF-2 mediated antioxidant response. There appears to
be a synergistic effect with 5-fluorouracil, which reduces
chemoresistance and intensifies apoptosis in hepatocellular
carcinoma cell lines. Moreover, PHA-767491 seems to have
a chemosensitizing effect in other neoplasms such as AML
[45] (Table 2).

3.3. BA-12 and BP-14

BA-12 and BP-14 are novel Roscovitine derivatives, spe-
cifically antagonizing CDK 1, CDK 2, CDK 5, CDK7 and
CDKO. In rats, Bp-14 has been shown to be a highly lipo-
philic molecule with extremely low intestinal absorption and
rapid distribution to the adipose tissues, where it reaches its
highest concentration [46]. According to the research of
Haider et al. [29], not only BA-12 but also BP-14 signifi-
cantly reduce the phosphorylation of RNA polymerase II at
CDK 7 and 9 related points in hepatocellular carcinoma cell
lines. Growth reduction and DNA synthesis inhibition were
observed. BA-12 and BP-14 showed significantly lower cy-
totoxicity to hepatocytes than was observed in hepatocellular
cell lines (Table 2). In vivo, tests have established that there
may be a reduction in the size of tumor nodules, without
obvious side effects or the induction of chemoresistance.
Furthermore, Bp-14 together with Everolimus was shown to
inhibit the growth of anaplastic thyroid cancer cells [47].
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Table 1. Effects of CDK9 mediated treatment in various neoplastic diseases [3-5, 7].
- Triple-Negative Breast Cancer Prostate Cancer Pancreatic Cancer Acute Myeloid Leukemia
MYC expression suppression + + + +
Cell arrest induction + + + +
Cell proliferation inhibition + + + +
Tumor growth suppression + + + +
Apoptosis induction + + + +
Table 2. Clinical effect of CDKY inhibitors in vitro and in vivo [29-31, 35, 35, 40, 43, 44, 47, 70].
miR-206 PHA767491 BA12&BP14 Xylocydine Ibulocydine
Inhibition of HCC cell lines + + + + +
Toxicity against non-malignant hepatic cells =¥ - - - -
In vivo tumor growth suppression - - + + +
In vivo observed toxic effect - - - - -

*- no data available

3.4. Xylocydine

Xylocydine is a novel CDK inhibitor, an L-derivative of
sangivamycin (a microorganism isolated CDK inhibitor),
which preferentially inhibits cyclin-dependent kinases 1,2,7
and 9. It has been suggested that it is better able to suppress
cell growth in hepatocellular carcinoma than other CDK in-
hibitors, such as Roscovitine or Olomoucine, and that it can
induce apoptosis in those cells [30]. It has also been sug-
gested that Xylocydine can reduce the levels of phospho-
nucleolin and phospho-RB (CDK1 and CDK2 activity indi-
cators), RNA Polymerase II-CTD (a CDK7 and CDK9 activ-
ity indicator) and also the antiapoptotics Bcl-2 and XIAP,
resulting in apoptosis [31]. Furthermore, Xylocydine also
increases the levels of p53 and Bax through the stabilization
of p53, thereby inducing cell cycle arrest at the G1/S, intra-S
and G2/M checkpoints [48, 49]. In vivo, Xylocydine shows
significant suppression of tumor growth and intensification
of apoptosis, without liver cell apoptosis, in Xenograft
Balb/C-nude mice (Table 2) [30, 31].

3.5. Ibulocydine

ItIbulocydine is a novel prodrug of the CDK inhibitor
BMK-Y101, which has a specific influence on not only
CDK7 and CDK9, but also on CDK1, and CDK2. It has
strong inhibitory effects on the growth of hepatocellular car-
cinoma cell lines, probably via the blockage of carboxyl-
terminal domain phosphorylation, mediated by CDK7/9,
resulting in the reduction of Mcl-1 and XIAP mRNA and
protein levels [35]. Furthermore, Ibulocydine seems to sensi-
tize HCC cells to TRAIL-induced apoptosis. A study by Park
et al. suggested that Ibulocydine can be useful in Bcl-xL
overexpressing HCC, where it overcomes the influence of
Bcel-xL on TRAIL-induced apoptosis [50]. It has been shown
to be more effective than other CDK inhibitors, such as

Olomoucine and Roscovitine, and has no toxic effect on he-
patocytes. It has also been reported that Ibulocydine inhibits
growth and induces apoptosis in HCC Xenografts (Table 2).
However, the bioavailability of the drug in Sprague-Dawley
rats was not satisfactory and was found to be only 34% by
oral absorption and 58% by peritoneal injection [50]

3.6. Olomoucine and Roscovitine

Olomoucine and Roscovitine are both older representa-
tives of the CDK-inhibiting drugs, which act through direct
competition for ATP-binding sites [51]. Olomoucine has
been shown to inhibit CDKs 1, 2, 5 and 7. Roscovitine has
shown similar specificity for CDKs with stronger inhibitory
action on CDK 1 than that of Olomoucine and with addi-
tional activity on CDK9 [30]. Both drugs showed an inhibi-
tory effect on tumor cells and, because of that, are used as a
baseline against which the effectiveness of newer drugs, such
as Xylocydine and Ibulocydine, is measured [29, 52].
Moreover, Roscovitine is being tested as a treatment in vari-
ous diseases such as B-cell lymphoma, non-small cell lung
cancer, viral diseases (HIV and HSV infections), and in in-
flammatory diseases such as arthritis [31].

3.7. Xylocydine and Ibulocydine vs Roscovitine and Olo-
moucine (New vs Old)

Recent studies have suggested that Xylocydine and Ibu-
locydine are superior to the older CDK inhibitors - Olomou-
cine and Roscovitine. Studies have shown that both novel
drugs reduced the growth of hepatocellular carcinoma cell
lines significantly more effective than older drugs. Further-
more, noticeable effects of the inhibition were observed with
lower dosages of either Xylocydine or Ibulocydine than
when using Olomoucine or Roscovitine [30, 35].
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Fig. (1). Suggested place of CDK?9 inhibitors’ application in current algorithm for HCC treatment options depending on BCLC stage [39, 68].

4. THERAPEUTIC PERSPECTIVES FOR THE AP-
PLICATION OF CDK9 INHIBITORS IN THE CUR-
RENT HCC TREATMENT ALGORITHM

CDKO9 inhibitors have yet to be tested in patients with
hepatocellular carcinoma despite having been demonstrated
to be effective in HCC treatment in both in vitro and in vivo
research, thus enabling their use in clinical trials [29-31, 33,
35, 39, 40, 44, 50]. According to a recent publication from
ESMO Clinical Practice Guidelines [39], no survival rate
improvement is brought about by the use of chemotherapy in
advanced HCC (BLCB C) [53-56] and only a few drugs,
such as Sorafenib [39, 57, 58] and Lenvatinib [39, 59] are
currently used in systemic therapy. However, the optimal
treatment strategy is yet to be defined. In intermediate HCC
treatment (stage BLCB B), trans-arterial chemoembolization
(TACE) is widely accepted as the first-line treatment [60-
64]. Nevertheless, the results of clinical trials have shown no
improvement in median overall survival, or median progres-
sion-free survival, through the use of TACE with systemic
treatment [65-67]. Taking into consideration the ESMO rec-
ommendations [39], TACE should be discontinued after its
second failure. For such patients, CDK9 inhibition together
with Sorafenib has been shown to be exceptionally effective

when p-53 mutation and c-Myc overexpression occur [13,
16, 34]. Consequently, detection of p-53 mutations or c-Myc
overexpression should be the primary selection criterion for
these patients. Chun Hsu et al. [68] confirmed that CDK9
inhibitors can significantly increase Sorafenib’s efficacy.
Therefore, the combination of CDK9 inhibitors with Soraf-
enib may turn out to be an effective systemic treatment for
patients with advanced HCC.

5. DISCUSSION

Inhibition of HCC cell lines and tumor growth suppres-
sion was observed after the application of each of the CDK9
inhibitors presented above. Furthermore, owing to their high
specificity, they had no effects on unaltered hepatocytes and
no toxic effects were observed in either HCC cell lines or in
vivo in mice (Table 2) [3, 5, 7, 12, 29-31, 44] The antitumor
properties of miR-206 have been recognized in multiple
studies. It is possible that the increased intracellular levels of
miR-206, brought about by regulation of E-cadherin and N-
cadherin, and by VEGF expression, can suppress progression
and metastasis in HCC. The synergistic effects of PHA-
767491 with 5-fluorouracil may enhance the clinical effec-
tiveness of HCC treatment schemes based on 5-fluorouracil
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(5-fluorouracil, mitoxantrone, and cisplatin included), by
reducing chemoresistance and by stimulating apoptosis.
MinKe He et al. [69], in their recent study, revealed signifi-
cantly longer overall median survival time in patients treated
with a combination of Sorafenib and hepatic arterial infu-
sions of oxaliplatin, fluorouracil, and leucovorin systemic
therapy, in comparison to Sorafenib alone. Together with the
discovery of the synergistic effects of PHA-767491 with 5-
fluorouracil, this has opened up new perspectives for the
application of CDK9 inhibitors in the systemic treatment of
HCC. Those drugs whose application did not result in
chemoresistance in mice are currently undergoing thorough
evaluation for use in highly chemoresistant tumors, such as
HCC. Neither BA-12 nor BP-14 induced chemoresistance,
even after prolonged treatment, and their therapeutic effect is
considered significant (Table 2). Nevertheless, further trials
are needed to determine their pharmacokinetics and to ensure
their safety for usage in vivo. The new generation CDKO-
inhibitors, Xylocydine and Ibulocydine, reduce the intracel-
lular levels of anti-apoptotic proteins such as BCL, leading
to increased apoptosis of tumor cells. Moreover, they seem
to be especially effective in HCC with c-Myc overexpres-
sion. Studies have verified that CDK9 has a key role in c-
Myc-mediated tumor growth and that CDK9 inhibitors not
only inhibit progression but diametrically decrease both the
mass and size of HCC nodules. As previously noted, Xylo-
cydine stabilizes p53 and induces cell cycle arrest, while the
activity of Ibulocydine was unrestricted by Bcl-xL overex-
pression. Targeting CDKO is, therefore, worth consideration,
especially in the immunotherapy of HCC in cases with diag-
nosed p53 mutation and BCL2 overexpression, the activity
of which is regulated by the CDK9/P-TEFb complex. It is
possible that impaired cell cycle control can be compensated
for by decreased levels of pro-proliferative proteins. Addi-
tionally, Xylocydine has been shown to increase the expres-
sion of functional p53 and to further intensify the suppres-
sion of tumor growth. Suggested prognostic markers for
CDK9-targeted therapy require further examination but,
based on their dependence on CDK activity, a reasonable
approach would be to track the cellular responses to drugs by
measurement of c-Myc, Mcl-1 and Bax expression in tumor
cells. Treatment based on CDK9 inhibition is associated with
potential prognosis improvements and with survival time
extension. Such treatment may also amplify the therapeutic
effects of other drugs (such as Sorafenib). By adopting ap-
propriate entry criteria (paragraph 4), it is likely that CDK9
inhibitors will show a synergistic effect when used together
with Sorafenib or Lenvatinib, even in the treatment of ad-
vanced HCC. Taken together, CDK9-inhibition is a promis-
ing target in HCC treatment, due to low overall toxicity and
strong antiproliferative effect. Despite many promising stud-
ies, many details have yet to be examined. The
pharmacokinetics and possible side effects in vivo, as well as
possible interactions with other drugs, have yet to be defined.
In summary, although further investigation is needed, CDK
inhibition is a promising therapeutic target for the systemic
treatment of advanced HCC.

CONSENT FOR PUBLICATION

Not applicable.

Current Cancer Drug Targets, 2020, Vol. 20, No. 1 5

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

The authors would like to thank the reviewer for con-
structive feedback.

REFERENCES

[1] Franco, L.C.; Morales, F.; Boffo, S.; Giordano, A. CDK9: A key
player in cancer and other diseases. J. Cell. Biochem., 2018,
119(2),1273-1284.
http://dx.doi.org/10.1002/jcb.26293 PMID: 28722178

[2] Bacon, C.W.; D’Orso, I. CDK9: A Signaling Hub for Transcriptio-
nal Control. Transcription, 2018, 0(0), 1-19.
http://dx.doi.org/10.1080/21541264.2018.1523668 PMID:
30227759

[3] Boffo, S.; Damato, A.; Alfano, L.; Giordano, A. CDK9 Inhibitors
in Acute Myeloid Leukemia. J. Exp. Clin. Cancer Res. 37, Artic.
number 3, 2018, 1-10.

[4] Kretz, A.; Schaum, M.; Richter, J.; Kitzig, E. F.; Engler, C. C.;
Leithéuser, F.; Henne-bruns, D.; Knippschild, U.; Lemke, J. CDK9
Is a Prognostic Marker and Therapeutic Target in Pancreatic Can-
cer., 2017.

[5] Rahaman, M.H.; Kumarasiri, M.; Mekonnen, L.B.; Yu, M.; Diab,
S.; Albrecht, H.; Milne, R.W.; Wang, S. Targeting CDK9: a promi-
sing therapeutic opportunity in prostate cancer. Endocr. Relat.
Cancer, 2016, 23(12), T211-T226.
http://dx.doi.org/10.1530/ERC-16-0299 PMID: 27582311

[6] Itkonen, H.M.; Poulose, N.; Walker, S.; Mills, I.G. CDK9 Inhibi-
tion Induces a Metabolic Switch that Renders Prostate Cancer Cells
Dependent on Fatty Acid Oxidation. Neoplasia, 2019, 21(7), 713-
720.
http://dx.doi.org/10.1016/j.ne0.2019.05.001 PMID: 31151054

[7] Brisard, D.; Eckerdt, F.; Marsh, L.A.; Blyth, G.T.; Jain, S.; Cristo-
fanilli, M.; Horiuchi, D.; Platanias, L.C. Antineoplastic effects of
selective CDK9 inhibition with atuveciclib on cancer stem-like
cells in triple-negative breast cancer. Oncotarget, 2018, 9(99),
37305-37318.
http://dx.doi.org/10.18632/oncotarget.26468 PMID: 30647871

[8] Morales, F.; Giordano, A. Overview of CDK9 as a Target in Can-
cer Research Overview of CDK9 as a Target in Cancer Research.,
2016, 4101 (January)

[9] Gudipaty, S. A.; Mcnamara, R. P.; Morton, E. L.; Orso, 1. D.
PPMIG Binds 7SK RNA and Heximl To Block P-TEFb Assembly
into the 7SK SnRNP and Sustain Transcription Elongation., 2015,
35(22), 3810-3828.

[10] Nguyen, V.T.; Kiss, T.; Michels, A.A.; Bensaude, O. 7SK small
nuclear RNA binds to and inhibits the activity of CDK9/cyclin T
complexes. Nature, 2001, 414(6861), 322-325.
http://dx.doi.org/10.1038/35104581 PMID: 11713533

[11] Li, Q.; Price, J. P.; Byers, S. A.; Cheng, D.; Peng, J.; Price, D. H.
Analysis of the Large Inactive P-TEFb Complex Indicates That It
Contains One 7SK Molecule , a Dimer of HEXIM1 or HEXIM? ,
and Two P-TEFb Molecules Containing Cdk9 Phosphorylated at
Threonine 186 *., 2005, 280(31), 28819-28826.

[12] Villanueva, A.; Hernandez-Gea, V.; Llovet, J.M. Medical therapies
for hepatocellular carcinoma: a critical view of the evidence. Nat.
Rev. Gastroenterol. Hepatol., 2013, 10(1), 34-42.
http://dx.doi.org/10.1038/nrgastro.2012.199 PMID: 23147664

[13] Claudio, P. P.; Cui, J.; Ghafouri, M.; Mariano, C.; White, M. K_;
Safak, M.; Sheffield, J. B.; Giordano, A.; Khalili, K.; Amini, S.
Cdk9 Phosphorylates P53 on Serine 392 Independently of CKIL.,
2006, 612(April), 602-612.



6 Current Cancer Drug Targets, 2020, Vol. 20, No. 1

[14]

[17]

[19]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Hellvard, A.; Zeitlmann, L.; Heiser, U.; Astrid, K.; Niestroj, A.;
Demuth, H.; Koziel, J.; Delaleu, N.; Potempa, J.; Mydel, P. Inhibi-
tion of CDKO9 as a Therapeutic Strategy for Inflammatory Arthritis.
Nat. Publ. Gr., 2016.

Thomas, L.W.; Lam, C.; Edwards, S.W. Mcl-1; the molecular
regulation of protein function. FEBS Lett., 2010, 584(14), 2981-
2989.

http://dx.doi.org/10.1016/j.febslet.2010.05.061 PMID: 20540941
Huang, C.; Lujambio, A.; Zuber, J.; Tschaharganeh, D. F.; Doran,
M. G.; Evans, M. J.; Kitzing, T.; Zhu, N.; Stanchina, E.; De, ; Saw-
yers, C. L. CDK9-Mediated Transcription Elongation Is Required
for MYC Addiction in Hepatocellular Carcinoma., 2014, 1, 1800-
1814.

Kulik, L.; El-serag, H.B. Epidemiology and Management of Hepa-
tocellular Carcinoma. Gastroenterology, 2018, 2019(December), 1-
15.

http://dx.doi.org/10.1053/j.gastro.2018.08.065 PMID: 30367835
Golabi, P.; Otgonsuren, M.; Sayiner, M.; Locklear, C. T.; Younos-
si, Z. M. Mortality Assessment of Patients with Hepatocellular
Carcinoma According to Underlying Disease and Treatment Mo-
dalities.,

http://dx.doi.org/10.1097/MD.0000000000005904

Papendorf, F.; Kirchhoff, T.; Wohlberedt, T.; Kubicka, S.; Klemp-
nauer, J.; Galanski, M. Survival Rate in Patients with Hepatocellu-
lar Carcinoma: A Retrospective Analysis of 389 Patients., 2005,
1862-1868.

Jonathan, M. Schwartz, MDRobert L Carithers, Jr, MDClaude B
Sirlin, M; Clinical Features and Diagnosis of Hepatocellular Carci-
noma, 2019.

Pardee, A.D.; Butterfield, L.H.; Pardee, A.D.; Butterfield, L.H.
Immunotherapy of Hepatocellular Carcinoma Immunotherapy of
Hepatocellular Carcinoma Unique Challenges and Clinical Oppor-
tunities © 2012 Landes Bioscience; No. November, 2015.
Bishayee, A. The Role of Inflammation in Liver Cancer, 2014.
Unsal, V.; Belge-Kurutas, E. Experimental Hepatic Carcinogenesis:
Oxidative Stress and Natural Antioxidants. Open Access Maced. J.
Med. Sci., 2017, 5(5), 686-691.
http://dx.doi.org/10.3889/0amjms.2017.101 PMID: 28932315

Niu, Z.S.; Niu, X.J.; Wang, W.H. Genetic alterations in hepatoce-
llular carcinoma: An update. World J. Gastroenterol., 2016, 22(41),
9069-9095.

http://dx.doi.org/10.3748/wjg.v22.141.9069 PMID: 27895396

Han, Q.; Zhao, H.; Jiang, Y.; Yin, C.; Zhang, J. HCC-Derived
Exosomes : Critical Player and Target, 2019, 2(Figure 1), 1-11.
Tian, Z.; Hou, X.; Liu, W.; Han, Z.; Wei, L. Macrophages and
hepatocellular carcinoma. Cell Biosci., 2019, 9, 79.
http://dx.doi.org/10.1186/s13578-019-0342-7 PMID: 31572568
Lee, S.; Loecher, M.; Iyer, R. Immunomodulation in hepatocellular
cancer. J. Gastrointest. Oncol., 2018, 9(1), 208-219.
http://dx.doi.org/10.21037/jg0.2017.06.08 PMID: 29564186

Fang, L.; Choudhary, S.; Zhao, Y.; Edeh, C. B.; Yang, C.; Bol-
dogh, I.; Brasier, A. R.; Ser, T. R. ATM Regulates NF- [l B-
Dependent Immediate-Early Genes via Rel4 Ser 276 Phosphoryla-
tion Coupled to CDK9 Promoter Recruitment., 2014, 42(13), 8416~
8432.

Weiss, T. S.; Rotheneder, H.; Haider, C.; Grubinger, M.; Rezni, E.
Novel Inhibitors of Cyclin-Dependent Kinases Combat Hepatoce-
llular Carcinoma without Inducing Chemoresistance., 2013, 1947-
1958.

Ham, Y-M.; Choi, K.J.; Song, S.Y.; Jin, Y.H.; Chun, M.W_; Lee,
S.K. Xylocydine, a novel inhibitor of cyclin-dependent kinases,
prevents the tumor necrosis factor-related apoptosis-inducing li-
gand-induced apoptotic cell death of SK-HEP-1 cells. J. Pharma-
col. Exp. Ther., 2004, 308(3), 814-819.
http://dx.doi.org/10.1124/jpet.103.059568 PMID: 14617691

Cho, S.J.; Lee, S.S.; Kim, Y.J.; Park, B.D.; Choi, J.S.; Liu, L.;
Ham, Y.M.; Moon Kim, B.; Lee, S.K. Xylocydine, a novel Cdk in-
hibitor, is an effective inducer of apoptosis in hepatocellular carci-
noma cells in vitro and in vivo. Cancer Lett., 2010, 287(2), 196-
206.

http://dx.doi.org/10.1016/j.canlet.2009.06.011 PMID: 19616371
Simone, C.; Bagella, L.; Bellan, C.; Giordano, A. Physical Interac-
tion between PRb and Cdk9 / CyclinT2 Complex 2002, 4158-4165.
Wang, B.; Wu, J.; Wu, Y.; Chen, C.; Zou, F.; Wang, A.; Wu, H.;
Hu, Z.; Jiang, Z.; Liu, Q.; Wang, W.; Zhang, Y ; Liu, F.; Zhao, M.;

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Borowczak et al.

Hu, J.; Huang, T.; Ge, J.; Wang, L.; Ren, T.; Wang, Y.; Liu, J.; Liu,
Q. Discovery of 4-(((4-(5-chloro-2-(((1s,4s)-4-((2-
methoxyethyl)amino)cyclohexyl)amino)pyridin-4-yl)thiazol-2-
yl)amino)methyl)tetrahydro-2H-pyran-4-carbonitrile (JSH-150) as
a novel highly selective and potent CDK9 kinase inhibitor. Eur. J.
Med. Chem., 2018, 158, 896-916.
http://dx.doi.org/10.1016/j.ejmech.2018.09.025 PMID: 30253346
Lin, C.P.; Liu, C.R.; Lee, C.N.; Chan, T.S.; Liu, H.E. Targeting c-
Myc as a novel approach for hepatocellular carcinoma. World J.
Hepatol., 2010, 2(1), 16-20.

http://dx.doi.org/10.4254/wjh.v2.i1.16 PMID: 21160952

Cho, S.J.; Kim, Y.J.; Surh, Y.J.; Kim, B.M.; Lee, S.K. Ibulocydine
is a novel prodrug Cdk inhibitor that effectively induces apoptosis
in hepatocellular carcinoma cells. J. Biol. Chem., 2011, 286(22),
19662-19671.

http://dx.doi.org/10.1074/jbc.M110.209551 PMID: 21478145
Lohitesh, K.; Chowdhury, R.; Mukherjee, S. Resistance a major
hindrance to chemotherapy in hepatocellular carcinoma: an insight.
Cancer Cell Int., 2018, 18, 44.
http://dx.doi.org/10.1186/s12935-018-0538-7 PMID: 29568237
Kim, N. G.; Nguyen, P. P.; Dang, H.; Kumari, R.; Garcia, G. Tem-
poral Trends in Disease Presentation and Survival of Patients With
Hepatocellular Carcinoma : A Real-World Experience From 1998
to 2015,2018, 1-11.

Shah, C.; Mramba, L.K.; Bishnoi, R.; Bejjanki, H.; Chhatrala, H.S.;
Chandana, S.R. Survival differences among patients with hepatoce-
llular carcinoma based on the stage of disease and therapy received:
pre and post sorafenib era. J. Gastrointest. Oncol., 2017, 8(5), 789-
798.

http://dx.doi.org/10.21037/jg0.2017.06.16 PMID: 29184682

Vogel, A.; Cervantes, A.; Chau, L.; Daniele, B.; Llovet, J.; Meyer,
T.; Nault, J.C.; Neumann, U.; Ricke, J.; Sangro, B.; Schirmacher,
P.; Verslype, C.; Zech, C.J.; Arnold, D.; Martinelli, E. Hepatocellu-
lar carcinoma: ESMO Clinical Practice Guidelines for diagnosis,
treatment and follow-up. Ann. Oncol., 2018, 29(Suppl. 4), iv238-
iv255.

http://dx.doi.org/10.1093/annonc/mdy308 PMID: 30285213

Pang, C.; Huang, G.; Luo, K.; Dong, Y.; He, F.; Du, G.; Xiao, M.;
Cai, W. miR-206 inhibits the growth of hepatocellular carcinoma
cells via targeting CDK9. Cancer Med., 2017, 6(10), 2398-2409.
http://dx.doi.org/10.1002/cam4.1188 PMID: 28940993

Yang, N.; Wang, L.; Liu, J. U. N,; Liu, L. I.; Huang, J.; Chen, X_;
Luo, Z. MicroRNA - 206 Regulates the Epithelial - Mesenchymal
Transition and Inhibits the Invasion and Metastasis of Prostate
Cancer Cells by Targeting Annexin A2., 2018, 8295-8302.
Keklikoglou, I.; Hosaka, K.; Bender, C.; Bott, A.; Koerner, C.;
Mitra, D.; Will, R.; Woerner, A.; Muenstermann, E.; Wilhelm, H.
MicroRNA-206 Functions as a Pleiotropic Modulator of Cell Proli-
feration , Invasion and Lymphangiogenesis in Pancreatic Adeno-
carcinoma by Targeting ANXA2 and KRAS Genes., 2015, (No. De-
cember 2014), 4867-4878.

Ding, W. MiR-206 Suppresses the Progression of Coronary Artery
Disease by Modulating Vascular Endothelial Growth Factor
(VEGF); Expression, 2016, pp. 5011-5020.

Liu, H.; Tuckett, A. Z.; Fennell, M.; Garippa, R.; Zakrzewski, J. L.
Repurposing of the CDK Inhibitor PHA-767491 as a NRF2 Inhibi-
tor Drug Candidate for Cancer Therapy via Redox Modulation.,
2017.

Reilly, E.O.; Dhami, S.P.S.; Baev, D.V.; Ortutay, C. Halpin-, A.;
Morrell, R.; Santocanale, C.; Samali, A.; Quinn, J.; Dwyer, M. E.
O.; et al. Repression of Mcl-1 Expression by the CDC7 / CDKY In-
hibitor PHA-767491 Overcomes Bone Marrow Stroma-Mediated
Drug Resistance in AML; No. February, 2018, pp. 1-15.

Jitka, S.; Martina, C.; Urbanek, L.; Kry, V.; Hofman, J.; Strnad, M.
LC-MS / MS Method for Determination of Cyclin-Dependent Kina-
se Inhibitors , BP-14 and BP-20 , and Its Application in Pharma-
cokinetic Study in Rat, 2018, 1089(November 2017), 24-32.
Allegri, L.; Baldan, F.; Mio, C.; Puppin, C.; Russo, D.; Krystof, V.;
Damante, G. Effects of BP-14, a Novel Cyclin-Dependent Kinase
Inhibitor, on Anaplastic Thyroid Cancer Cells., 2016, 2413-2418.
http://dx.doi.org/10.3892/0r.2016.4614

Hyun, S.; Jang, Y. P53 Activates G 1 Checkpoint Following DNA
Damage by Doxorubicin during Transient Mitotic Arrest., 2014,
6(7)



CDKY: Therapeutic Perspective in HCC Therapy

[49]

[50]

[51]

[52]

[53]

[54]

[56]

[57]

[58]

Choi, B.Y.; Lee, C.H. Cell cycle arrest and cytochrome c-mediated
apoptotic induction by MCS-5A is associated with up-regulation of
pl6(INK4a) in HL-60 cells. Bioorg. Med. Chem. Lett., 2010,
20(13), 3880-3884.

http://dx.doi.org/10.1016/j.bmcl.2010.05.037 PMID: 20627562
Kim, B.M.; Jung, SK.; Lee, S.; Yeol, S. Ibulocydine Sensitizes
Human Hepatocellular Carcinoma Cells to TRAIL- Induced Apop-
tosis via Calpain-Mediated Bax Cleavage. Int. J. Biochem. Cell
Biol., 2016, ***

http://dx.doi.org/10.1016/j.biocel.2016.12.001 PMID: 27923747
Cicenas, J.; Kalyan, K.; Sorokinas, A.; Stankunas, E.; Levy, J.;
Stankevicius, V.; Kaupinis, A.; Valius, M. Roscovitine in Cancer
and Other Diseases., 2015, 3(10), 1-12.
http://dx.doi.org/10.2210/pdb2a4l/pdb

Bettayeb, K.; Baunbzk, D.; Delehouze, C.; Loaéc, N.; Hole, A. J.;
Baumli, S.; Endicott, J. A.; Douc-rasy, S.; Bénard, J.; Oumata, N.
CDK  Inhibitors Roscovitine and CRS Trigger Mcl-1 Down-
Regulation and Apoptotic Cell Death in Neuroblastoma Cells.,
2010.

http://dx.doi.org/10.1177/1947601910369817

Yeo, W.; Mok, T.S.; Zee, B.; Leung, T.W.T.; Lai, P.B.S.; Lau,
W.Y.; Koh, J.; Mo, FX.F.; Yu, S.C.H.; Chan, A.T.; Hui, P.; Ma,
B.; Lam, K.C.; Ho, W.M.; Wong, H.T.; Tang, A.; Johnson, P.J. A
randomized phase III study of doxorubicin versus cispla-
tin/interferon o-2b/doxorubicin/fluorouracil (PIAF) combination
chemotherapy for unresectable hepatocellular carcinoma. J. Natl.
Cancer Inst., 2005, 97(20), 1532-1538.
http://dx.doi.org/10.1093/jnci/dji3 15 PMID: 16234567

Gish, R.G.; Porta, C.; Lazar, L.; Ruff, P.; Feld, R.; Croitoru, A.;
Feun, L.; Jeziorski, K.; Leighton, J.; Gallo, J.; Kennealey, G.T.
Phase III randomized controlled trial comparing the survival of pa-
tients with unresectable hepatocellular carcinoma treated with nola-
trexed or doxorubicin. J. Clin. Oncol., 2007, 25(21), 3069-3075.
http://dx.doi.org/10.1200/JC0O.2006.08.4046 PMID: 17634485

Of, O. Randomized , Multicenter , Open-Label Study of Oxaliplatin
Plus Fluorouracil / Leucovorin Versus Doxorubicin As Palliative
Chemotherapy in Patients With Advanced Hepatocellular Carci-
noma From Asia., 2013, 31(28)

Johnson, P.; Knox, J. J.; Davidenko, I.; Lacava, J.; Leung, T. Vs
Doxorubicin Alone in Patients With Advanced Hepatocellular Car-
cinoma., 2015, 304(19)

Estfan, B.; Byrne, M.; Kim, R. Sorafenib in advanced hepatocellu-
lar carcinoma: hypertension as a potential surrogate marker for ef-
ficacy. Am. J. Clin. Oncol., 2013, 36(4), 319-324.
http://dx.doi.org/10.1097/COC.0b013e3182468039 PMID:
22547010

Cheng, A.L.; Kang, Y.K.; Chen, Z.; Tsao, C.J.; Qin, S.; Kim, J.S;
Luo, R.; Feng, J.; Ye, S.; Yang, T.S.; Xu, J.; Sun, Y.; Liang, H.;
Liu, J.; Wang, J.; Tak, W.Y.; Pan, H.; Burock, K.; Zou, J.; Voliotis,
D.; Guan, Z. Efficacy and safety of sorafenib in patients in the
Asia-Pacific region with advanced hepatocellular carcinoma: a
phase III randomised, double-blind, placebo-controlled trial. Lancet
Oncol., 2009, 10(1), 25-34.
http://dx.doi.org/10.1016/S1470-2045(08)70285-7 PMID:
19095497

[59]

[60]

[61]

[66]

[67]

[68]

[70]

Current Cancer Drug Targets, 2020, Vol. 20, No. 1 7

Personeni, N.; Pressiani, T.; Rimassa, L. Lenvatinib for the Treat-
ment of Unresectable Hepatocellular Carcinoma : Evidence to Da-
te., 2019, 31-39.

Llovet, J. M. Systematic Review of Randomized Trials for Unresec-
table Hepatocellular Carcinoma: Chemoembolization Improves
Survival., 2002, 429-442.

Llovet, J. M.; Real, M. 1.; Montaiia, X.; Planas, R.; Coll, S.; Apon-
te, J.; Ayuso, C. Arterial Embolisation or Chemoembolisation ver-
sus Symptomatic Treatment in Patients with Unresectable Hepato-
cellular Carcinoma: A Randomised Controlled Trial., 2002, 359,
1734-1739.

http://dx.doi.org/10.1016/S0140-6736(02)08649-X

Lo, C.M.; Ngan, H.; Tso, WK.; Liu, C.L.; Lam, C.M.; Poon,
R.T.P.; Fan, S.T.; Wong, J. Randomized controlled trial of transar-
terial lipiodol chemoembolization for unresectable hepatocellular
carcinoma. Hepatology, 2002, 35(5), 1164-1171.
http://dx.doi.org/10.1053/jhep.2002.33156 PMID: 11981766
Elshaarawy, O.; Gomaa, A.; Omar, H.; Rewisha, E.; Waked, L.
Intermediate stage hepatocellular carcinoma: a summary review. J.
Hepatocell. Carcinoma, 2019, 6, 105-117.
http://dx.doi.org/10.2147/JHC.S168682 PMID: 31372364

Raoul, J.L.; Forner, A.; Bolondi, L.; Cheung, T.T.; Kloeckner, R.;
de Baere, T. Updated use of TACE for hepatocellular carcinoma
treatment: How and when to use it based on clinical evidence. Can-
cer Treat. Rev., 2019, 72(72), 28-36.
http://dx.doi.org/10.1016/j.ctrv.2018.11.002 PMID: 30447470
Kudo, M.; Han, G.; Finn, R. S.; Poon, R. T. P.; Blanc, J.; Yan, L.;
Yang, J.; Lu, L.; Tak, W.; Yu, X. Brivanib as Adjuvant Therapy to
Transarterial Chemoembolization in Patients With Hepatocellular
Carcinoma: A Randomized Phase III Trial., , 1697-1707.

Meyer, T.; Fox, R.; Ma, Y. T.; Ross, P. J.; James, M. W.; Sturgess,
R.; Stubbs, C.; Stocken, D. D.; Wall, L.; Watkinson, A. Articles
Sorafenib in Combination with Transarterial Chemoembolisation in
Patients with Unresectable Hepatocellular Carcinoma ( TACE 2 ):
A Randomised Placebo-Controlled , Double-Blind , Phase 3 Trial.
Lancet, 2017, 1253(Tace 2), 1-11.

Kudo, M.; Imanaka, K.; Chida, N.; Nakachi, K.; Tak, W.Y.; Taka-
yama, T.; Yoon, J.H.; Hori, T.; Kumada, H.; Hayashi, N.; Kaneko,
S.; Tsubouchi, H.; Suh, D.J.; Furuse, J.; Okusaka, T.; Tanaka, K.;
Matsui, O.; Wada, M.; Yamaguchi, I.; Ohya, T.; Meinhardt, G.;
Okita, K. Phase III study of sorafenib after transarterial chemoem-
bolisation in Japanese and Korean patients with unresectable hepa-
tocellular carcinoma. Eur. J. Cancer, 2011, 47(14), 2117-2127.
http://dx.doi.org/10.1016/j.ejca.2011.05.007 PMID: 21664811

Hsu, C.; Lin, L.; Cheng, Y.; Feng, Z.; Shao, Y. Cyclin El Inhibi-
tion Can Overcome Sorafenib Resistance in Hepatocellular Carci-
noma Cells Through Mcl-1 Suppression., 2016, 2555-2565.
http://dx.doi.org/10.1158/1078-0432.CCR-15-0499

Outcomes, M.; Registration, T. Sorafenib Plus Hepatic Arterial
Infusion of Oxaliplatin, Fluorouracil, and Leucovorin vs Sorafenib
Alone for Hepatocellular Carcinoma With Portal Vein Invasion A
Randomized Clinical Trial., 2019, 5(7), 953-960.

Bazarbachi, A. Inhibition for ATL Therapy. Traffic Lights for
Ruxolitinib. ASH Clin. News, 2017, 130(9),2016-2018.
http://dx.doi.org/10.1182/blood-2017-07-793356



Rozdziat 5. Podsumowanie

W powyzszych badaniach wykazalismy, ze CDK9 ulega nadekspresji w raku
urotelialnym pecherza moczowego, a jej wysoki poziom zwigzany jest z nizszym stopniem
ztosliwosci histopatologicznej nowotworu. Charakter tej zaleznosci jest jednak odmienny niz
w wiekszosci dotychczas przebadanych nowotwordw. W przeciwienstwie do raka jajnika czy
kostniakomiesaka, wysoka ekspresja CDK9 w BLCA byta zwigzana z dtuzszym okresem
przezycia i wyzszym odsetkiem piecioletnich przezy¢ [22,24]. Weryfikacja otrzymanych
danych, poprzez analize kohorty pochodzacej z bazy The Cancer Genome Atlas, pozwala
zaktada¢, ze uzyskane wyniki sg reprezentatywne dla omawianego nowotworu. W niniejszej
pracy po raz pierwszy opisana zostata relacja pomiedzy ekspresja CDK9 a rokowaniem
pacjentow z BLCA. Z tego powodu nie mamy mozliwosci skontrastowania naszych wynikéw
z pracami innych autoréw. Niemniej jednak, wynik zaskakujgco odstajgcy od konwencji

przyjetej w literaturze Swiatowej wymaga drobiazgowej analizy.

5.1. Znaczenie nadekspresji kinazy CDK9 w raku urotelialnym

pecherza moczowego

Dotychczas jedynie dwie inne prace poruszyty zagadnienie ekspresji CDK9 w BLCA.
Antonova i wsp. wykazali nadekspresje CDK9 w inwazyjnym raku pecherza moczowego
w poréwnaniu z rakiem nieinwazyjnym [44]. W naszej grupie to raki nieinwazyjne miaty
statystycznie wyzszg ekspresje CDK9. Poziom CDK9 byt najwyzszy w guzach o wysokim stopniu
dojrzatosci histologicznej i niskim stopniu zaawansowania klinicznego. Zjawisko to mozna
wyjasni¢ dwojako. Z jednej strony, uzyskane wyniki zdajg sie potwierdzaé, ze komoérki lepiej
zréznicowane sg w wiekszym stopniu zalezne od endogennych szlakow regulujgcych podziat
i Smier¢ komorki [26]. Zakfadajac, ze na wczesnym etapie karcynogenezy komorki
nowotworowe nie zostaty jeszcze genetycznie przeprogramowane i zachowaty przynajmniej
czesciowa aktywnos¢ gendw supresorowych, nadekspresja CDK9 moze sprzyjaé¢ produkcji

biatek antyapoptotycznych i zapobiegac Smierci komérki [19,20]. Tym samym, ekspresja CDK9
63



maleje, kiedy choroba postepuje, a komérki stopniowo wyswobadzajg sie spod kontroli
organizmu. Z drugiej strony, istnienie petli dodatniego sprzezenia zwrotnego pomiedzy p53
a CDK9 wskazuje na mozliwosé¢ kompensacyjnej nadekspresji CDK9 w guzach, ktére utracity
funkcjonalnos¢ p53 [45].

Niestety, brak jest obecnie badan oceniajgcych skutki owej kompensac;ji.
Hipotetyzujemy, ze jej aktywnos$¢ biologiczna warunkowana jest interakcjami pomiedzy
guzem a jego mikrosrodowiskiem oraz ekspresjg cyklin tworzgcych z CDK9 funkcjonalne
kompleksy. Wyciszenie aktywnosci Sciezki sygnatowej CDK9 w komodrkach linii
kostniakomiesaka (U20S) opdznito przejscie tych komérek do fazy S cyklu komérkowego
i spowolnito ich proliferacje, ale tylko w obecnosci czynnika uszkadzajgcego DNA [28].
Zastosowanie technologii "knockdown” w celu dezaktywacji szlakéw sygnatowych CDK9
wigzato sie takze ze spontanicznym uszkodzeniem DNA i zmniejszeniem zdolnosci komaérki
do rekonwalescencji po przejsciowym zatrzymaniu cyklu komérkowego. Rowniez uszkodzenie
DNA po wczesniejszym wyciszeniu aktywnosci CDK9 powodowato niestabilnos¢ widetek
replikacyjnych, do ktérej doszto pomimo nieobecnosci substancji genotoksycznych [46,47].
Yui wsp. zbadali takze role cykliny K, ktora alternatywnie do cykliny T tworzy kompleksy
z CDK9. Co ciekawe, jedynie deficyt cykliny K, ale nie cykliny T, zaburzat regeneracje komarek,
implikujgc udziat cykliny K w odpowiedzi na stres replikacyjny [28]. W mysl tej zasady wysoka
ekspresja cykliny K moze przyczyniac sie do utrzymania stabilnosci genetyczneji naprawy DNA
w warunkach zwiekszonej podatnosci na jego uszkodzenia, podczas gdy nadekspresja cykliny
T sprzyja¢ bedzie narastaniu immunoopornosci i zwiekszonemu przezyciu komorki
nowotworowej [17,28].

Zagadka pozostaje rowniez dlaczego ekspresja CDK9 w BLCA ma odmienne znaczenie
prognostyczne niz w innych nowotworach ztosliwych. Jedna z hipotez zaktada, ze zmniejszanie
sie ekspresji CDK9 wraz z postepem choroby jest przejawem niestabilnosci genomowej. Jedng
z najczestszych aberracji genetycznych w raku urotelialnym jest utrata chromosomu 9,
wystepujgca w ponad 50% guzéw pecherza niezaleznie od ich stopnia zaawansowania [48].
W zaawansowanych nowotworach delecja krétkiego ramienia chromosomu 9 (9q) ma miejsce
czesciej niz delecja krotkiego chromosomu (9p) [49,50]. Utrata heterozygotycznosci 9q
uznawana jest za bardzo wczesng zmiane w patogenezie BLCA, ktdra poprzedza serie zmian

liczby kopii DNA i prowadzi do szybkiego narastania niestabilnosci genomowej [48]. Delecje
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9933 i 9934 wigzg sie z bardziej agresywnym przebiegiem choroby [50]. Gen CDK9 miesci sie
na chromosomie 9934, mozliwe jest zatem, ze zmniejszona ekspresja kinazy CDK9 w guzach
bardziej zaawansowanych powstata na skutek utraty funkcjonalnego CDK9 h i odzwierciedla
stopien destabilizacji genomu [51,52]. Oznaczatoby to, ze w rakach z niskg czestotliwosciag
mutacji somatycznych aktywnos¢ CDK9 nie jest ograniczana niestabilnoscig genetyczng
i wysoka ekspresja tej kinazy moze przewidywaé zte rokowanie. Natomiast w nowotworach
z wiekszym nagromadzeniem mutacji somatycznych, a zwtaszcza wczesng utratg 9q, ekspresja
CDK9 moze mie¢ odmienne znaczenie prognostyczne. Model ten zdaje sie by¢ przynajmniej
czesciowo prawdziwy dla BCLA i raka ptuca, charakteryzujgcych sie wiekszg czestotliwoscia
mutacji somatycznych i zwigzkiem wysokiego CDK9 z dtuzszym przezyciem pacjentéw [53-55].
W tych nowotworach niska ekspresja CDK9 koreluje réwniez cechami histologicznej
ztosdliwosci nowotworu, wskazujgc na potencjalne korzysci tej grupy pacjentéw z bardziej

agresywnej terapii.

5.2. ZaleznosSci pomiedzy ekspresjami biatka p53 i CDK9 w

raku urotelialny pecherza moczowego

W kolejnym etapie pracy oznaczyliSmy ekspresje biatka p53 w raku urotelialnym
pecherza moczowego oraz oceniliémy korelacje z cechami histopatologicznej ztosliwosci
nowotworu i ekspresjg CDK9. Wykazalismy, ze biatko p53 ulega nadekspresji w BCLA, a jego
wysoki poziom zostat stwierdzony w rakach inwazyjnych, rakach o nizszym stopniu dojrzatosci
histologicznej oraz rakach z przerzutami. Nadekspresja p53 jest czesto zwigzana z mutacjg
punktowg szczegdlnie konserwatywnego regionu genu TP53 i wynika z nagromadzenia
niefunkcjonalnego biatka [56,57]. Ttumaczy to wyiszg ekspresje zmutowanego TP53
w pordwnaniu z genem niezmutowanym oraz zwigzek wysokiego poziomu p53
z wystgpieniem przerzutéw odlegtych u pacjentow wchodzacych w sktad naszej grupy
badanej. Wsrdd pacjentéw z inwazyjnymi BLCA, wysoka ekspresja p53 wigzata sie z istotnie
nizszym wspotczynnikiem piecioletnich przezy¢ (94.44% vs. 57.14%; p=0.015), krotszym
czasem do progresji (91.74% vs 52.85%, p=0.013) oraz ryzykiem szybszej progresji (HR=9.63

[1.06—-87.67); p=0.04). Natomiast niska ekspresja p53 byta markerem prognostycznym
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dtuzszego przezycia pacjentow (HR=0.107 [0.012-0.96]; p=0.046). Dane te znajduja
odzwierciedlenie w literaturze, poniewaz mutacja p53 stanowi czynnik ryzyka progres;ji
nowotworu nieinwazyjnego do nowotworu inwazyjnego, charakteryzujgcego sie znacznie
krétszym czasem przezycia [34].

W warunkach stresu komdérkowego p53 stanowi mechanizm ochronny, ktéry aktywuje
szlaki sygnatowe indukowane uszkodzeniem DNA oraz ich liczne mediatory, takie jak cykling K
[58,59]. Cykliny K i T tworzg kompleksy z CDK9 niezaleznie od siebie, a ich wzajemny stosunek
i aktywnos¢ warunkujg przezycie lub $mieré komorki [28,45]. Pomiedzy kompleksem
CDK9/cyklina T1 i p53 istnieje petla sprzezenia zwrotnego, w ktérej wzajemna fosforylacja
CDK9 i p53 prowadzi do modyfikacji i wzmocnienia ich aktywnosci [45]. Mechanizm ten zdaje
sie wyjasniaé, dlaczego guzy z wysokg ekspresjg CDK9 majg takze wysoka ekspresje p53.

Chociaz wspodtwystepowanie wysokiej ekspresji CDK9 i p53 moze zaistniec
na wczesnych etapach rozwoju BLCA, w naszej pracy nie znalezliSmy istotnej korelacji
pomiedzy obydwoma biatkami. Wysoki poziom p53 w niskozréznicowanych i inwazyjnych
rakach pecherza moczowego o wysokiej ekspresji CDK9 sugeruje nie tylko zwigzek narastajgcej
niestabilnosci genetycznej ze wzrostem histopatologicznej agresywnosci nowotworu,
ale takze swiadczy o skomplikowanych interakcjach miedzy obydwoma biatkami.

CDK9 aktywuje biatko mouse double minute 4 (MDM4) i inhibitor biatka p53
stymulujgcego apoptoze (iASPP), ktdre antagonizujg p53 i sprzyjajg akumulacji zmian
genetycznych i narastaniu niestabilnosci genomowej [30,60]. Rui i wsp. potwierdzajg
te doniesienia w swoich badaniach. Obnizenie aktywnosci CDK9 hamuje proliferacje komorek
nowotworowych i przeciwdziata powstawaniu przerzutéw raka pecherza moczowego [61].
Zmniejszenie aktywnosci CDK9 moze by¢ rowniez bezposrednig konsekwencjg mutacji p53,
utraty jego funkcji i rozregulowania petli sprzezenia zwrotnego pomiedzy p53 i CDK9. W tym
sensie CDK9 moze by¢ wskaznikiem funkcjonalnosci p53 [40,45]. Przypuszczamy, ze w dobrze
zréznicowanych rakach urotelialnych, nadekspresja CDK9 moze ttumi¢ aktywnos¢ biatka p53
i utatwiac rozwdj choroby. Natomiast w rakach niskozréznicowanych, cechujgcych sie wieksza
niestabilnoscig genomowag, p53 jest czesto zmutowane i nieaktywne. W tej sytuacji wysoka
aktywnos¢ CDK9 traci znaczenie jako mechanizm przeciwdziatajgcy apoptozie, a jej wyciszenie
na kolejnych etapach rozwoju choroby mogtaby pozwoli¢ na ograniczenie wptywu cykliny K

na integralnos¢ genomu i mechanizmy naprawy DNA [28,62].
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5.3. Znaczenie kliniczne wysokiej ekspresji CDK9 i biatka p53

w raku urotelialnym pecherza moczowego

Zwazywszy, ze wptyw CDK9 na rozwdj raka pecherza moczowego nie zostat ostatecznie
zdeterminowany, niniejszy projekt moze znaczgco wptyngé na przebieg dalszych badan.
Po pierwsze, ustalilismy, ze znaczenie prognostyczne wysokiej ekspresji CDK9 w BLCA jest
odmienne niz w innych nowotworach. Po drugie, najwieksza aktywnos¢ kinazy przypada
na wczesne stadia rozwoju tego raka, stawiajgc pod znakiem zapytania jej hamowanie
w zaawansowanym stadium choroby. Finalnie, efekt biologiczny aktywnosci CDK9 zalezy
nietylko od ekspresji jej izomerdw i tworzgcych z nig kompleksy cyklin, ale takze
od funkcjonalnosci gendéw supresorowych i nasilenie niestabilnosci genomowej,
co zaprezentowaliSmy na przyktadzie biatka p53.

Istotne jest takze uwzglednienie powyziszych danych w szerszym kontekscie,
przedstawionym w pracach przeglgdowych. Najwiekszg wadg pierwszej generacji inhibitoréw
CDK9 jest ich niska selektywnos$¢ i mechanizm dziatania polegajacy na konkurencji z ATP
w miejscu allosterycznym kinazy CDK9. Uwaza sie, ze jest to gtédwny powdd ich systemowej
toksycznosci oraz zasadnicza przeszkoda w ich wprowadzeniu do praktyki klinicznej[11,63].
Pomimo obiecujgcych wynikéw préb przedklinicznych i akceptowalnej toksycznosci drugiej
generacji inhibitoréw CDK9, jedynie dinaciclib przeszedt do trzeciej fazy badan klinicznych
[36,64]. Obecnie za gtdwng zalete blokady CDK9 uwaza sie jej potencjat do przetamywania
immunoopornosci nowotwordéw. Inhibitory CDK9 wykazujg synergistyczne dziatanie
z venetoklaksem, bortezomibem, czy doksorubicyng, co uczynito je potencjalnymi lekami
w terapii nawrotowego i opornego na leczenie szpiczaka mnogiego [65-67].

Majgc na wzgledzie role p53 w przeciwnowotworowe]j aktywnosci inhibitoréw CDK9,
wykazanie zaleznosci pomiedzy ekspresjami CDK9 i p53 stanowi pierwszy krok w kierunku
terapii pacjentéw z niekorzystnymi zmianami cytogenetycznymi. Kinaza CDK9 fosforyluje
i aktywuje biatko MDM?2 oraz MDM4, ktére odpowiadajg za ubikwitynacje i degradacje p53
[68]. Blokada aktywnosci CDK9 umozliwia przywrécenie funkcji niezmutowanego p53

w komédrkach nowotworowych poprzez hamowanie jego inhibitoréw, MDM4 oraz iASPP
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(Rycina 3) [30,60]. Stwarza to potencjat do zastosowanie inhibitorow CDK9
w niezaawansowanych BLCA, w ktérych mutacje p53 sg rzadsze, ale aktywnos¢ p53 jest
ograniczana przez inne mechanizmy [40,60]. Wydaje sie takze, ze ostateczny efekt zalezy
od stopnia blokady CDK9. Catkowite wyciszenie jej aktywnosci niweluje resztkowg aktywnosé

p53, natomiast cze$ciowa blokada jg przywraca [40].

Nadekspresja
CDK9
Nadekspresja Nadekspresja ] Aktywacja
MDM4 iASPP polimerazy RNA Il
Y
N . Nadekspresja
» Inhibicjap53 «— Myc, Bcl-2i Mck-1
Progresja ’
choroby

Rycina 3. Przewidywany wptyw nadekspresji CDK9 na progresje raka urotelialnego [69].
Nadekspresja CDK9 zwieksza aktywnos¢ inhibitorow p53, MDM4 i iASPP, uniezalezniajgc
komodrke nowotworowg od mechanizméw regulujacych cykl komdrkowy. Aktywnos¢ CDK9
umozliwia réwniez transkrypcje biatek antyapoptotycznych, takich jak Myc, Bcl-2 i Mcl-1, przez

polimeraze RNA Il. Obydwa mechanizmy przyczyniajg sie do progresji choroby nowotworowej.

Ze wzgledu na mozliwos¢ stosunkowo prostego wkomponowaniu inhibitoréw CDK9

do obecnych schematdw terapeutycznych oraz ich obiecujgca aktywnos¢ in-vitro i in-vivo,
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proby kliniczne w HCC wydajg sie jedynie kwestig czasu [41,42,70]. W momencie ukazania sie
naszego artykutu, jedynie sorafenib i lenvatinib wydtuzaty czas przezycia chorych
z zaawansowanym rakiem watrobowokomdérkowym [42,71-73]. Od tego czasu atezolizumab
w potgczeniu z bewacyzumabem wykazaty istotnie wydtuzony czas catkowitego przezycia
w poréwnaniu z sorafenibem, co zaowocowato zarekomendowaniem ich w marcu 2021 roku
jako pierwszej linii terapii przez Europejskie Towarzystwo Onkologii Klinicznej [74,75].
Niemniej jednak 20% pacjentow nie odpowiada na terapie atezolizumabem
i bewacyzumabem, dlatego dyskusja na temat drugiej linii leczenia jest nadal otwarta [74,76].
Tym samym sorafenib pozostaje alternatywng pierwszg linig terapii dla pacjentow
po nieudanej procedurze przeztetniczej chemoembolizacji lub z rozsiewem choroby [74]. Jako
ze inhibitory CDK9 tagodzg opornos¢ na sorafenib i zwiekszajg jego efektywnos¢, zachowaty
one swoj potencjat do pozostania lekami uzupetniajgcymi pierwszg linie terapii [43,77].
W kombinacji z sorafenibem wykazaty one szczegdlng skutecznosé¢ wobec komérek z mutacja
p53 i nadekspresjg c-Myc, wskazujgc ze witasnie pacjenci z tymi zmianami mogg odnies¢
najwieksze korzysci terapeutyczne [78,79].

Nierozstrzygnietg kwestig pozostaje skutecznos¢ alternatywnych form blokowania
aktywnosci CDK9, takich jak leki skoniugowane. Jednym z nich jest THAL-SNS-032, czgsteczka
selektywnie degradujgca CDK9, ktora sktada sie z inhibitora CDK9 (SNS-032) oraz ligandu
zwigzanego z pochodng talidomidu. THAL-SNS-032 umozliwia szybkg degradacje CDK9 i nie
wptywa na aktywnos$¢ innych kinaz cyklinozaleznych. Chociaz sugeruje to jego duzg
selektywnos¢, efekt biologiczny zdaje zaleze¢ od ekspresji genu CRBN, wspoéttworzgcego
kompleks ligazy ubikwityny. Utrata CRBN moze zatem uodporni¢ komérki nowotworowe
na terapie THAL-SNS-032 [39]. Niewatpliwg zaletg degradatoréw CDK9 jest natomiast
wydtuzony czas pottrwania w poréwnaniu z inhibitorami CDK9, co pozwala unikngc
powtarzalnych infuzji i zwieksza umozliwia stabilizacje stezenia terapeutycznego leku [80,81].
Nowe, doustne inhibitory CDK9, takie voruciclib, mogg poprawi¢ tolerancje terapii przez
pacjentéw, ale dostepne dane nie pozwalajg na wyciggniecie jednoznacznych wnioskéw [80].

Nalezy zaznaczy¢, ze spora cze$é¢ badan z uzyciem inhibitorébw CDK9 zostata
przeprowadzona wsrdd pacjentdw wczesniej leczonych, u ktérych wystgpit nawrét choroby,
pojawifa sie opornos¢ na leczenie, lub ktérzy mieli niekorzystny profil cytogenetyczny.

Pomimo to, zaobserwowano efekt kliniczny wynikajgcy z przetamania lekoopornosci oraz
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skutecznos¢ wobec komoérek ze zmutowanym p53 [82,83]. Sugeruje to, ze zaréwno pacjenci
z prawidifowg, jak i zmutowang wersjg tego genu mogg odnies¢ korzysci z leczenia.

Choé niniejszy projekt usystematyzowat postepy w dziedzinie terapii celowanej
na CDK9 i postawit pierwszy krok w kierunku pierwszych badan klinicznych w raku
urotelialnym pecherza moczowego, wiele pytan nadal pozostaje bez odpowiedzi. Nie ulega
jednak watpliwosci, ze kolejne badania powinny analizowaé¢ CDK9 w szerokim kontekscie jej

skomplikowanych interakgji.
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Rozdziat 6. Wnioski

1. Wysoka ekspresji CDK9 koreluje z cechami mniejszej ztosliwosci raka urotelialnego
pecherza moczowego, takimi jak brak naciekania miesniowki wtasciwej, wyzszy stopien
histologicznej dojrzatosci i nizszy stopien zaawansowania klinicznego.

2. CDK9 stanowi potencjalny marker prognostyczny w raku urotelialnym pecherza
moczowego, a jego wysoka ekspresja zwigzana jest z dtuzszym czasem przezycia
chorych.

3. Wysoka ekspresja p53 w nieinwazyjnym raku urotelialnym pecherza moczowego
stanowi niekorzystny czynnik prognostyczny zwigzany z krétszym przezyciem
catkowitym i krétszym czasem do wystgpienia progresiji.

4, Wartos¢ predykcyjna p53 w rakach nieinwazyjnych moze wynikac¢ ze zwiekszonego
ryzyka progresji do raka inwazyjnego.

5. Ekspresje CDK9 i p53 nie wykazujg liniowej korelacji, ale wspdtistnieje ich nadekspresji
sugeruje dysregulacje obu szlakdw juz na wczesnych etapach karcynogenezy.

6. CDK9 stanowi potencjalny cel terapeutyczny w raku urotelialnym pecherza
moczowego, a terapie ukierunkowane na CDK9 powinny uwzgledniac jej biologie oraz
odmiennos$¢ prognostyczng zalezng od nowotworu.

7. Ograniczong skutecznos¢ inhibitoréw CDK9 w monoterapii i ich duzg efektywnosé
w znoszeniu lekoopornosci sprawia, ze stanowig one potencjalne uzupetnienie
powszechnie juz stosowanych schematéw terapeutycznych.

8. Inhibitory CDK9 moga przywracac¢ aktywnos$¢ niezmutowanego p53 oraz wykazujg
skutecznos¢ wobec linii komérkowych posiadajgcych jego zmutowang forme. Z tego
powodu pacjenci z niekorzystnymi zmianami cytogenetycznymi oraz nawrotowymi
i lekoopornymi nowotworami mogg odnie$¢ z ich zastosowania szczegdlne korzysci

kliniczne.

71



Rozdziat 7. Literatura

10.

11.

12.

13.

Pucci, C.; Martinelli, C.; Ciofani, G. Innovative Approaches for Cancer Treatment:
Current Perspectives and New Challenges. Ecancermedicalscience 2019, 13, 961.
Miller, K.D.; Nogueira, L.; Devasia, T.; Mariotto, A.B.; Yabroff, K.R.; Jemal, A.; Kramer, J.;
Siegel, R.L. Cancer Treatment and Survivorship Statistics, 2022. CA Cancer J. Clin. 2022,
72, 409-436.

Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled Drug Delivery Vehicles for
Cancer Treatment and Their Performance. Signal Transduct Target Ther 2018, 3, 7.
Syn, N.L.; Teng, M.W.L.; Mok, T.S.K.; Soo, R.A. De-Novo and Acquired Resistance to
Immune Checkpoint Targeting. Lancet Oncol. 2017, 18, e731—e741.

Reesink, D.J.; van de Garde, E.M.W.; Peters, B.J.M.; van der Nat, P.B.; Los, M.;
Horenblas, S.; van Melick, H.H.E. Treatment Patterns and Clinical Outcomes of
Chemotherapy Treatment in Patients with Muscle-Invasive or Metastatic Bladder
Cancer in the Netherlands. Sci. Rep. 2020, 10, 15822.

Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144,
646—-674.

Malumbres, M.; Barbacid, M. Mammalian Cyclin-Dependent Kinases. Trends Biochem.
Sci. 2005, 30, 630-641.

Anshabo, A.T.; Milne, R.; Wang, S.; Albrecht, H. CDK9: A Comprehensive Review of Its
Biology, and Its Role as a Potential Target for Anti-Cancer Agents. Front. Oncol. 2021,
11, 678559.

Malumbres, M. Cyclin-Dependent Kinases. Genome Biol. 2014, 15, 122.

Franco, L.C.; Morales, F.; Boffo, S.; Giordano, A. CDK9: A Key Player in Cancer and Other
Diseases. J. Cell. Biochem. 2018, 119, 1273-1284.

Morales, F.; Giordano, A. Overview of CDK9 as a Target in Cancer Research. Cell Cycle
2016, 15, 519-527.

Borowczak, J.; Szczerbowski, K.; Ahmadi, N.; Szylberg, £. CDK9 Inhibitors in Multiple
Myeloma: A Review of Progress and Perspectives. Med. Oncol. 2022, 39, 39.

Pfizer Manufacturing Deutschland GmbH Ibrance, INN-Palbociclib - CHARAKTERYSTYKA

72



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

PRODUKTU LECZNICZEGO.

Bacon, C.W.; D’Orso, I. CDK9: A Signaling Hub for Transcriptional Control. Transcription
2019, 10, 57-75.

Liu, H.; Herrmann, C.H. Differential Localization and Expression of the Cdk9 42k and 55k
Isoforms. J. Cell. Physiol. 2005, 203, 251-260.

Shore, S.M.; Byers, S.A.; Dent, P.; Price, D.H. Characterization of Cdk9(55) and
Differential Regulation of Two Cdk9 Isoforms. Gene 2005, 350, 51-58.

Liu, H.; Herrmann, C.H.; Chiang, K.; Sung, T.-L.; Moon, S.-H.; Donehower, L.A.; Rice, A.P.
55K Isoform of CDK9 Associates with Ku70 and Is Involved in DNA Repair. Biochem.
Biophys. Res. Commun. 2010, 397, 245-250.

Leucci, E.; De Falco, G.; Onnis, A.; Cerino, G.; Cocco, M.; Luzzi, A.; Crupi, D.; Tigli, C.;
Bellan, C.; Tosi, P.; et al. The Role of the Cdk9/Cyclin T1 Complex in T Cell
Differentiation. J. Cell. Physiol. 2007, 212, 411-415.

Mandal, R.; Becker, S.; Strebhardt, K. Targeting CDK9 for Anti-Cancer Therapeutics.
Cancers 2021, 13, doi:10.3390/cancers13092181.

Lemke, J.; von Karstedt, S.; Abd El Hay, M.; Conti, A.; Arce, F.; Montinaro, A.; Papenfuss,
K.; EI-Bahrawy, M.A.; Walczak, H. Selective CDK9 Inhibition Overcomes TRAIL Resistance
by Concomitant Suppression of cFlip and Mcl-1. Cell Death Differ. 2014, 21, 491-502.
He, S.; Fang, X.; Xia, X.; Hou, T.; Zhang, T. Targeting CDK9: A Novel Biomarker in the
Treatment of Endometrial Cancer. Oncol. Rep. 2020, 44, 1929-1938.

Ma, H.; Seebacher, N.A.; Hornicek, F.J.; Duan, Z. Cyclin-Dependent Kinase 9 (CDK9) Is a
Novel Prognostic Marker and Therapeutic Target in Osteosarcoma. EBioMedicine 2019,
39, 182-193.

Kretz, A.-L.; Schaum, M.; Richter, J.; Kitzig, E.F.; Engler, C.C.; Leithduser, F.; Henne-Bruns,
D.; Knippschild, U.; Lemke, J. CDK9 Is a Prognostic Marker and Therapeutic Target in
Pancreatic Cancer. Tumour Biol. 2017, 39, 1010428317694304.

Parvathareddy, S.K.; Siraj, A.K.; Masoodi, T.; Annaiyappanaidu, P.; Al-Badawi, I.A.; Al-
Dayel, F.; Al-Kuraya, K.S. Cyclin-Dependent Kinase 9 (CDK9) Predicts Recurrence in
Middle Eastern Epithelial Ovarian Cancer. J. Ovarian Res. 2021, 14, 69.

Schlafstein, A.J.; Withers, A.E.; Rudra, S.; Danelia, D.; Switchenko, J.M.; Mister, D.;
Harari, S.; Zhang, H.; Daddacha, W.; Ehdaivand, S.; et al. CDK9 Expression Shows Role as

73



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

a Potential Prognostic Biomarker in Breast Cancer Patients Who Fail to Achieve
Pathologic Complete Response after Neoadjuvant Chemotherapy. Int. J. Breast Cancer
2018, 2018, 6945129.

Berthet, C.; Kaldis, P. Cell-Specific Responses to Loss of Cyclin-Dependent Kinases.
Oncogene 2007, 26, 4469-4477.

Berthet, C.; Kaldis, P. Cdk2 and Cdk4 Cooperatively Control the Expression of Cdc2. Cell
Div. 2006, 1, 10.

Yu, D.S.; Cortez, D. A Role for CDK9-Cyclin K in Maintaining Genome Integrity. Cell Cycle
2011, 10, 28-32.

Garriga, J.; Bhattacharya, S.; Calbé, J.; Marshall, R.M.; Truongcao, M.; Haines, D.S.;
Grafia, X. CDK9 Is Constitutively Expressed throughout the Cell Cycle, and Its Steady-
State Expression Is Independent of SKP2. Mol. Cell. Biol. 2003, 23, 5165-5173.
Stétkova, M.; Growkova, K.; Fojtik, P.; Valcikova, B.; Palusova, V.; Verlande, A.; Jorda, R.;
Krystof, V.; Hejret, V.; Alexiou, P.; et al. CDK9 Activity Is Critical for Maintaining MDM4
Overexpression in Tumor Cells. Cell Death Dis. 2020, 11, 754.

Shiina, H.; Igawa, M.; Shigeno, K.; Yamasaki, Y.; Urakami, S.; Yoneda, T.; Wada, Y.;
Honda, S.; Nagasaki, M. Clinical Significance of mdm2 and p53 Expression in Bladder
Cancer. A Comparison with Cell Proliferation and Apoptosis. Oncology 1999, 56, 239—
247.

Tuna, B.; Yorukoglu, K.; Tlzel, E.; Glray, M.; Mungan, U.; Kirkali, Z. Expression of p53
and mdm2 and Their Significance in Recurrence of Superficial Bladder Cancerl
1Supported by a Grant from Dokuz Eylil University Research Fund (Grant #:
0909.20.03.04). Pathology - Research and Practice 2003, 199, 323—-328.

Hanel, W.; Moll, U.M. Links between Mutant p53 and Genomic Instability. J. Cell.
Biochem. 2012, 113, 433-439.

Du, J.; Wang, S.-H.; Yang, Q.; Chen, Q.-Q.; Yao, X. p53 Status Correlates with the Risk of
Progression in Stage T1 Bladder Cancer: A Meta-Analysis. World J. Surg. Oncol. 2016, 14,
137.

Dai, Y.; Rahmani, M.; Pei, X.-Y.; Dent, P.; Grant, S. Bortezomib and Flavopiridol Interact
Synergistically to Induce Apoptosis in Chronic Myeloid Leukemia Cells Resistant to

Imatinib Mesylate through Both Bcr/Abl-Dependent and -Independent Mechanisms.

74



36.

37.

38.

39.

40.

41.

42.

43.

44,

Blood 2004, 104, 509-518.

Ghia, P.; Scarfo, L.; Perez, S.; Pathiraja, K.; Derosier, M.; Small, K.; McCrary Sisk, C.;
Patton, N. Efficacy and Safety of Dinaciclib vs Ofatumumab in Patients with
Relapsed/refractory Chronic Lymphocytic Leukemia. Blood 2017, 129, 1876-1878.
Kampan, N.C.; Madondo, M.T.; McNally, O.M.; Quinn, M.; Plebanski, M. Paclitaxel and
Its Evolving Role in the Management of Ovarian Cancer. Biomed Res. Int. 2015, 2015,
413076.

Powles, T.; Bellmunt, J.; Comperat, E.; De Santis, M.; Huddart, R.; Loriot, Y.; Necchi, A,;
Valderrama, B.P.; Ravaud, A.; Shariat, S.F.; et al. Bladder Cancer: ESMO Clinical Practice
Guideline for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2022, 33, 244-258.
Olson, C.M.; Jiang, B.; Erb, M.A.; Liang, Y.; Doctor, Z.M.; Zhang, Z.; Zhang, T.;
Kwiatkowski, N.; Boukhali, M.; Green, J.L.; et al. Pharmacological Perturbation of CDK9
Using Selective CDK9 Inhibition or Degradation. Nat. Chem. Biol. 2018, 14, 163—-170.
Yao, J.-Y.; Xu, S.; Sun, Y.-N.; Xu, Y.; Guo, Q.-L.; Wei, L.-B. Novel CDK9 Inhibitor Oroxylin A
Promotes Wild-Type P53 Stability and Prevents Hepatocellular Carcinoma Progression
by Disrupting Both MDM2 and SIRT1 Signaling. Acta Pharmacol. Sin. 2021,
doi:10.1038/s41401-021-00708-2.

Shao, Y.-Y.; Hsu, H.-W.; Wo, R.R.; Wang, H.-Y.; Cheng, A.-L.; Hsu, C.-H. Cyclin Dependent
Kinase 9 Inhibition as a Potential Treatment for Hepatocellular Carcinoma. Oncology
2022, doi:10.1159/000526978.

Vogel, A.; Cervantes, A.; Chau, |.; Daniele, B.; Llovet, J.M.; Meyer, T.; Nault, J.-C,;
Neumann, U.; Ricke, J.; Sangro, B.; et al. Hepatocellular Carcinoma: ESMO Clinical
Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2018, 29 Suppl
4, iv238-iv255.

Nagaria, T.S.; Williams, J.L.; Leduc, C.; Squire, J.A.; Greer, P.A.; Sangrar, W. Flavopiridol
Synergizes with Sorafenib to Induce Cytotoxicity and Potentiate Antitumorigenic
Activity in EGFR/HER-2 and Mutant RAS/RAF Breast Cancer Model Systems. Neoplasia
2013, 15, 939-951.

Antonova, O.; Rukova, B.; Mladenov, B.; Rangelov, S.; Hammoudeh, Z.; Nesheva, D.;
Staneva, R.; Spasova, V.; Grigorov, E.; Hadjidekova, S.; et al. Expression Profiling of

Muscle Invasive and Non-Invasive Bladder Tumors for Biomarkers ldentification Related

75



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

to Drug Resistance, Sensitivity and Tumor Progression. Biotechnol. Biotechnol. Equip.
2020, 34, 506-514.

Claudio, P.P.; Cui, J.; Ghafouri, M.; Mariano, C.; White, M.K.; Safak, M.; Sheffield, J.B.;
Giordano, A.; Khalili, K.; Amini, S.; et al. Cdk9 Phosphorylates p53 on Serine 392
Independently of CKII. J. Cell. Physiol. 2006, 208, 602—612.

Paulsen, R.D.; Soni, D.V.; Wollman, R.; Hahn, A.T.; Yee, M.-C.; Guan, A.; Hesley, J.A;
Miller, S.C.; Cromwell, E.F.; Solow-Cordero, D.E.; et al. A Genome-Wide siRNA Screen
Reveals Diverse Cellular Processes and Pathways That Mediate Genome Stability. Mol.
Cell 2009, 35, 228-239.

Lovejoy, C.A.; Xu, X.; Bansbach, C.E.; Glick, G.G.; Zhao, R.; Ye, F.; Sirbu, B.M.; Titus, L.C.;
Shyr, Y.; Cortez, D. Functional Genomic Screens Identify CINP as a Genome
Maintenance Protein. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 19304-19309.

Hurst, C.D.; Knowles, M.A. Mutational Landscape of Non-Muscle-Invasive Bladder
Cancer. Urol. Oncol. 2018, d0i:10.1016/j.urolonc.2018.10.015.

Simoneau, M.; Aboulkassim, T.O.; LaRue, H.; Rousseau, F.; Fradet, Y. Four Tumor
Suppressor Loci on Chromosome 9q in Bladder Cancer: Evidence for Two Novel
Candidate Regions at 9922.3 and 9931. Oncogene 1999, 18, 157-163.

Simoneau, M.; LaRue, H.; Aboulkassim, T.O.; Meyer, F.; Moore, L.; Fradet, Y.
Chromosome 9 Deletions and Recurrence of Superficial Bladder Cancer: Identification
of Four Regions of Prognostic Interest. Oncogene 2000, 19, 6317-6323.

Falco, G.D.; Giordano, A. CDK9: From Basal Transcription to Cancer and AIDS. Cancer
Biol. Ther. 2002, 1, 341-346.

Kimura, F.; Florl, A.R.; Seifert, H.H.; Louhelainen, J.; Maas, S.; Knowles, M.A.; Schulz,
W.A. Destabilization of Chromosome 9 in Transitional Cell Carcinoma of the Urinary
Bladder. Br. J. Cancer 2001, 85, 1887-1893.

Wheeler, D.A.; Wang, L. From Human Genome to Cancer Genome: The First Decade.
Genome Res. 2013, 23, 1054-1062.

Gao, B.; Yang, F.; Han, M.; Bao, H.; Shen, Y.; Cao, R.; Wu, X.; Shao, Y.; Liu, C.; Zhang, Z.
Genomic Landscape and Evolution of Arm Aneuploidy in Lung Adenocarcinoma.
Neoplasia 2021, 23, 870-878.

Expression of CDK9 in Lung Cancer - The Human Protein Atlas Available online:

76



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

https://www.proteinatlas.org/ENSG00000136807-CDK9/pathology/lung+cancer
(accessed on 3 March 2022).

Davidoff, A.M.; Herndon, J.E., 2nd; Glover, N.S.; Kerns, B.J.; Pence, J.C.; Iglehart, J.D.;
Marks, J.R. Relation between p53 Overexpression and Established Prognostic Factors in
Breast Cancer. Surgery 1991, 110, 259-264.

Liu, J.; Li, W.; Deng, M.; Liu, D.; Ma, Q.; Feng, X. Immunohistochemical Determination of
p53 Protein Overexpression for Predicting p53 Gene Mutations in Hepatocellular
Carcinoma: A Meta-Analysis. PLoS One 2016, 11, e0159636.

Mori, T.; Anazawa, Y.; Matsui, K.; Fukuda, S.; Nakamura, Y.; Arakawa, H. CyclinK as a
Direct Transcriptional Target of the p53 Tumor Suppressor. Neoplasia 2002, 4, 268-274.
Blazek, D.; Kohoutek, J.; Bartholomeeusen, K.; Johansen, E.; Hulinkova, P.; Luo, Z.;
Cimermancic, P.; Ule, J.; Peterlin, B.M. The Cyclin K/Cdk12 Complex Maintains Genomic
Stability via Regulation of Expression of DNA Damage Response Genes. Genes Dev.
2011, 25, 2158-2172.

Wu, J.; Liang, Y.; Tan, Y.; Tang, Y.; Song, H.; Wang, Z.; Li, Y.; Lu, M. CDK9 Inhibitors
Reactivate p53 by Downregulating iASPP. Cell. Signal. 2020, 67, 109508.

Rui, X.; Wang, L.; Pan, H.; Gu, T.; Shao, S.; Leng, J. LncRNA GAS6-AS2 Promotes Bladder
Cancer Proliferation and Metastasis via GAS6-AS2/miR-298/CDK9 Axis. J. Cell. Mol. Med.
2019, 23, 865-876.

Yeo, C.Q.X,; Alexander, I.; Lin, Z.; Lim, S.; Aning, O.A.; Kumar, R.; Sangthongpitag, K.;
Pendharkar, V.; Ho, V.H.B.; Cheok, C.F. p53 Maintains Genomic Stability by Preventing
Interference between Transcription and Replication. Cell Rep. 2016, 15, 132-146.
Kumar, S.K.; LaPlant, B.; Chng, W.J.; Zonder, J.; Callander, N.; Fonseca, R.; Fruth, B.; Roy,
V.; Erlichman, C.; Stewart, A.K.; et al. Dinaciclib, a Novel CDK Inhibitor, Demonstrates
Encouraging Single-Agent Activity in Patients with Relapsed Multiple Myeloma. Blood
2015, 125, 443-448.

Santo, L.; Vallet, S.; Hideshima, T.; Cirstea, D.; Ikeda, H.; Pozzi, S.; Patel, K.; Okawa, Y.;
Gorgun, G.; Perrone, G.; et al. AT7519, A Novel Small Molecule Multi-Cyclin-Dependent
Kinase Inhibitor, Induces Apoptosis in Multiple Myeloma via GSK-3beta Activation and
RNA Polymerase Il Inhibition. Oncogene 2010, 29, 2325-2336.

Dolloff, N.G.; Allen, J.E.; Dicker, D.T.; Aqui, N.; Vogl, D.; Malysz, J.; Talamo, G.; El-Deiry,

77



66.

67.

68.

69.

70.

71.

72.

73.

74.

W.S. Sangivamycin-like Molecule 6 Exhibits Potent Anti-Multiple Myeloma Activity
through Inhibition of Cyclin-Dependent Kinase-9. Mol. Cancer Ther. 2012, 11, 2321—
2330.

Rathos, M.J.; Khanwalkar, H.; Joshi, K.; Manohar, S.M.; Joshi, K.S. Potentiation of in
Vitro and in Vivo Antitumor Efficacy of Doxorubicin by Cyclin-Dependent Kinase
Inhibitor P276-00 in Human Non-Small Cell Lung Cancer Cells. BMC Cancer 2013, 13, 29.
Phillips, D.C.; Jin, S.; Gregory, G.P.; Zhang, Q.; Xue, J.; Zhao, X.; Chen, J.; Tong, Y.; Zhang,
H.; Smith, M.; et al. A Novel CDK9 Inhibitor Increases the Efficacy of Venetoclax (ABT-
199) in Multiple Models of Hematologic Malignancies. Leukemia 2020, 34, 1646—1657.
Cirstea, D.; Hideshima, T.; Santo, L.; Eda, H.; Mishima, Y.; Nemani, N.; Hu, Y.; Mimura,
N.; Cottini, F.; Gorgun, G.; et al. Small-Molecule Multi-Targeted Kinase Inhibitor RGB-
286638 Triggers P53-Dependent and -Independent Anti-Multiple Myeloma Activity
through Inhibition of Transcriptional CDKs. Leukemia 2013, 27, 2366—2375.
Borowczak, J.; Szczerbowski, K.; Maniewski, M.; Zdrenka, M.; Stupski, P.; Antosik, P.;
Kotodziejska, S.; Sekielska-Domanowska, M.; Dubiel, M.; Bodnar, M.; et al. The
Prognostic Role of CDK9 in Bladder Cancer. Cancers 2022, 14,
doi:10.3390/cancers14061492.

Haider, C.; Grubinger, M.; Rezni¢kova, E.; Weiss, T.S.; Rotheneder, H.; Miklos, W.;
Berger, W.; Jorda, R.; Zatloukal, M.; Gucky, T.; et al. Novel Inhibitors of Cyclin-
Dependent Kinases Combat Hepatocellular Carcinoma without Inducing
Chemoresistance. Mol. Cancer Ther. 2013, 12, 1947-1957.

Borowczak, J.; Szczerbowski, K.; Stec, E.; Grzanka, D.; Szylberg, . CDK9: Therapeutic
Perspective in HCC Therapy. Curr. Cancer Drug Targets 2020, 20, 318-324.

Estfan, B.; Byrne, M.; Kim, R. Sorafenib in Advanced Hepatocellular Carcinoma:
Hypertension as a Potential Surrogate Marker for Efficacy. Am. J. Clin. Oncol. 2013, 36,
319-324.

Personeni, N.; Pressiani, T.; Rimassa, L. Lenvatinib for the Treatment of Unresectable
Hepatocellular Carcinoma: Evidence to Date. J Hepatocell Carcinoma 2019, 6, 31-39.
Vogel, A.; Martinelli, E.; ESMO Guidelines Committee. Electronic address:
clinicalguidelines@esmo.org; ESMO Guidelines Committee Updated Treatment

Recommendations for Hepatocellular Carcinoma (HCC) from the ESMO Clinical Practice

78



75.

76.

77.

78.

79.

80.

81.

82.

83.

Guidelines. Ann. Oncol. 2021, 32, 801-805.

Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.-Y.; Lim, H.Y.; Kudo, M.;
Breder, V.V.; Merle, P.; et al. IMbrave150: Updated Overall Survival (OS) Data from a
Global, Randomized, Open-Label Phase Ill Study of Atezolizumab (atezo) + Bevacizumab
(bev) versus Sorafenib (sor) in Patients (pts) with Unresectable Hepatocellular
Carcinoma (HCC). J. Clin. Orthod. 2021, 39, 267-267.

Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.-Y.; Kudo, M.; Breder, V.;
Merle, P.; Kaseb, A.O.; et al. Atezolizumab plus Bevacizumab in Unresectable
Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894—-1905.

Hsu, C.; Lin, L.-I.; Cheng, Y.-C.; Feng, Z.-R.; Shao, Y.-Y.; Cheng, A.-L.; Ou, D.-L. Cyclin E1
Inhibition Can Overcome Sorafenib Resistance in Hepatocellular Carcinoma Cells
Through Mcl-1 Suppression. Clin. Cancer Res. 2016, 22, 2555-2564.

Huang, C.-H.; Lujambio, A.; Zuber, J.; Tschaharganeh, D.F.; Doran, M.G.; Evans, M.J.;
Kitzing, T.; Zhu, N.; de Stanchina, E.; Sawyers, C.L.; et al. CDK9-Mediated Transcription
Elongation Is Required for MYC Addiction in Hepatocellular Carcinoma. Genes Dev.
2014, 28, 1800-1814.

Lin, C.-P.; Liu, C.-R.; Lee, C.-N.; Chan, T.-S.; Liu, H.E. Targeting c-Myc as a Novel Approach
for Hepatocellular Carcinoma. World J. Hepatol. 2010, 2, 16-20.

Luedtke, D.A.; Su, Y.; Ma, J.; Li, X.; Buck, S.A.; Edwards, H.; Polin, L.; Kushner, J.; Dzinic,
S.H.; White, K.; et al. Inhibition of CDK9 by Voruciclib Synergistically Enhances Cell
Death Induced by the Bcl-2 Selective Inhibitor Venetoclax in Preclinical Models of Acute
Myeloid Leukemia. Signal Transduct Target Ther 2020, 5, 17.

Qi, S.-M.; Dong, J.; Xu, Z.-Y.; Cheng, X.-D.; Zhang, W.-D.; Qin, J.-J. PROTAC: An Effective
Targeted Protein Degradation Strategy for Cancer Therapy. Front. Pharmacol. 2021, 12,
692574.

Raje, N.; Hari, P.N.; Landau, H.; Richardson, P.G.; Rosenblatt, J.; Couture, N.; Lyons, J.F.;
Langford, G.; Yule, M. A Phase I/Il Open-Label Multicenter Study of the Cyclin Kinase
Inhibitor AT7519M Alone and in Combination with Bortezomib in Patients with
Previously Treated Multiple Myeloma. Blood 2013, 122, 1976-1976.

Squires, M.S.; Feltell, R.E.; Wallis, N.G.; Lewis, E.J.; Smith, D.-M.; Cross, D.M.; Lyons, J.F.;

Thompson, N.T. Biological Characterization of AT7519, a Small-Molecule Inhibitor of

79



Cyclin-Dependent Kinases, in Human Tumor Cell Lines. Mol. Cancer Ther. 2009, 8, 324—
332.

80



Rozdziat 8. Streszczenie w jezyku polskim

W ostatnich dekadach nastgpit znaczacy postep w leczeniu nowotwordw i opiece
onkologicznej. Niestety, obecnie stosowane schematy leczenia systemowego posiadajg liczne
ograniczenia, sktaniajgc do poszukiwain nowych markeréw prognostycznych i celow
terapeutycznych. Jednym z efektéw tych poszukiwan zostato wprowadzenie inhibitoréw kinaz
cyklinozaleznych 4/6 (CDK) do terapii zaawansowanego raka piersi. Obecnie za jeden
z najbardziej obiecujgcych celéw terapeutycznych uwaza sie CDK9, ktdra stanowi centralny
osrodek regulacji transkrypcji. Jej nadaktywnos¢ zwieksza ekspresje  biatek
antyapoptotycznych, takich jak Bcl-2 i Mcl-1, a takze niweluje dziatanie biatka supresorowego
p53, czym sprzyja onkogenezie. Niniejszy projekt miat na celu okreslenie znaczenia
prognostycznego CDK9 w nowotworach ztosliwych, ocene mozliwosci zastosowania
inhibitorow CDK9 w praktyce klinicznej i wskazanie grupy pacjentow moggcej uzyskaé
najwieksze korzysci z terapii. Analiza poziomu ekspresji CDK9 w raku urotelialnym pecherza
moczowego (BLCA) wykazata, ze jej wysoka ekspresja korelowata z wyzszym stopniem
histologicznej dojrzatosci guza, brakiem naciekania bftony miesniowej oraz mniej
zaawansowang chorobg. Zaréwno analiza naszej grupy badanej, jak i kohorty The Cancer
Genome Atlas wykazaty, ze nadekspresja CDK9 jest predyktorem dtuzszego przezycia w BLCA,
co odbiega od doniesien z innych nowotwordéw. W naszej grupie badanej wysoka ekspresja
p53 wigzata sie z niekorzystnym rokowaniem w BCLA nienaciekajgcym mies$nidwke wtasciwg,
a raki z wysoka ekspresja CDK9 cechowaty sie réwniez wysoka ekspresjg p53.
Nie zaobserwowalismy jednak jednoznacznej korelacji pomiedzy ekspresjami p53 i CDK9.
Ze wzgledu na niska skuteczno$¢ w monoterapii, mozliwos¢ zastosowania blokady aktywnosci
CDK9 w terapii guzéw litych nadal nie zostata w petni okreslona. OdpowiedzZ na to pytanie
mogq przynies¢ badania kliniczne przeprowadzone z uzyciem nowej generacji selektywnych
inhibitorow CDK9, lekéw degradujgcych CDK9, oraz stosujgce inhibitory CDK9 w celu
uzupetnienia obecych schematéw terapeutycznych. Ze wzgledu na synergistyczny efekt
przeciwnowotworowy sorafenibu oraz inhibitorow CDK9, badania kliniczne w raku
watrobowokomérkowym wydajg sie jedynie kwestig czasu. Dane z literatury Swiatowe;j
sugerujg, ze pacjenci z mutacjg p53 mogga osiggnac z terapii najwieksze korzysci. Pomimo

obiecujgcych wynikéw badan przedklinicznych, wszelkie zatozenia teoretyczne powinny
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zostac¢ zweryfikowane w badaniach klinicznych.
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Rozdziat 9. Streszczenie w jezyku angielskim

The last decades have brought immense progress in cancer therapy and patient care.
Unfortunately, current systemic therapies are not devoid of limitations and prompt the search
for novel therapeutic targets and prognostic markers. As a result, the FDA and EMA recently
approved cyclin-dependent kinases 4/6 (CDK) for treating advanced breast cancer. One of the
most promising therapeutic targets is CDK9, considered a central transcription regulation hub.
Its overexpression increases the level of anti-apoptotic proteins, such as Bcl-2 and Mcl-1,
and diminishes the activity of p53, facilitating carcinogenesis. This project aims to determine
the prognostic significance of CDK9 in human cancers, define the applicability of CDK9
inhibitors for clinical use, and identify patients that can achieve the most benefits from
the therapy. The analysis of CDK9 expression in urothelial carcinoma (BLCA) revealed
that high-CDK9 tumors were usually lower-grade, lower-stage, and non-muscle-invasive
compared to low-CDK9 tumors. Furthermore, in both TMA and The Cancer Genome Atlas
cohorts, high expression of CDK9 predicted longer patients' survival, which contrasts with
the reports from other cancers. In our cohort, high expression of p53 predicted shorter
survival in non-muscle-invasive bladder cancer. Tumors with high p53 also showed high levels
of CDK9, but we found no linear correlation between the expressions of p53 and CDK9.
The complex relationship between both proteins should be considered when preclinical trials
in BLCA are conducted. Due to low efficacy in monotherapy, the utility of CDK9 inhibitors
has yet to be entirely determined. Therefore, further trials should consider using more
selective CDK9 inhibitors, CDK9 degraders, and their incorporation into current therapeutics
regimens as complementary agents instead of monotherapy. Considering the synergistic
effects between CDK9 inhibitors and sorafenib, clinical trials in hepatocellular seem only
a matter of time. Literature data suggest that the efforts should focus on patients with the
mutation of p53, as this group can achieve the most clinical benefits. Despite the recent
advances, hopes for finding drugs that overcome resistance o therapy may be preemptive.

Thus, all theoretical concepts should be proven in future trials.
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Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Miskurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Transl Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/s12094-022-02994-6.
Epub 2022 Nov 14. PMID: 36374405; PMCID: PMC9941229.

o$wiadczam, ze udostepnienie utworu nie bedzie naruszato praw autorskich osob trzecich, a méj indywidualny

wktad merytoryczny w przygotowanie wyzej wymienionych publikacji polegat na:

opracowaniu koncepcji badania,

analizie zebranych preparatéw histopatologicznych i immunohistochemicznych,
opracowaniu i interpretacji wynikéw,

wykonaniu analizy in silico,

przygotowaniu manuskryptu.
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Bydgoszcz, dnia 25.05.2023r.

dr hab. n. med. Lukasz Szylberg, prof. UMK
Zaktad Patomorfologii, Placentologii i Hematopatologii Klinicznej
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

- Os$wiadczenie

Jako wspoétautor artykutow:
1) Borowczak, J., Szczerbowski, K., Stec, E., Grzanka, D. & Szylberg, L. CDK9: Therapeutic Perspective
in HCC Therapy. Curr. Cancer Drug Targets 20, 318-324 (2020). doi:
10.2174/1568009620666200212124357

2) Borowczak, J., Szczerbowski, K., Ahmadi, N. & Szylberg, 1.., CDK9 inhibitors in multiple myeloma: a
review of progress and perspectives. Med. Oncol. 39, 39 (2022). doi:10.1007/512032-021-01636-1

o$wiadczam, ze mo6j wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich
przedstawienie w formie publikacji polegat na:

- opracowaniu koncepcji badan,

- nadzorze merytorycznym manuskryptu,

- koordynowaniu klinicznych aspektow pracy.
Oswiadczam, ze udostepnienie utworéw nie bedzie naruszato praw autorskich oséb trzecich. Jednoczesnie
wyrazam zgode na przedlozenie wyzej wymienionych prac przez lek. Jedrzeja Borowczaka jako czeséci
rozprawy doktorskiej w formie sp6jnego tematycznie zbioru artykuléw opublikowanych w recenzowanych
czasopismach naukowych.
Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$é wyzej wymienionych prac wykazuje
indywidualny wklad lek. Jedrzeja Borowczaka polegajacy na:

- konceptualizacji pracy,

- analizie literatury,

- opracowaniu rycin i tabel,

- przygotowaniu manuskryptu.




Bydgoszcz, dnia 25.05.2023r.

dr hab. n. med. Lukasz Szylberg, prof. UMK

Zaktad Patomorfologii, Placentologii i Hematopatologii Klinicznej
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Oswiadczenie

Jako wspétautor artykutow:
1) Borowczak, J., Szczerbowski, K., Maniewski, M., Zdrenka, M., Shipski, P., Antosik, P., Kotodziejska,
S., Sekielska-Domanowska, M., Dubiel, M., Bodnar, M. & Szylberg, L. The Prognostic Role of CDK9
in Bladder Cancer. Cancers 14, (2022). doi:10.3390/cancers14061492

2) Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Miskurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Transl Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/s12094-022-02994-6.
Epub 2022 Nov 14. PMID: 36374405; PMCID: PMC9941229.

o$wiadczam, ze méj wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich
przedstawienie w formie publikacji polegal na:

- opracowaniu koncepcji badan,

- nadzorze merytorycznym manuskryptu,

- koordynowaniu klinicznych aspektow pracy.
Oswiadczam, ze udostepnienie utworéw nie bedzie naruszato praw autorskich osob trzecich. Jednoczesnie
wyrazam zgode na przedlozenie wyzej wymienionych publikacji przez lek. Jedrzeja Borowczaka jako czgsci
rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykuléw opublikowanych w recenzowanych
czasopismach naukowych.
Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia cz¢$¢ wyzej wymienionych prac wykazuje
indywidualny wkiad lek. Jedrzeja Borowczaka polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparat6w histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikéw,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.




Bydgoszcz, dnia 25.05.2023r.

lek. Krzysztof Szczerbowski

Szpital Uniwersytecki nr 2 im. Jana Biziela w Bydgoszczy
Oswiadczenie

Jako wspoétautor artykuléw:
1) Borowczak, J., Szczerbowski, K., Stec, E., Grzanka, D. & Szylberg, £.. CDK9: Therapeutic Perspective
in HCC Therapy. Curr. Cancer Drug Targets 20, 318-324 (2020). doi:
10.2174/1568009620666200212124357

2) Borowczak, J., Szczerbowski, K., Ahmadi, N. & Szylberg, L., CDK9 inhibitors in multiple myeloma: a
review of progress and perspectives. Med. Oncol. 39, 39 (2022). doi:10.1007/s12032-021-01636-1

o$wiadczam, ze m6j wktad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:

- nadzorze merytorycznym manuskryptu,

- przygotowaniu i opracowaniu zebranych prébek;

- nadzorze technicznych aspektéw pracy.

Oswiadczam, ze udostepnienie utworéw nie bedzie naruszato praw autorskich oséb trzecich. Jednoczesnie
wyrazam zgode na przedlozenie wyzej wymienionych prac przez lek. Jedrzeja Borowczaka jako czesci
rozprawy doktorskiej w formie sp6jnego tematycznie zbioru artykuléw opublikowanych w recenzowanych

czasopismach naukowych.

Os$wiadczam, ze samodzielna i mozliwa do wyodrebnienia czes¢ wyzej wymienionych prac wykazuje
indywidualny wkilad lek. Jedrzeja Borowczaka, polegajacy na:

- konceptualizacji pracy,

- analizie literatury,

- opracowaniu rycin i tabel,

- przygotowaniu manuskryptu.
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Bydgoszcz, dnia 25.05.2023r.
lek. Krzysztof Szczerbowski

Szpital Uniwersytecki nr 2 im. Jana Biziela w Bydgoszczy
Oswiadczenie

Jako wspotautor artykutdéw:
1) Borowczak, J., Szczerbowski, K., Maniewski, M., Zdrenka, M., Stupski, P., Antosik, P., Kolodziejska,
S., Sekielska-Domanowska, M., Dubiel, M., Bodnar, M. & Szylberg, L. The Prognostic Role of CDK9
in Bladder Cancer. Cancers 14, (2022). doi:10.3390/cancers14061492

2) Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Mis’kurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Transl Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/512094-022-02994-6.
Epub 2022 Nov 14. PMID: 36374405; PMCID: PMC9941229.

o$wiadczam, ze méj wkiad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:

- opracowaniu koncepcji badan,

- przygotowaniu manuskryptu,

- ocenie i analizie zebranych preparatow.

O$wiadczam, ze udostepnienie utworéw nie bedzie naruszalo praw autorskich 0séb trzecich. Jednoczesnie
wyrazam zgode na przediozenie wyzej wymienionych publikacji przez lek. Jedrzeja Borowczaka jako czesci
rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych w recenzowanych

czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czg$¢ wyzej wymienionych prac wykazuje
indywidualny wklad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatéw histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikow,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.
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Bydgoszcz, dnia 25.05.2023r.

dr hab. n. med. Magdalena Bodnar, prof. UMK

Zaktad Patomorfologii, Placentologii i Hematopatologii Klinicznej
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadczenie

Jako wspotautorka artykuldow:
1) Borowczak, J., Szczerbowski, K., Maniewski, M., Zdrenka, M., Stupski, P., Antosik, P., Kotodziejska,
S., Sekielska-Domanowska, M., Dubiel, M., Bodnar, M. & Szylberg, L. The Prognostic Role of CDK9
in Bladder Cancer. Cancers 14, (2022). doi:10.3390/cancers14061492

2) Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Miskurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Transl Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/512094-022-02994-6.
Epub 2022 Nov 14. PMID: 36374405; PMCID: PM(C9941229.

o$wiadczam, ze méj wklad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:

- nadzorze merytorycznym manuskryptu,

- przygotowaniu i opracowaniu zebranych probek;

- nadzorze technicznych aspektéw pracy.

O$wiadczam, ze udostgpnienie utworéw nie bedzie naruszato praw autorskich 0s6b trzecich. Jednoczesnie
wyrazam zgode na przedlozenie wyzej wymienionych publikacji przez lek. Jedrzeja Borowczaka jako czesci
rozprawy doktorskiej w formie spojnego tematycznie zbioru artykuléw opublikowanych w recenzowanych

czasopismach naukowych.

Os$wiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ wyzej wymienionych prac wykazuje
indywidualny wkiad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatéw histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikéw,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.




Bydgoszcz, dnia 25.05.2023r.

lek. Mateusz Maniewski

Szpital Uniwersytecki nr 2 im. Jana Biziela w Bydgoszczy

Oswiadczenie

Jako wspoétautor artykulow:
1) Borowczak, J., Szczerbowski, K., Maniewski, M., Zdrenka, M., Shupski, P., Antosik, P., Kotodziejska,
S., Sekielska-Domanowska, M., Dubiel, M., Bodnar, M. & Szylberg, L. The Prognostic Role of CDK9
in Bladder Cancer. Cancers 14, (2022). doi:10.3390/cancers14061492

2) Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Miskurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Transl Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/s12094-022-02994-6.
Epub 2022 Nov 14. PMID: 36374405; PMCID: PMC9941229.

oswiadczam, ze mdj wklad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:
- ocenie zebranych preparatow,

- przygotowaniu manuskryptu.

Oswiadczam, ze udostgpnienie utworéw nie bedzie naruszato praw autorskich osob trzecich. Jednoczesnie
wyrazam zgode na przedlozenie wyzej wymienionych publikacji przez lek. Jedrzeja Borowczaka jako czesci
rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych w recenzowanych

czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ wyzej wymienionych prac wykazuje
indywidualny wktad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatéw histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikéw,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.



Bydgoszcz, dnia 25.05.2023r.

prof. dr hab. n. med. Mariusz Dubiel

Klinika Potoznictwa, Choréb Kobiecych i Ginekologii Onkologicznej
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Oswiadczenie

Jako wspétautor artykutu:
1) Borowczak, J., Szczerbowski, K., Maniewski, M., Zdrenka, M., Stupski, P., Antosik, P., Kotodziejska,
S., Sekielska-Domanowska, M., Dubiel, M., Bodnar, M. & Szylberg, L. The Prognostic Role of CDK9
in Bladder Cancer. Cancers 14, (2022). doi:10.3390/cancers14061492

oswiadczam, ze m6j wklad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:

- nadzorze merytorycznym manuskryptu.

Oswiadczam, ze udostepnienie utworu nie bedzie naruszato praw autorskich 0séb trzecich. Jednoczesnie
wyrazam zgodg na przedlozenie wyzej wymienionej pracy przez lek. Jedrzeja Borowczaka jako czeéci rozprawy
doktorskiej w formie spdjnego tematycznie zbioru artykuléw opublikowanych w recenzowanych czasopismach

naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ wyzej wymienionej pracy wykazuje
indywidualny wklad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatéw histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikow,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.
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Bydgoszcz, dnia 25.05.2023r.

dr n. med. Marta Sekielska-Domanowska

Klinika Potoznictwa, Choréb Kobiecych i Ginekologii Onkologicznej
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy
Uniwersytet Mikotaja Kopernika w Toruniu

Oswiadczenie

Jako wspotautorka artykutu:
1) Borowczak, J., Szczerbowski, K., Maniewski, M., Zdrenka, M., Stupski, P., Antosik, P., Kolodziejska,
S., Sekielska-Domanowska, M., Dubiel, M., Bodnar, M. & Szylberg, L. The Prognostic Role of CDK9
in Bladder Cancer. Cancers 14, (2022). doi:10.3390/cancers14061492

o$wiadczam, ze m6j wklad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:

- przygotowaniu manuskryptu.

Oswiadczam, ze udostgpnienie utworu nie bedzie naruszato praw autorskich oséb trzecich. Jednoczeénie
wyrazam zgodg na przedtozenie wyzej wymienionej pracy przez lek. Jedrzeja Borowczaka jako czesci rozprawy
doktorskiej w formie spéjnego tematycznie zbioru artykuléw opublikowanych w recenzowanych czasopismach

naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czg$¢ wyzej wymienionej pracy wykazuje
indywidualny wktad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatéw histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikow,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.

potozniciwa 1 KO10gEL
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Bydgoszcz, dnia 25.05.2023r.

lek. Marek Zdrenka

Zaktad Patologii Nowotworéw i Patomorfologii

Centrum Onkologii im. prof. Franciszka Lukaszczyka w Bydgoszczy
Oswiadczenie

Jako wspotautor artykutow:
1) Borowczak, J., Szczerbowski, K., Maniewski, M., Zdrenka, M., Stupski, P., Antosik, P., Kotodziejska,
S., Sekielska-Domanowska, M., Dubiel, M., Bodnar, M. & Szylberg, L. The Prognostic Role of CDK9
in Bladder Cancer. Cancers 14, (2022). doi:10.3390/cancers14061492

2) Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Miskurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Transl Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/512094-022-02994-6.
Epub 2022 Nov 14. PMID: 36374405; PMCID: PMC9941229.

o$wiadczam, ze méj wktad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:
- ocenie zebranych preparatéw,

- nadzorze nad wykonaniem i ocena przygotowanych zdje¢.

Oswiadczam, ze udostepnienie utworéw nie bedzie naruszato praw autorskich oséb trzecich. Jednoczesnie
wyrazam zgode na przedlozenie wyzej wymienion7ch publikacji przez lek. Jedrzeja Borowczaka jako czgdci
rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych w recenzowanych

czasopismach naukowych.

Os$wiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢é wyzej wymienionych prac wykazuje
indywidualny wklad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatow histopatologicznych i immunohistochemicznych,

- opracowaniu i intefpretacji wynikéw,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.

e
}

V/’ ]
A !\}J W B P o . ( A

95



Cambridge, 25.05.2023r.

Navid Ahmadi, M.D.
Department of Cardiothoracic Surgery
Royal Papworth Hospital, Cambridge, UK

Os$wiadczenie

Jako wspotautor artykutu:

1) Borowczak, J., Szczerbowski, K., Ahmadi, N. & Szylberg, L., CDK9 inhibitors in multiple
myeloma: a review of progress and perspectives. Med. Oncol. 39, 39 (2022). doi:10.1007/s12032-
021-01636-1

o$wiadczam, ze moj wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich
przedstawienie w formie publikacji polegat na:

- krytycznej ocenie manuskryptu,

- korekcie jezykowej manuskryptu.
Wyrazam zgode na przedlozenie wyzej wymienionej pracy przez lek. Jedrzeja Borowczaka jako czgsci
rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych w recenzowanych

czasopismach naukowych. Jednocze$nie o§wiadczam, ze udostepnienie utworu nie bgdzie naruszato praw
autorskich osob trzecich.

Oswiadczam, ze samodzielna i mozliwa do wyodrgbnienia czg$¢ wyzej wymienionej pracy wykazuje
indywidualny wktad lek. Jgdrzeja Borowczaka polegajacy na:

- konceptualizacji pracy,
- analizie literatury,
- opracowaniu rycin i tabel,

- przygotowaniu manuskryptu.
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Bydgoszcz, dnia 26.05.2023r.

dr n. med. Paulina Antosik

Katedra Patomorfologii Klinicznej
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Oswiadczenie

Jako wspotautorka artykutu:
1) Borowczak, J., Szczerbowski, K., Maniewski, M., Zdrenka, M., Stupski, P., Antosik, P., Kotodziejska,
S., Sekielska-Domanowska, M., Dubiel, M., Bodnar, M. & Szylberg, L.. The Prognostic Role of CDK9
in Bladder Cancer. Cancers 14, (2022). doi:10.3390/cancers14061492

o$wiadczam, ze mdj wklad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegal na:
- przygotowaniu i opracowaniu zebranych probek;

- barwieniu preparatow histopatologicznych.

Oswiadczam, Ze udostepnienie utworu nie bedzie naruszato praw autorskich oséb trzecich. Jednoczesnie
wyrazam zgode na przedtozenie wyzej wymienionej pracy przez lek. Jedrzeja Borowczaka jako czesci rozprawy
doktorskiej w formie spojnego tematycznie zbioru artykuléw opublikowanych w recenzowanych czasopismach

naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ wyzej wymienionej pracy wykazuje
indywidualny wktad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatow histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikow,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.



Bydgoszcz, dnia 25.05.2023r.

lek. Piotr Stupski

Klinika Urologii
Szpital Uniwersytecki nr 2 nr 2 im Jana Biziela w Bydgoszczy

Oswiadczenie

Jako wspotautor artykulow:
1) Borowczak, J., Szczerbowski, K., Maniewski, M., Zdrenka, M., Shupski, P., Antosik, P., Kolodziejska,
S., Sekielska-Domanowska, M., Dubiel, M., Bodnar, M. & Szylberg, L. The Prognostic Role of CDK9
in Bladder Cancer. Cancers 14, (2022). doi:10.3390/cancers14061492

2) Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Miskurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Transl Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/s12094-022-02994-6.
Epub 2022 Nov 14. PMID: 36374405; PMCID: PMC9941229.

o$wiadczam, ze m6j wkiad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:
- zebraniu preparatéw,

- przygotowaniu bazy danych klinicznych.

Os$wiadczam, ze udostgpnienie utworéw nie bedzie naruszato praw autorskich osob trzecich. Jednoczesnie
wyrazam zgodg¢ na przedlozenie wyzej wymienionych publikacji przez lek. Jedrzeja Borowczaka jako czesci
rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykuléw opublikowanych w recenzowanych

czasopismach naukowych.

Oswiadczam, Zze samodzielna i mozliwa do wyodrebnienia cze$¢ wyzej wymienionych prac wykazuje
indywidualny wklad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatow histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikow,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.

Sk Qo
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Bydgoszcz, dnia 25.05.2023r.

mgr Joanna Lysik-Miskurka

Zaktad Patologii Nowotworéw i Patomorfologii

Centrum Onkologii im. prof. Franciszka Lukaszczyka w Bydgoszczy
Oswiadczenie

Jako wspotautorka artykutu: ,
1) Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Miskurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Transl Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/512094-022-02994-6.
Epub 2022 Nov 14. PMID: 36374405; PMCID: PMC9941229.

o$wiadczam, ze méj wklad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:

- przygotowaniu i barwieniu preparatéw histopatologicznych.

Os$wiadczam, ze udostepnienie utworu nie bedzie naruszato praw autorskich osob trzecich. Jednocze$nie
wyrazam zgode na przedlozenie wyzej wymienionej pracy przez lek. Jedrzeja Borowczaka jako czgsci rozprawy
doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych w recenzowanych czasopismach

naukowych.

Os$wiadczam, ze samodzielna i mozliwa do wyodrebnienia cz¢$¢ wyzej wymienionej pracy wykazuje
indywidualny wkiad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatéw histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikéw,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.
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Bydgoszcz, dnia 25.05.2023r.

mgr Hanna Andrusewicz

Zaktad Patologii Nowotwor6éw i Patomorfologii

Centrum Onkologii im. prof. Franciszka Lukaszczyka w Bydgoszczy

Os$wiadczenie

Jako wspotautorka artykutu:
1) Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Miskurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Transl Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/s12094-022-02994-6.
Epub 2022 Nov 14. PMID: 36374405; PMCID: PMC9941229.

o$wiadczam, ze m6j wklad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:

- przygotowaniu i barwieniu preparatéw histopatologicznych.

Oswiadczam, ze udostepnienie utworu nie bedzie naruszato praw autorskich oséb trzecich. Jednoczesnie
wyrazam zgode na przedlozenie wyZzej wymienionej pracy przez lek. Jedrzeja Borowczaka jako cze$ci rozprawy
doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych w recenzowanych czasopismach

naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czg$¢ wyzej wymienionej pracy wykazuje
indywidualny wkiad lek. Jedrzeja Borowczaka, polegajacy na:

- opracowaniu koncepcji badania,

- analizie zebranych preparatéw histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikéw,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.
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Bydgoszcz, dnia 25.05.2023r.

lek. Ewa Stec

Szpital Uniwersytecki nr. 1 im. Antoniego Jurasza w Bydgoszczy

Oswiadczenie

Jako wspotautorka artykuhu:

1) Borowczak, J., Szczerbowski, K., Stec, E., Grzanka, D. & Szylberg, £.. CDK9: Therapeutic Perspective
in HCC Therapy. Curr. Cancer Drug Targets 20, 318-324 (2020). doi:
10.2174/1568009620666200212124357

o$wiadczam, ze m6j wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich
przedstawienie w formie publikacji polegat na:

- konceptualizaciji pracy,

- analizie literatury,

- przygotowaniu manuskryptu.

Wyrazam zgodg na przediozenie wyzej wymienionej pracy przez lek. Jedrzeja Borowczaka jako czesci
rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych w recenzowanych
czasopismach naukowych. Jednoczesnie o§wiadezam, ze udostepnienie utworu nie bedzie naruszato praw
autorskich osob trzecich.

Oswiadczam, ze samodzielna i mozliwa do wyodrgbnienia czg$¢ wyzej wymienionej pracy wykazuje

indywidualny wkiad lek. Jedrzeja Borowezaka polegajacy na:

konceptualizaciji pracy.

analizie literatury,

- opracowaniu rycin i tabel,

przygotowaniu manuskryptu.

Ewa Stec
4214 Ea
Lekarz
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Bydgoszcz, dnia 25.05.2023r.

mgr Paula Rutkiewicz

Zaklad Patomorfologii, Placentologii i Hematopatologii Klinicznej
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Oswiadczenie
Jako wspolautorka pracy:

1) Borowczak J, Szczerbowski K, Maniewski M, Zdrenka M, Stupski P, Andrusewicz H, Lysik-Miskurka
J, Rutkiewicz P, Bodnar M, Szylberg L. The prognostic role of p53 and its correlation with CDK9 in
urothelial carcinoma. Clin Trans! Oncol. 2023 Mar;25(3):830-840. doi: 10.1007/512094-022-02994-6.
Epub 2022 Nov 14, PMID: 36374405; PMCID: PMC9941229.

o$wiadczam, ze moj wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz ich

przedstawienie w formie publikacji polegat na:

- przygotowaniu i barwieniu preparatow histopatologicznych.
Oéwiadczam, ze udostgpnicnie utworu nie bedzie naruszato praw autorskich osob trzecich. Jednoczesnie
wyrazam zgodg na przedlozenie wyzej wymicnionej pracy przez lek. Jedrzeja Borowczaka jako czgsci rozprawy
doktorskiej w formie spojnego tematycznie zbioru artykulow opublikowanych w recenzowanych czasopismach
naukowych.
Oéwiadczam, ze samodzielna i mozliwa do wydrgbnienia cz¢$¢ wyzej wymienionej pracy wykazuje
indywidualny wkiad lek. Jedrzeja Borowczaka polegajacy na:

- opracowaniu koncepcji badania,

- analizic zebranych preparatow histopatologicznych i immunohistochemicznych,

- opracowaniu i interpretacji wynikow,

- wykonaniu analizy in silico,

- przygotowaniu manuskryptu.

103



Bydgoszcz, dnia 25.05.2023r.

prof. dr hab. Dariusz Grzanka

Katedra Patomorfologii Klinicznej
Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Oswiadczenie

Jako wspdtautor pracy:
1) Borowczak, J., Szczerbowski, K., Stec, E., Grzanka, D. & Szylberg, £.. CDK9: Therapeutic Perspective
in HCC Therapy. Curr. Cancer Drug Targets 20, 318-324 (2020). doi:
10.2174/1568009620666200212124357

o$wiadczam, ze méj wktad merytoryczny w przygotowanie i przeprowadzenie badan oraz ich przedstawienie w
formie publikacji polegat na:

- nadzorze merytorycznym manuskryptu.

Oswiadczam, ze udostepnienie utworu nie bedzie naruszato praw autorskich 0s6b trzecich. Jednoczesnie
wyrazam zgodg na przedtozenie wyzej wymienionej pracy przez lek. Jedrzeja Borowczaka jako czesci rozprawy
doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych w recenzowanych czasopismach

naukowych.

Oswiadczam, ze samodzielna i mozliwa do wydrebnienia cze$¢ wyzej wymienionej pracy wykazuje
indywidualny wktad lek. Jedrzeja Borowczaka, polegajacy na:

- konceptualizacji pracy,

- analizie literatury,

- opracowaniu rycin i tabel,

- przygotowaniu manuskryptu. P ‘ 7
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Rozdziat 11. Zgoda komisji bioetycznej na prowadzenie badan
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Uniwersytet Mikolaja Kopernika w Toruniu
Collegium Medicum im L. Rydygiera w Bydgoszczy
KOMISJA BIOETYCZNA
UL M. Sklodowskiej-Curie 9, 85-094 Bydgoszcz, tel.(052) 585-35-63, fax.(052) 585-38-11

KB 881/2019 Bydgoszcz, 22.11.2022 r.

Dzialajac na podstawie art. 29 ustawy z dnia 5.12.1996 r. 0 zawodach lekarza i lekarza dentysty Dz.U. z
1997 r. Nr 28 poz. 152 (wraz z pdZniejszymi zmianami), rozporzadzenia Ministra Zdrowia i Opieki Spolecznej z
dnia 11.05.1999 r. w sprawie szczeg6lowych zasad powolywania i finansowania oraz trybu dziatania komisji
bioetycznych (Dz.U. Nr 47 poz.480) oraz Zarzadzenia Nr 21 Rektora UMK z dnia 4.03.2009 r. z pézn. zm. w
sprawie powolania oraz zasad dzialania Komisji Bioetycznej Uniwersytetu Mikotaja Kopernika w Toruniu przy
Collegium Medicum im Ludwika Rydygiera w Bydgoszczy oraz zgodnie z zasadami zawartymi w DH i GCP

Komisja Bioetyczna przy UMK w Toruniu, Collegium Medicum w Bydgoszczy

(ktorej sktad podano w zalaczeniu) na posiedzeniu w dniu 22.11.2022 r. przeanalizowala
prosbe o:
e dofaczenie do zespotu badawczego: lek. med. Jedrzeja Borowczaka;
e uaktualnienie afiliacji oséb: dr hab. n. med. Eukasz Szylberg, prof. UMK - specjalista
patomorfolog, profesor Uniwersytetu, dr hab. n. med. Magdalena Bodnar, prof. UMK - w

trakcie specjalizacji z laboratoryjnej genetyki medycznej.
ktora zlozyla:

dr hab. n. med. Magdalena Bodnar, prof. UMK
Katedra PoloZznictwa, Choréb Kobiecych i Ginekologii Onkologicznej
Szpital Uniwersytecki nr 2 im. dr. J. Biziela w Bydgoszczy

w sprawie badania:

»Przygotowanie banku referencyjnego materialu tkankowego, DNA, RNA oraz
bialek, izolowanych od pacjentéw operowanych z powodu nowotworéw ukladu moczowo-
plciowego -profilowanie pacjentéw z nowotworami ukladu moczowo-plciowego”.

Po zapoznaniu si¢ ze ztozonym dokumentem i w wyniku przeprowadzonej dyskusji oraz
glosowania jawnego Komisja przyjela do wiadomosci podane informacje i wyraza zgode na powyzsze
pod warunkami okreslonymi w uchwale Komisji podjetej w dniu 17.12.2019 r. oraz w ewentualnych
aneksach do tejze uchwaly.

Zgoda na kontynuowanie przedmiotowego badania obowiazuje do konca 2025 r.

Prof. dr hab. med. Karol Sliwka

Przewodniczacy Komisji Bioetycznej
Otrzymuje:

Otrzymuje: %‘ J
lek. med. Piotr Stupski -
Klinika Urologii

Szpital Uniwersytecki nr 2 w Bydgoszezy

dr hab. n. med. Magdalena Bodnar, prof. UMK
Katedra Potoznictwa, Choréb Kobiecych i Ginekologii Onkologicznej
Szpital Uniwersytecki nr 2 w Bydgoszczy



Lista obecnosci

na posiedzeniu Komisji Bioetycznej

w dniu 22.11.2022 r.

Lp. Imig i nazwisko Funkcja/ Specjalizacja Podpis
1. Prof. dr hab. med. Karol Sliwka medycyna sqdowa " q
7, Mgr prawa Joanna Potetek-Zygas prawniczka

Prof. dr hab. med. Mieczystawa Czerwionka-Szaflarska

pediatra, alergologia i

% gastroenterologia dziecigca /
) potoznictwo,

4 Prof. dr hab. med. Marek Grabiec

' ginekologia onkologiczna

choroby wewnetrzne, /; e .

5 Prof. dr hab. n med. Maria Ktopocka lt A 7C§ 5o

‘ gastroenterologia v .

) chirurgia ogdlna,

6 Prof. dr hab. med. Zbigniew Wtodarczyk

: transplantologia kliniczna

chirurgia ogélna,

7 Dr hab. n. med. Maciej Stupski, prof. UMK

' transplantologia kliniczna

. anestezjologia
3. Dr hab. n. med. Katarzyna Sierakowska, prof. UMK
[ intensywna terapia
9. Ks. dr hab. Wojciech Szukalski, prof. UAM duchowny
10. Dr n. med. Radostawa Staszak-Kowalska pediatria, choroby pluc
1. Mgr prawa Patrycja Brzezicka prawniczka
12, Mgr farm. Aleksandra Adamczyk Sfarmaceutka M"A")
I /
13. Mgr Lidia Iwinska-Tarczykowska pielegniarka ﬁﬂ {/’) (
iu{) &

=
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