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Simple Summary: Type II testicular germ cell tumors are a severe type of cancer in young men
demanding alternative treatment options to conventional chemotherapy with less side effects. In
particular, patients with chemotherapy-resistant tumors face a bad prognosis and low survival
rates. In other tumor entities, transcriptional cyclin-dependent kinases (7/8/9/12/13) have been
demonstrated to be effective targets. Here, we studied the effects of transcriptional cyclin-dependent
kinase inhibitors on a cellular and molecular level. We found several inhibitors to be highly cytotoxic
for certain testicular germ cell tumor cell lines while leaving a somatic (fibroblast) control cell line
unaffected. This opens up a novel field for effective and specified treatment of type II testicular germ
cell tumors.

Abstract: Type II testicular germ cell tumors (TGCT) are the most frequently diagnosed solid malig-
nancy in young men. Up to 15% of patients with metastatic non-seminomas show cisplatin resistance
and a very poor survival rate due to lacking treatment options. Transcriptional cyclin-dependent
kinases (CDK) have been shown to be effective targets in the treatment of different types of can-
cer. Here, we investigated the effects of the CDK inhibitors dinaciclib, flavopiridol, YKL-5-124,
THZ1, NVP2, SY0351 and THZ531. An XTT viability assay revealed a strong cytotoxic impact of
CDK?7/12/13 inhibitor SY0351 and CDKO9 inhibitor NVP2 on the TGCT wild-type cell lines (2102EP,
NCCIT, TCam?2) and the cisplatin-resistant cell lines (2102EP-R, NCCIT-R). The CDK? inhibitor
YKL-5-124 showed a strong impact on 2102EP, 2102EP-R, NCCIT and NCCIT-R cell lines, leaving
the MPAF control cell line mostly unaffected. FACS-based analysis revealed mild effects on the cell
cycle of 2102EP and TCam? cells after SY0351, YKL-5-124 or NVP2 treatment. Molecular analysis
showed a cell-line-specific response for SY0351 and NVP2 inhibition while YKL-5-124 induced similar
molecular changes in 2102EP, TCam2 and MPAF cells. Thus, after TGCT subtype determination, CDK
inhibitors might be a potential alternative for optimized and individualized therapy independent of
chemotherapy sensitivity.

Keywords: testicular germ cell tumors; transcriptional cyclin-dependent kinase inhibitors; CDK
inhibitors; NVP2; SY0351; YKL-5-124

1. Introduction

Type 1I testicular germ cell tumors (TGCT) are the most prevalent malignancies in
young men aged 18 to 35 years [1] with rising incidence in Western countries in partic-
ular [2]. TGCTs are classified into seminomas and non-seminomas, which are further
subdivided into embryonal carcinomas (EC), yolk sac tumors (YST), teratomas (Ter) and
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choriocarcinomas (Cc) [3-5]. ECs represent the totipotent stem cell population of these
tumors able to further differentiate into YST, Ter and Cc. [5,6]. Both sub-entities, seminomas
and non-seminomas, arise from primordial germ cells (PGCs) which are developmentally
arrested and eventually turn into the precursor lesion termed germ cell neoplasia in situ
(GCNIS) [5,7,8]. Seminomas closely resemble PGCs and GCNIS in histology, global gene
expression and epigenetic pattern. Due to limited differentiation abilities, seminomas are
considered as the default pathway of defect PGCs [9]. Although high curation rates of more
than 90% are achieved by orchiectomy, followed by platinum-based chemo- or radiotherapy,
10-15% of patients with metastatic TGCTs fail multiple-line treatment due to drug resis-
tance, ending up with poor prognoses and short survival of only a few months [2,10,11].
Therefore, further treatment options for TGCTs are needed which do not only have a
good prognosis for refractory tumor patients but also as an alternative for cisplatin-based
chemotherapy aiming for reduced side effects.

Cyclin-dependent kinases (CDKs) are a promising target for cancer treatment. Cell-
cycle-associated kinases (CDK1/2/4/6) directly regulating cell cycle progression have
already been extensively studied in preclinical and clinical trials using different CDK in-
hibitors in TGCTs and other types of cancer [12-14]. In contrast, data regarding inhibitors
of the transcriptional-associated CDKs (CDK7/8/9/12/13, tCDKs) are scarce; hence, their
use as therapeutic targets is not that advanced [13]. CDKs7/8/9/12 and 13 are key fac-
tors for RNA polymerase II (RNA Pol II) activity. CDKY7, its partner cyclin H and the
accessory protein MAT1 form the CDK-activating kinase (CAK) complex. CAK-mediated
phosphorylation of the carboxy-terminal domain (CTD) at specific serine residues of the
DNA-directed subunit of RNA Pol I initiates RNA-Pol-II-dependent transcription. Thereby,
promotor escape is initiated, which is the transition of RNA Pol II from promotor binding
to advanced downstream regions of template DNA [15,16]. The post-initiation process
of RNA Pol II progression is immediately interrupted, causing a pause state. The kinase
activity of CDK9 is activated by binding to cyclin T, forming the positive transcription
elongation factor b (P-TEFb), which selectively phosphorylates the CTD of RNA Pol II
and the negative elongation factor (NELF), promoting the release of RNA Pol II pausing,
resulting in transcript elongation [17,18]. CDK12 and CDK13 both partner with cyclin K,
thereafter establishing a specific phosphorylation pattern of the CTD of RNA-Pol II, re-
vealing progressed transcription elongation of full-length mRNA by prevention of intronic
polyadenylation [19,20].

Flavopiridol, a pan-CDK inhibitor (CDK1/2/4/6/7/9), has been analyzed in various
types of tumors [14]. Apoptosis induction by flavopiridol was shown in non-seminoma
cell lines (NT2, 2102EP, NCCIT) [21]. Additionally, a clinical phase I study was performed
with patients suffering from refractory germ cell tumors, revealing a partial and highly
patient-specific response to flavopiridol application [22]. The pan-CDK inhibitor dinaciclib
(CDK1/2/5/9/12/13) induced apoptosis in ovarian cancer cell lines and synergizes with
cisplatin [23]. Of note, a clinical phase II study investigated the potential of dinaciclib
for treating advanced breast cancer, which indicated good tolerability but displayed no
advantage over standard therapy [24].

Recent advances resulted in a toolbox of highly potent and selective inhibitors towards
transcriptional CDKs, allowing for the analysis of their contribution to transcriptional
regulation and, at the same time, opening new avenues for cancer treatment. In this regard,
covalent inhibition of tCDKs7/12/13 by THZ1, initially launched as a CDK?7 selective
covalent inhibitor, has been a major breakthrough since it potently induces apoptosis across
a wide variety of cancer cell lines [25,26]. Based on THZ1, a highly selective CDK12/13
inhibitor, THZ531, was derived, which had strong apoptotic effects in Jurkat cells [27]. Due
to CDK12’s role in the expression of DNA damage repair genes, CDK12 inhibition is able
to induce a “BRCAness” phenotype and hence can act synergistically with DNA-damaging
agents [28]. SY0351, a THZ1-based inhibitor with improved selectivity towards CDK?7
showed efficient antitumor effects in multiple AML xenograft models [29] and extended
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previous views of CDKY as a direct activator for the CDK-activating kinase for CDKs9/12
and 13 [30].

Due to the lack of selectivity of THZ1-based compounds for CDK7 targeting, the
laboratory of Nathanael Gray combined a PAK4 inhibitor scaffold with the covalent THZ1
linker, resulting in a highly selective CDK7 inhibitor without cross-reactivity to CDK12/13.
CDK?7 inhibition by YKL-5-124 alone is not able to induce apoptosis in HAP1 but does so
when combined with CDK12/13 inhibition [31]. Moreover, a study using YKL-5-124 in
small-cell lung cancer cells induced cell cycle arrest and genomic instability, triggering
antitumor immunity [32].

NVP2 is a selective ATP-competitive CDK9 inhibitor [33]. CDK9 inhibition was
proven to be a powerful anticancer tool, as shown for different malignancies (ovarian
cancer [34], prostate cancer [35], human head and neck squamous cell carcinoma [36]
and gastric cancer [37]). The proteolysis-targeting chimera (PROTAC) THAL-SNS-032
selectively degrades CDKO9. Interestingly, the CDK9 inhibitor and CDK9 degrader have
been compared using MOLT4, a cell line derived from acute lymphoblastic leukemia,
inducing apoptosis upon administration of both compounds. However, THAL-SNS-032
PROTAC leads to delayed but prolonged cellular response compared to NVP2 [33].

In this study, we analyzed the effects of flavopiridol, dinaciclib, THZ1, YKL-5-124,
5Y0351, THZ531, NVP2 and THAL-SNS-032 on different TGCT cell lines to identify and
characterize novel specific treatment opportunities for TGCTs, aiming for reduced side
effects compared to platinum-based treatment and to open up a new therapeutic option
for patients with cisplatin-resistant or refractory TGCTs. We found NVP2 and SY0351 to
be most effective at inducing apoptosis in seminomas and EC cells applying low nanomo-
lar concentrations, suggesting that inhibition of CDK9 and CDK7/12/13 might be an
alternative treatment option for TCGT.

2. Materials and Methods
2.1. Cell Culture

The following cell lines were used 2102EP, 2102EP-R, NCCIT, NCCIT-R (all ECs),
TCam?2 (seminoma cell line), FS1 (Sertoli cell line) and MPAF (human adult fibroblast
cell line). Cells were cultivated as described previously [38,39]. In brief, the ECs were
cultivated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% penicillin—streptomycin and 200 mM L-glutamine. FS1 cells were
grown in DMEM supplemented with 20% FSB, 1% penicillin-streptomycin, 200 mM L-
glutamine and 1% nonessential amino acids (NEAA). MPAF cells were cultured in DMEM
supplemented with 10% FBS, 1% penicillin-streptomycin, 200 mM L-glutamine and 1%
NEAA. TCam2 cell line was cultured in RPMI medium supplemented with 10% FBS, 1%
penicillin-streptomycin and 200 mM L-glutamine. All cell lines were kept at 37 °C and
7.5% CO,. 2102EP and NCCIT were a kind gift from Prof. Dr. L. Looijenga (Princess
Maxima Center for Pediatric Oncology, Utrecht, The Netherlands). Cisplatin-resistant lines
2102EP-R and NCCIT-R were obtained from PD Dr. F. Honecker (Breast and Tumor Center,
ZeTup Silberturm, St. Gallen, Switzerland). MPAFs were a kind gift from PD Dr. M. Peitz
(Bonn University, Institute of Reconstructive Neurobiology, Bonn, Germany). FS1 cells
were obtained from Prof. Dr. V. Schumacher (Boston Children’s Hospital, Department of
Urology; Harvard Medical School, Department of Surgery, Boston, MA, USA).

2.2. Cell Viability Assay

The assay was performed based on the reduction in XTT tetrazolium salt as described
previously [40]. In summary, 3000 cells were seeded per well of a 96-well cell culture plate in
100 pL of cell culture medium. The next day, cells were treated with CDK inhibitor or CDK
degrader for 24/48/72 h. For XTT assay, 0.6 mg/mL XTT sodium salt was dissolved in cell
culture medium (DMEM or RPMI) and supplemented with 25 uM electron carrier N-methyl
dibenzopyrazine methyl sulfate (PMS). A total of 50 uL of XTT/PMS was added to each
well and incubated for 4 h at 37 °C, 7.5% CO,. For readout, absorption was measured at
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450 nm and 650 nm. Specific XTT signal (450 nm) was subtracted by nonspecific absorbance
(650) and blank (cell culture medium). Averages of technical triplicates were calculated,
and treated sample was referenced to the corresponding dimethyl sufoxide (DMSO) control.
Experiment was repeated several times to obtain biological replicates. For statistical
analysis, two-tailed Student’s t-test was applied. Datapoints with p-value < 0.05 indicated
significantly changed viability of treated compared to control group and labeled with
an asterisk.

2.3. Protein Extraction, SDS-PAGE and Western Blot

Protein extraction was performed on untreated cells with RIPA buffer (Cell signaling,
Danvers, MA, USA) supplemented with cOmplete ULTRA Tablets protease inhibitor (Roche,
Swiss). After sonication, the lysate was centrifuged at 13,000x g at 4 °C for 15 min.
Protein concentration in the clear supernatant was determined by Pierce BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s
manual. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis
were performed as described previously [39]. In summary, after separation of denatured
proteins via SDS-PAGE according to their molecular weight, proteins were transferred onto
a Roti PVDF membrane with pore size of 0.45 um (Carl Roth, Karlsruhe, Germany) using
Trans-Blot® Turbo™ Transfer System (Bio-Rad Laboratories, Hercules, CA, USA) for 30
min at 2.5 ampere and 25 volts. Target-specific primary and species-specific HRP-linked
secondary antibodies were diluted according to Table 1. Detection was performed using
the ECL substrate WESTAR NOVA 2.0 (Cyanagen, Bologna, Italy) in combination with the
ChemiDoc MP imaging system (Bio-Rad Laboratories, Hercules, CA, USA). 3-Actin was
used as the loading control.

Table 1. Primary and secondary antibodies used in this study.

Target Company Species Dilution Order No.
CDK7 Invitrogen, Waltham, MA, USA Rabbit 1:1000 PA5-34791
CDK9 Cell signaling, Danvers, MA, USA Rabbit 1:1000 2316T
CDK10 Cell signaling, Danvers, MA, USA Rabbit 1:500 36106S
CDK12 Merck, Darmstadt, Germany Rabbit 1:500 ABE1861
CDK13 Antibodies-online.com (01/2022) Rabbit 1:1000 ABIN6130965
B-Actin Merck, Darmstadt Germany Mouse 1:35,000 ab441
Anti-mouse HRP Agilent Technologies (Dako), Santa Clara, CA, USA Rabbit 1:750 P0260
Anti-rabbit HRP Agilent Technologies (Dako), Santa Clara, CA, USA Goat 1:2000 0447

2.4. 7AAD/AnnexinV (Apoptosis) and Hoechst-FACS Analysis (Cell Cycle)

Cells were seeded in 6-well cell culture plates (1.5 x 10° cells/well). The next day,
cells were treated with a CDK inhibitor (NVP2 and SY0351 10 nM, YKL-5-124 and THZ531
100 nM) or DMSO (0.0002%). For cell cycle analysis, cells were harvested after 20 h of
treatment and resuspended in PBS. Ice-cold methanol was added dropwise while shaking
until 70% methanol v/v was reached. Cells were incubated for 2 h at 4 °C and subsequently
washed twice with cold PBS. Staining (2 pg/mL Hoechst-33342, 50 ug/mL RNaseA in PBS)
was performed for 30 min at 37 °C. The cell cycle distribution was measured in an FACS
Canto (BD BioSciences, Heidelberg, Germany) and analyzed using Flow]Jo™ v10.8 Software
(BD BioSciences, Heidelberg, Germany). For apoptosis analysis, PE AnnexinV Apoptosis
Detection Kit with 7-AAD (BioLegend, San Diego, CA USA) was used according to the
manufacturer’s manual. Measurement was performed in an FACS Canto while analysis was
performed in the corresponding BD FACSDiva software™ (BD BioSciences, Heidelberg,
Germany). Two-tailed Student’s t-test was applied for calculation of significance.
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2.5. RNA Sequencing Analysis

Cells were seeded into 6-well cell culture plates (2 x 10° cells/well). Treatment was
started the next day for 1 h or 24 h with 10 nM NVP2, 10 nM 5Y0351, 100 nM YKL-5-
124, 100 nM THZ531 or DMSO. RNA was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany). To determine RNA integrity (RIN), Nano 6000 Assay kit with the
Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA) was used.
Only samples with RIN > 7 were used for RNA sequencing analysis. RNA quality control,
library preparation (QuantSeq 3-mRNA Library Prep (Lexogen, Vienna, Austria)) and RNA
sequencing were performed by the Core Facility Next Generation Sequencing (University
of Bonn). An Illumina HiSeq 2500 V4 device (producing >10 million, 50 bp 3'-end reads per
sample) was used. Raw data quality was initially investigated using FastQC [41]. Further,
sequences were trimmed using TrimGalore [42]. Trimmed sequences were mapped to
the human genome (GRCh38.p13) using HISAT2.1 [43]. Quantification and annotation of
transcripts was performed by using StringTie 1.3.3 application [44]. To prepare a DEseq2
compatible data table, the Python script preDE.py included in the StringTie package
was used. Further analyses were conducted in R/Bioconductor [45,46] embedded in
R-studio environment [47]. The DESeq2 1.16.1 package [48] was used for calculation
of differentially expressed genes with an adjusted p value < 0.05 (Benjamini-Hochberg
method). The volcano plots were prepared based on the differential expression data using
ggplot2 3.3.3 [49]. Differential expression data were further analyzed using STRING 11.5
database [50], integrated Gene Ontology [51,52], Reactome [53] and KEGG pathway [54]
analysis tools. Venn diagrams were assembled using Venny 2.1 software [55].

2.6. Peptide Chip Array

The protein extraction and kinase activity assay were performed as described else-
where [56]. In summary, the cells were seeded and treated as described for RNA se-
quencing analysis. Protein extraction was performed with M-PER Mammalian Protein
Extraction Reagent, supplemented with Halt™ Phosphatase Inhibitor Cocktail and Halt™
Protease-Inhibitor-Cocktail (all Thermo Fisher Scientific, Waltham, MA, USA). Samples
were analyzed in biological duplicates. Protein samples were investigated for serine and
threonine kinase activity using a Pamstation provided by Pamgene (‘s-Hertogenbosch, The
Netherlands). Lysates were diluted in assay buffer containing 400 uM ATP and incubated
on an immobilized peptide array. Phosphorylated peptides were detected in a two-step pro-
cess comprising primary antibodies directed against phosphorylated serine and threonine
residues, followed by detection with an FITC-labeled secondary antibody for fluorescent
readout. Signal intensities were monitored by analysis of the fluorescent signal. Analysis
of upstream kinases is based on the peptide array phosphorylation pattern and was carried
out by Pamgene application specialists using the Bionavigator software (Pamgene).

3. Results
3.1. Cell Cycle and Transcriptional CDKs Are Expressed in TGCT Cell Lines

To investigate the expression of CDKs in testicular germ cell tumors, we performed
meta-analyses of microarray data on different cell lines and tissues previously published by
us [40,57]. All TGCT cell lines analyzed (TCam?2, seminomas; 2102EP, NCCIT both embry-
onal carcinomas (EC); JAR, choriocarcinomas) and control cell lines (Sertoli cell line FS1, fi-
broblast cell line MPAF) showed moderate to high expression of CDKs1/2/4/5/6/7/9/10/
11A/11B/12 and 13 (Figure 1A). In testicular germ cell tumor tissues (germ cell neoplasia
in situ, seminomas, ECs, teratomas, mixed non-seminomas) and normal testis tissue, a
high expression of CDK1/4/7 and 9 was observed (Figure 1B). To confirm the expres-
sion of CDKs7/9/10/12 and 13 on protein levels, Western blot analyses were performed
(Figure 1C). Interestingly, the protein levels varied considerably between the cell lines.
While 2102EP, NCCIT, TCam2 and FS1 revealed medium to high levels of CDKs tested,
MPAF cells showed only very low CDKs9/10/12 and 13 protein levels. A high level
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of CDKY protein was detected in all cell lines. Double bands represent different CDK7
phospho-isoforms.

A 14
5 12
2 C
210 - .
S 8 ¥ = & & & S
S 6 WS e &
[«}]
-% 4 — e TN e K7
E é S Seas S e @ B-Actin
N v ) ™ <o © ’\ % ) N ) N\ &) e e - . CDK9
FFFFFF S FF TS E
e O 0 e S W W (-Actin
ETCam2 m2102EP mNCCIT JAR ®FS1 m MPAF e ey G e CDK10
B 20 e G- W S 3/\Ctin
C
o -—re . €DK12
@ 15
g_ ¥ = R I
< 10 i .
U iy W
g R
55 e we W W W oActin
g 0

© 0P RN G

ST ® .Jr’\f Q‘L} C}Q*— (9%
C

ENTT ®mGCNIS mSem EC ®mTer ® MixNon-Sem

Figure 1. CDK expression in TGCT cell lines and TGCT tissues. (A) Meta-analysis of Illumina
microarray data from TGCT cell lines (TCam2, 2102EP, NCCIT, JAR), a Sertoli cell line (FS1) and
a fibroblast cell line (MPAF). (B) Meta-analysis of Affymetrix microarray data from tissues (NTT:
normal testis tissues, GCNIS: germ cell neoplasia in situ, Sem: seminomas, EC: embryonal carcinomas,
Ter: teratomas, Mix Non-Sem: mixed non-seminomas). (C) CDK protein levels in TGCT cell lines and
control cells with corresponding 3-Actin loading control below each target protein. Original Western
Blots can be found at Supplementary file.

3.2. CDK Inhibitors Display Cytotoxic Effect on TGCT Cell Lines

Next, we analyzed the effect of seven CDK inhibitors (NVP2, SY0351, YKL-5-124,
THZ531, THZ1, flavopiridol, dinaciclib) and one CDK degrader (THAL-SNS-032) on the
viability of three different parental TGCT cell lines (2102EP, NCCIT, TCam?2), two cisplatin-
resistant subclone lines (2102EP-R, NCCIT-R) and two control cell lines (FS1, MPAF) via
an XTT assay (Figure 2, Supplementary Figure S1). The CDK9 inhibitor NVP2 effectively
reduced the viability already at a concentration of 10 nM in the TGCT cell lines and in the
FS1 cell line. Higher concentrations led to an even stronger reduction in viability. Cisplatin-
resistant cells are affected in a similar range as the parental cell lines. The CDK9 degrader
THAL-SNS-032 showed comparable reduction in viability at concentrations of 100 nM
and 500 nM. Of note, the MPAF and FS1 cells were less affected by CDK9 degradation
compared to CDK9 inhibition. THAL-SNS-032 revealed a reduction in viability for FS1
cells only at 500 nM. MPAF cells were not affected at 1 and 10 nM and showed a minimal
decrease in viability at 100 and 500 nM.
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2102EP_YKL-5-124 2102EP_SY0351 2102EP_NVP2 2102EP_THZ531

viability to control [%]

viability to control (%]

o 2 a8 n 0 2 5 72 0 2 £ 72 o 2 a8

TCam2_SY0351 TCam2_NVP2 TCam2_THZ531

FS1_YKL-5-124

0 contral [%]

0 *
¥

o 2 a8 n 0 u a8 " 0 2 @ 7 o 1 a8 n
Time (h] Time [h] Time [h] Time (h]

——0.1nM ——1nM —-10nM 50 nM —-—100 nM —-500nM ——DMSO control

Figure 2. Viability of wild-type and cisplatin-resistant TGCT cell lines after treatment with CDK
inhibitors (YKL-5-124, SY0351, NVP2, THZ531). Measurement of viability by XTT assay after single
application of CDK inhibitor at 24, 48 and 72 h. DMSO control was applied in all indicated concen-
trations and referred to as 100% viability. Asterisks indicate significant change in viability between
treated and control cells (* p < 0.05). Asterisks color code indicate corresponding CDK concentration.
n=23-7.
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The EC cell lines (2102EP, 2102EP-R, NCCIT, NCCIT-R) seemed to be highly sensitive
to dinaciclib and flavopiridol, indicated by a strong decrease in viability at concentrations of
1 and 50 nM, respectively. While TCam2 and FS1 cells showed only a moderate sensitivity,
MPAF cells were almost resistant to these drugs.

Interestingly, the CDK? inhibitor YKL-5-124 reduced cell viability in 2102EP cells
selectively while all other cell lines showed lower sensitivity towards this compound.
MPAF cells were especially unaffected by YKL-5-124 even at the highest concentration
tested (500 nM). THZ1 and SY0351, both inhibiting CDK7, led to decreased viability while
5Y0351 caused higher cytotoxicity at only 10 nM compared to THZ1. THZ531 was only
effective at high concentrations (100 and 500 nM).

To further analyze these findings, the IC50 values were calculated for each time point,
each cell line and each inhibitor (Supplementary Figures S2-S9, Table 2). Supporting the
initial analysis, a time dependency was confirmed by the IC50 values.

Table 2. IC50 values of TGCT and control cell lines. The calculation was performed based on the XTT
viability. The values were subgrouped according to very high potency (green), high potency (yellow),
moderate potency (red) and low potency (white).

IC50 [nM]
Cell Line and NVP2  SY0351 YKL-5-124 THZ531 THZ1 Dinaciclib  Flavo-Piridol =~ THAL-SNS-032
Treatment Time
2102EP 24 h 502.7 387 317.6 >1000 95.6 76.8 >1000 164.15
2102EP_48 h 105 75 43.6 179.6 263 34 39.94 3951
2102EP_72 h 6.1 6.7 77 745 57 08 18.01 34.82
2102EPR 24h 8841 159 >1000 >1000 | 2353 1022 >1000
2102EP-R 48 h 112 34 305 2275 163 2.0 21.85
2102EP-R 72 h 86 6.4 236 1639 99 11 756
NCCIT 24 h 90.6 1045 >1000 >1000  >1000 5935 710.47 149.39
NCCIT 48 h 40.7 19.1 >1000 >1000 92.9 21.8 21.85 50.62
NCCIT 72 h 6.5 9.0 1211 96.6 93 15 34.07 30.09
NCCIT-R 24 h 103.7 249 >1000 >1000 9294 3148 638.83
NCCIT-R 48 h 17.1 14.0 >1000 >1000 145.0 196 106.83
NCCIT-R 72 h B2 116 1781 1372 162 43 43.28
TCam2 24 h 215.7 21.6 >1000 >1000  >1000 351 >1000 139.83
TCam2 48 h 60.0 89 >1000 >1000  >1000 115 581.81 76.70
TCam2_72 h 16.1 86 263.4 >1000 | 847.0 16 272.74 39.57
FS1 24 h 982 854 >1000 >1000  >1000 3926 >1000 >1000
FS1 48h 335 30.1 >1000 >1000  >1000 85.7 695.75 >1000
FS1 72 h 89 77 952 >1000  >1000 143 9147 >1000
MPAF 24 h >1000  >1000 >1000 >1000  >1000 >1000 >1000 >1000
MPAF 48 h >1000  >1000 >1000 >1000  >1000 >1000 >1000 >1000
MPAE_72 h >1000  >1000 >1000 >1000  >1000 >1000 >1000 >1000

The lowest IC50 values were observed for dinaciclib treatment of tumor cell lines at
72 h between 0.8 and 4.3 nM, indicating a very high potency while TGCT cell lines appeared
to be less sensitive towards flavopiridol (IC50 at 72 h between 7.5 and 273 nM). Based on
these data, SY0351 (IC50 at 72 h 6.4 to 11.6 nM) has a much stronger effect on the tumor
cells compared to THZ1 (IC50 at 72 h 6.5 to 847 nM). IC50 values for YKL-5-124 are low for
2102EP/2102EP-R cells (72 h 17.2 nM 2102EP and 23.6 nM 2102EP-R) and clearly higher
for all other cell lines. NVP2 is also considered highly effective with IC50 values ranging
from 6.1 to 16.1 nM for the tumor cell lines (72 h). The CDK9 degrader THAL-SNS-032
showed higher IC50 values (30 to 40 nM, 72 h in TGCT cells). The highest IC50 values were
observed for THZ531 (from 74.5 to greater than 1000 nM at 72 h for tumor cell lines). Of
note, the fibroblast control cell line MPAF tolerated high levels of these CDK-inhibitors,
showing IC50 values above 1000 nM independent of the inhibitor and the time. These
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results indicate that a treatment using CDK inhibitors might specifically impinge on germ
cell tumors, leaving somatic cells unaffected.

3.3. NVP2,5Y0351, YKL-5-124 and THZ531 Affect Cell Cycle Progression and Induce Apoptosis
in TGCT Cells

For investigation of the cellular and molecular effects, we decided to focus on the
four inhibitors NVP2, SY0351, YKL-5-124 and THZ531. We determined changes in cell
cycle progression by Hoechst staining using fluorescence-activated cell sorting (FACS)
after 20 h of inhibitor treatment (Figure 3A, Supplementary Figure 510). In general, NVP2,
SY0351, YKL-5-124 and THZ531 displayed only mild effects on the cell cycle after 20 h of
inhibitor treatment.
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Figure 3. CDK inhibition affects the cell cycle and induces apoptosis. (A) Hoechst-FACS-based
cell cycle analysis was performed after treatment of the cells with CDK inhibitors (NVP2 10 nM,
SY0351 10 nM, YKL-5-124 100 nM and THZ531 100 nM) for 20 h. The distribution of cells in the cell
cycle phases is depicted as percent to DMSO-treated control. (B) 7AAD/AnnexinV FACS apoptosis
analysis after 24 h and 48 h of treatment (same concentrations as indicated above).
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Exposure to NVP2 resulted in elevated G1-phase populations in the EC cell lines
(2102EP, NCCIT) and increased the fraction of cells in the G1 and G2/M phases for the
TCam? cell line with a reduced number of cells in the S phase, accordingly. In the control cell
line FS1, only a small fraction of cells was shifted to the G1 and G2/M phases. Similar effects
were observed after SY0351 treatment, i.e., reduction in cells in the S phase, accumulation
of cells in the G1 phase in the EC cell lines and G1- and G2/M-phase enrichment of TCam2
cells. The cell cycle of FS1 cells was hardly affected while MPAF cells showed reduced
fraction of cells in the G1 phase. Treatment with YKL-5-124 resulted in reduction in 2102EP
and TCam?2 cells in the S phase but induced a strong increase in the S phase for NCCIT.
Further, slightly elevated number of NCCIT cells were found in the G2/M phase, indicating
a G2/M-phase cell cycle arrest with an overrepresentation of cells in the S phase which
had not reached the G2/M phase after 20 h of treatment. For 2102EP and TCam?2 cells, an
elevated number of cells were observed in the G2/M phase and G1 phase, respectively. Of
note, data from FS1 and MPAFs suggest cell cycle progression. THZ531 led to a highly
increased number of cells in the G2/M phase for the 2102EP and NCCIT cell lines. TCam2
and MPAF cells showed hardly any changes in terms of cell cycle distribution, which might
originate from their longer doubling times [57].

Next, we measured the effect of NVP2, SY0351, YKL-5-124 and THZ531 on apopto-
sis by 7AAD/AnnexinV FACS analysis after 24 and 48 h inhibitor treatment (Figure 3B,
Supplementary Figure S11). NVP2 treatment of 2102EP and NCCIT cells increased apopto-
sis up to 5.5-fold compared tothe control. In TCam2, FS1 and MPAF cells, the fold change
in apoptotic cells (up to 3.3-fold) was lower. SY0351 treatment revealed similar results.
The strongest apoptosis induction was seen in the 2102EP and NCCIT cells, while less
apoptosis was observed in the other tested cell lines (TCam2, MPAF, FS1). YKL-5-124 effects
were less pronounced (up to 2.8-fold change over DMSO control) compared to NVP2 and
5Y0351. Interestingly, FS1 and MPAF cells showed almost no difference between treatment
and control, indicating that YKL-5-124 exclusively targets tumor cell lines. THZ531 led
to a moderate increase in apoptosis induction in tumor cell lines. A strong increase in
apoptotic cells compared to the control was observable only for NCCIT cells after 48 h. In
summary, treatment of NVP2, SY0351 and YKL-5-124 strongly induced apoptosis in 2102EP
and NCCIT cell lines, while TCam2, FS1 and MPAF cells were less sensitive to treatment.

3.4. The Molecular Response Is Cell-Line-Specific for NVP2, SY0351 and THZ531 but Not for
YKL-5-124 Treatment

In order to determine the molecular mechanisms, we performed RNA-Seq analy-
ses on 2102EP, TCam2 and MPAF cells 1 h and 24 h after treatment (Supplementary
Figures 512-515). First, we computed the number of commonly deregulated genes for the
different cell lines separately for the inhibitors and time points (Figure 4). Interestingly,
2102EP, TCam?2 and MPAF exposed to NVP2 1/24 h, SY0351 1/24 h, THZ 1/24 h and
YKL-5-124 1 h showed only 0 to 17 commonly deregulated genes (CDG), suggesting that
the cell types respond individually to drug treatment. This absence of common mRNA
regulation was contrasted by 99 CDGs after 24 h of YKL-5-124 treatment. Analyzing these
CDGs in detail revealed upregulation of 8 histone genes. Histone mRNAs are usually
not polyadenylated but instead end in a 3’stem loop. The high upregulation thus most
likely represents defective 3'-end processing, resulting in the usage of cryptic polyA sites
upon CDKY inhibition [58], suggesting a false positive enrichment of histone mRNAs
in mRNA seq analysis. At the same time, expression for several genes (Figure 5A) was
commonly downregulated, forming a strong STRING interaction cluster (Figure 5B), which
mainly indicates downregulation in mRNA processing and mRNA splicing (Figure 5C).
Interestingly, transcripts of immediate early genes such as EGR1 or transcription factor 1
subunit JUN were found to be deregulated in TCam?2 cells after 1 h of YKL-5-124 treatment
(Supplementary Figure S16A). Further, downregulated gene expression of ASPH, EGR,
JUN, POLR2E, CTDP1, LY6E and PLAUR was detected. Based on these genes, STRING
interaction analysis revealed a highly significant network (Supplementary Figure S16C),
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which is, according to GO analysis, responsible for decreased transcription activity of RNA
polymerase II (Supplementary Figure S16B). MPAF cells exposed to YKL-5-124 for 24 h
displayed several downregulated genes related to cell cycle progression (E2F1, E2F2, CCNA,
CCNE2, etc.), suggesting cell cycle arrest after more than 24 h of treatment (Supplementary
Figure S16C-E).

2102EP_1h_NVP2 TCam2_1h_NVP2 2102EP_1h_SY0351 TCam2_1h_SY0351 2102EP_1h_THZ531 TCam2_1h_THZ531

MPAF_1h_NVP2 MPAF_1h_SY0351 MPAF_1h_THZ531

2102EP_24h_NVP2 TCam2_24h_NVP2 2102EP_24h_SY0351  TCam2_24h_SY0351 2102EP_24h_THZ531  TCam2_24h THZ531

MPAF_24h_NVP2 MPAF_24h_SY0351 MPAF_24h_THZ531

2102EP_1h_YKL-5-124  TCam2_1h_YKL-5-124 2102EP_24h_YKL-5-124 TCam2_24h_YKL-5-124

1524

(38%) SRSF6 HIST1H2BG
RBMX HIST2H4A
HNRNPAO HIST2H48B
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ZCRB1  HIST2H2AA3
HNRNPA1 HIST2H2BE
SNRPA  HIST1H2AG
MAGOHB HNRNPDL
MPAF_1h_YKL-5-124 MPAF_24h_YKL-5-124

Figure 4. mRNA sequencing analysis revealed commonly deregulated genes in 2102EP, TCam?2
and MPAF cell lines only after YKL-5-124 treatment. Significantly differential expressed genes were
compared between the different cell lines individually for NVP2, SY0351, YKL-5-124 and THZ531.
Selected commonly differential expressed genes are indicated for YKL-5-124 treatment (24 h). For all
samples, n = 3.
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Figure 5. Elucidating molecular effects of YKL-5-124 treatment. (A) Commonly downregulated genes
after 24 h of treatment (100 nM). (B) STRING-based interaction analysis and (C) Gene Ontology
analysis of commonly downregulated genes. For all samples, n = 3.

To further characterize the molecular mechanism of YKL-5-124, we analyzed changes
in serine and threonine kinase activity using a peptide microarray. After 1 h of treatment
with 2102EP cells, the analysis revealed the death-associated protein kinase 3 (DAPK3)
activity to be upregulated (Supplementary Figure S17A), supporting the above-mentioned
high potential of YKL-5-124 to induce apoptosis in 2102EP cells. In TCam? cells, only mild
changes in serine/threonine kinase activity have been found globally after 1 h, confirming
the diminished effect on the seminoma cell line.

The effects observed after SY0351, NVP2 and THZ531 treatment varied between the
cell lines. For SY0351 (CDK?7 inhibition), a response to the drug appeared after only 1 h of
treatment. In 2102EP cells, functional analysis of STRING interaction networks based on
mRNA sequencing data revealed upregulation of the ubiquitin conjugation pathway (RNF?7,
ASB6, UBE2E1, NAE1), which suggests an increase in proteasomal degradation (Figure 6A).
Further, expression of genes correlated to stress response (ERCCI1, PSMC4, GLI1, TRIM28,
FEN1, CASP2, ENDOG, FBXO18, WNT5B, MAP3K14) and apoptosis induction was up-
regulated (CASP2, ENDOG, MAP3K14). In TCam2 cells, after 1 h of SY0351 treatment,
STRING interaction analysis revealed initial upregulation of apoptosis and downregu-
lation of translation factor activity (Figure 6B), indicated by the decreased expression of
apoptosis-inhibiting factors (XIAP, CFLAR) and eukaryotic translation initiation factors
(EIF3C, EIF2S1, EIF5A), respectively. Mild effects in MPAF cells were observed only after
24 h SY0351 treatment (Figure 6C), implying a weak impact of the drug on the control cell
line at the molecular level.
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Figure 6. SY0351 treatment reveals cell-line-specific response. RNA-seq data after SY0351 treatment
(10 nM) shown as differential expression, GO and STRING analysis for (A) 2102 EP (1 h), (B) TCam2
(1 h) and (C) MPAF (24 h). For all samples, n = 3.

Next, we had a closer look at the effects of CDK9 inhibition caused by NVP2 treatment.
After 1 h of NVP2 exposure, two STRING interaction networks suggesting cell cycle
arrest and RNA-polymerase-Il-specific transcription factor binding were found (Figure 7A).
Upregulation of CDKN1A expression contributes to the observed cell accumulation in the
G1 phase of the cell cycle. At the same time, downregulation of EGR1, IRF1, FOSB, JUNB,
50X2, JUN and DDIT3 mRNA levels was found, indicating inhibited RNA-polymerase-II-
specific DNA-binding transcription activator activity.

In 2102EP cells, treatment for 24 h revealed genes of methyl-CpG-binding domain pro-
tein 3-like (MBD3L2, MBD3L3, MBD3L5), TRIM protein (TRIM43, 48, 49, 49C) and PRAME
(PRAMEFS, 9, 11, 12, 14, 26) family to be upregulated. This suggests increased DNA-
methylation-dependent heterochromatin assembly, ubiquitination activity and negative
regulation of transcription, respectively (Figure 7B).

NVP2 treatment in TCam2 cells after 1 h slightly deregulated the apoptotic process
and RNA-polymerase-II induced transcription in response to stress due to downregulation
of DDIT3, EGR1, JUN, CBX4, NFKBIA, DUSP4 and DUSP6 expression (Figure 7C). STRING
analysis of TCam2 cells treated for 24 h revealed a highly significant network consist-
ing of genes representing downregulated mRNA transcript levels. All members (LSM3,
SRSF7, SNRPB, HNRNPC, HNRNPH1, ALYREF, MAGOHB, SRSF6, HNRNPA1, SF3B1)
contributed to RNA splicing or RNA processing, which was obviously downregulated by
CDKO inhibition (Figure 7D).
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Figure 7. NVP2 treatment indicated cell-line-specific effects. RNA-Seq evaluation was performed via
Reactome pathway analysis/Gene Ontology analysis and STRING interaction analysis in (A) 2102EP
cells after 1 h of treatment, (B) 2102EP cells after 24 h, (C) TCam?2 cells after 1 h and (D) TCam?2 cells
after 24 h. For all samples, n = 3.

Peptide microarray analysis revealed a high activity of stress-related and pro-apoptotic
kinases (p38c, JNKs) in 2102EP cells 1 h after treatment, which is in accordance with the
high rate of apoptosis induced by NVP2 (Supplementary Figure S17B). Interestingly, CDK15
activity was increased, which is in line with the identified upregulation of its corresponding
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A

cyclin CCNY. After 24 h, phosphorylation activity of DAPK2 and PIM1/2/3 was increased,
indicating apoptosis induction and antagonization of p21 activity, respectively.

Analyzing data from THZ531 treatment revealed upregulation of PAN2, BTG2, PABC1
and PARN expression responsible for RNA degradation and poly(A)-specific ribonuclease
activity (Figure 8A). Treatment for 1 h of TCam?2 cells showed downregulation of protein
ubiquitination and proteasomal activity (Figure 8B) indicated by decreased expression of
265-proteasomal subunits (PSMD7, PSMD13, PSME4) and further proteasome-associated
transcripts (RAD23A, UBA1, NACCI). The peptide microarray analysis (Supplementary
Figure 517C) showed rather increased growth signaling (ERK1/2), cell cycle progression
(CDK®6) and DNA repair induction (CK1 delta) in 2102EP cells treated with THZ531 for 1 h.
Further, 24 h of treatment revealed globally decreased kinase activity, indicating a complete
change in cellular response. Kinases displaying top downregulated activity were protein
kinase A, which is important for energy metabolism as well as p70S6K and AKT1/2, both
part of the PI3K-AKT pathway. In TCam?2 cells, the opposite effect compared to 2102EP cells
was found. CDK2, ERK1/2 and additionally CDKO activity was downregulated after 1 h
of THZ531 exposure. Similarities were observed at the 24 h time point regarding a global
serine/threonine kinase activity downregulation. Interestingly, activity-of-stress-induced
protein p38 and several CDKs (CDK9, CDK5, CDK11, CDK1) were found to be decreased
in TCam?2 cells (24 h) compared to the DMSO control.
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Figure 8. THZ531 treatment induced cell-line-specific responses. Differential gene expression data
evaluated via Reactome pathway/Gene Ontology analysis and STRING interaction analysis are
presented. Treatment of (A) 2102EP cells for 24 h and (B) TCam?2 cell for 1 h (100 nM THZ531). For all
samples, n = 3.

Taken together, we could show that a variety of CDK inhibitors effectively reduced
viability, induced apoptosis and deregulated cell cycle progression in TGCT cell lines
while the fibroblast control cell line was affected only to a limited extend. Investigation of
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the molecular mechanism of NVP2, SY0351 and THZ531 by RNA Seq analysis revealed
cell-line-specific effects. In 2102EP, TCam2 and MPAF CDGs were detected after 24 h of
YKL-5-124 treatment, indicating an identical response.

4. Discussion

Inhibition of transcriptional CDKs might be a novel promising therapeutic option for
patients with TGCTs. In our study, we analyzed cytotoxic effects of seven CDK inhibitors,
NVP2, 5Y0351, YKL-5-124, THZ1, THZ531, dinaciclib and flavopiridol, and one degrader,
THAL-SNS-032, on cisplatin-sensitive (2102EP, NCCIT, TCam2) and cisplatin-resistant
(2102EP-R, NCCIT-R) TGCT cell lines representing seminomas (TCam?2) and embryonal
carcinomas (2102EP, NCCIT). Application of the CDK inhibitors/degrader revealed a strong
decrease in viability for cisplatin-sensitive and cisplatin-resistant cell lines. 2102EP and
TCama2 cells treated with YKL-5-124, SY0351 and NVP2 showed a disturbed cell cycle and
apoptosis induction, indicating a potent effect of the inhibitors towards the TGCT cell
lines. THZ531 caused cell cycle deregulation only in the 2102EP cells and weak apoptosis
induction in 2102EP and TCam?2 cells. Analysis of molecular mechanisms demonstrated
cell-line-specific responses for NVP2, SY0351 and THZ531 treatment and a general response
to YKL-5-124 treatment. We believe that such cell-line (and therefore tumor-entity)-specific
responses open up new possibilities of precise treatment of TGCT sub-entities independent
of cisplatin resistance.

Interestingly, the Sertoli (FS1) and the fibroblast (MPAF) control cell lines showed
strong to moderate and low sensitivity towards the applied compounds, respectively.
Taking this into consideration, the CDK inhibitors/degrader might have small to severe
side effects on the healthy testis tissue. However, the results suggest that there will be
only very small to no effects on fibroblast cells. It has been shown that application of the
CDK7/12/13 inhibitor THZ1 led to impaired spermiogenesis in mice after application
to testes [59]. However, there is nothing known about effects of NVP2, SY0351, YKL-5-
124, THZ531, dinaciclib, flavopiridol and THAL-SNS-032 on testes. Further studies are
necessary to evaluate the side effects in vivo.

To our surprise, the molecular response to THZ531, SY0351 and NVP2 treatment
varied between 2102EP, TCam?2 and MPAF cell lines (Figure 9). For example, THZ531
induced downregulation of the ubiquitin pathway and proteasomal degradation after 1 h
of drug exposure of TCam?2 cells and increased poly(A) RNA degradation after 24 h of
treatment in 2102EP cells. Other studies showed downregulation of DNA damage response
gene expression regulated by control of intronic polyadenylation [19,20,27]. Although
deregulated poly(A) processing was found in 2102EP cells after 24 h of THZ531 treatment,
we did not observe the characteristic downregulation of DNA damage response genes
shown to occur in other tumor entities (hepatocellular, ovarian, prostate, breast cancer) [60].
This suggests that TGCT cell lines respond differently compared to somatic cancer types,
which might explain the low efficacy of THZ531 in apoptosis induction. In general, germ
cells (and their tumors) do not initiate DNA repair but undergo apoptosis instead [61].

In 2102EP cells, the CDK7/12/13 inhibitor SY0351 induced ubiquitin pathway upreg-
ulation and prompted stress response after 1 h of treatment, confirming the strong impact
on cell viability observed in the XTT assays. Further, inhibition of CDK?7 resulted in a lack
of CDK1/2/4 phosphorylation, leading to G1- or G2/M-phase cell cycle arrest [31]. Indeed,
2102EP, NCCIT and TCam?2 showed a decrease in cells in the S phase and accumulation
in the G1 or G2/M phases. For MPAF cells, only weak apoptosis induction was observed
after 24 and 48 h of SY0351 treatment.
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Figure 9. Schematic summary of effects in TGCT and fibroblast cell lines induced by CDK inhibitor
treatment. Treatment with SY0351, NVP2 and YKL-5-124 results in cell cycle deregulation and
apoptosis in TGCT cells while exposure to THZ531 is less toxic to all cell lines.

YKL-5-124 treatment (1 h) caused downregulation of RNA-Pol-II-mediated transcrip-
tion and immediate early gene transcription in TCam?2 cells. Olson et al. found that
YKL-5-124 has only a very limited effect on RNA Pol II phosphorylation and activity [31].
Since this effect was detected only after 1 h of treatment, we hypothesize that this find-
ing represents a primary effect which is subsequently compensated by CDK9/12/13. A
redundant role in CTD phosphorylation of RNA Pol I of CDK9/12/13 and CDK? has been
shown [31].

GO analysis of RNA sequencing data from 2102EP, TCam?2 and MPAF cells after 24 h
of treatment with the CDK7-specific inhibitor YKL-5-124 revealed a similar reaction, i.e., the
general downregulation of RNA splicing. CDK7 can be regarded as a master regulator of
transcription, by virtue of being part of the general transcription factor TFIIH and as part
of CAK activating CDKs 9/12/13 by phosphorylation [58]. Rimel et al. observed splicing
deregulation induced by treatment with SY0351 (50 nM) in the human leukemia cell line
HL60 and proposed CDK?7 activity to be crucial for splicing [30]. In our study, 2102EP,
TCam?2 and MPAF cells treated with YKL-5-124 (100 nM) and TCam? cells exposed to NVP2
(10 nM) for 24 h but not cell lines treated with SY0351 (10 nM) revealed a disturbed splicing
machinery (Figure 9). Of note, YKL-5-124 inhibits CDK7 activity, preventing phosphory-
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lation of CDKO9, while NVP2 acts as an ATP-competitive CDK9 inhibitor. These findings
suggest, that amongst other important splicing substrates which are phosphorylated by
CAK, CDK?7 activity affects splicing via CDK9 phosphorylation. STRING analysis of dereg-
ulated genes after 24 h NVP2 treatment in TCam?2 cells showed a highly compact and
significant network comprising proteins such as splicing factor SF3B1, SRSF6, SRSF7, etc.,
involved in mRNA splicing, mRNA processing and mRNA transport. The importance of
CTD phosphorylated RNA Pol II in the splicing process has already been described [62,63].
Further, it has been shown that CDKO9 is crucial for full-length transcription, including
poly-adenylation and interaction of splicing and export factors with SF3B1, highlighting
the role of CDKO for accurate splicing and mRNA export [64].

Surprisingly, YKL-5-124 elicited moderate to strong apoptosis in the seminoma cell
line TCam2 and in EC cell lines (2102EP, NCCIT), respectively. In other studies, it has been
shown that CDK?7 inhibition alone leads to cell cycle arrest but does not induce apopto-
sis [31,32]. According to our data, the MPAF control cell line remained almost unaffected.
Cell cycle arrest might be initiated after 24 h, indicated by downregulation of several
genes associated with cell cycle progression. These findings make YKL-5-124 a promising
candidate for targeted treatment of ECs, which seem to exhibit a higher sensitivity towards
CDK inhibition compared to other tumor entities and even more importantly towards
fibroblasts. In contrast, CDK7/12/13 inhibitor SY0351 revealed a strong apoptosis response
in 2102EP, NCCIT and TCam? cells at a 10-times lower concentration, resulting in a broader
response. Most studies describe CDK7-inhibitor-induced apoptosis only in conjunction
with another synergistically acting agent, such as 5-fluorouracil, nutlin-3 or a CDK12/13
inhibitor [65,66]. Of note, two selective CDK7 inhibitors, SY-5609 and CT7001, (ICEC9042)
are currently investigated in clinical studies. Both inhibitors are tested as single agents and
in combination with standard therapy in different tumor types [67-69]. In light of our data,
we believe it worthwhile to test the drugs on TGCT as well.

The role of CDKO activity was investigated by CDK9 inhibition (NVP2) and CDK9
degradation (THAL-SNS-032). Although NVP2 and THAL-SNS-032 are characterized by
a different mode of action, both compounds revealed highly decreased viability in TGCT
cell lines, underlining the relevance of CDK9 for cellular survival. NVP2 treatment (1 h,
10 nM) seemed to induce a prompt stress response of 2102EP and TCam2 cells indicated by
upregulation of the cell cycle inhibitor p21 and downregulation of RNA-Pol-II-mediated
transcription and immediate early gene transcription (JUN, JUNB, FOSB, EGR1). Lower
RNA-Pol-II-mediated expression of immediate early genes is an expected finding after
CDK®9 inhibition, which is the catalytic subunit of P-TEFb necessary for transcription
elongation [70]. P21 mediates the G1- and G2/M-phase cell cycle arrest [71]. In our study,
we found accumulation in the G1 as well as G2/M phase in 2102EP and TCam?2 cells,
respectively, after 20 h of NVP2 treatment. For leukemia cells exposed to 250 nM NVP2
for 6 h, fast apoptosis induction was observed [33]. In TGCT lines, moderate (TCam2) to
strong (2102EP) apoptosis was detected, i.e., non-seminoma cells were more affected than
seminoma cells. Of note, MPAF cells seemed to be mostly resistant since they displayed
only weak apoptosis after 24/48 h of NVP2 treatment. On a molecular level, the peptide
microarray analysis assay revealed the activity of apoptosis modulators JNK1/2/3 was
highly upregulated after only 1 h NVP2 treatment, indicating apoptosis induction [72].

After 24 h of NVP2 treatment, 2102EP cells showed upregulation of PRAME, TRIM and
MBD3L family members. MBD3L2/3/5 are responsible for introducing epigenetic changes
by DNA-methylation-dependent heterochromatin formation. PRAME family members
in combination with MBD3L2/3 and 5 might induce negative regulation of transcription.
TRIM proteins are considered to be involved in modulation of ubiquitin protein ligase
activity, indicating upregulated proteasomal degradation. However, it remains elusive
how the NVP2-mediated inhibition of CDK9Y, resulting in alteration of TRIM, PRAME and
MBD?3L2, 3, 5 levels, contributes to apoptosis induction.

Interestingly, 1 h of NVP2 treatment of TCam?2 and 2102EP cells led to upregulation of
CDK15 (PFTAIRE2) phosphorylation activity. RNA sequencing analysis revealed signifi-
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cantly increased corresponding cyclin Y expression in 2102EP cells. Park et al. suggested
that CDK15 acts as an antagonist of TNF-related apoptosis-inducing ligands [73]. Further,
24 h of NVP2 treatment in 2102EP cells revealed upregulation of oncogenic Pim1/2/3 ki-
nase activity, which is known to be critical for cell survival, proliferation and migration [74].
We speculate that these findings point to a protective mechanism of the cell to prevent
apoptosis induction and cell cycle arrest, which fails in the end, as shown by apoptosis
after 24 and 48 h.

To sum up the effects caused by NVP2 treatment, we observed cell cycle deregulation
and strong apoptosis for TCam?2 and 2102EP cells induced after downregulation of RNA
splicing and deregulation of chromatin organization, respectively.

5. Conclusions

In this study, we investigated the impact and molecular effects of different CDK in-
hibitors on TGCTs. SY0351 and NVP2 appear to be candidates for a broad application
in TGCT treatment since we observed high potency of both compounds towards 2102EP
(EC) and TCam?2 (seminoma) cell lines. YKL-5-124 turned out to be a highly selective
treatment option because the strongest effects were observed for 2102EP cells. Importantly,
SY0351, NVP2 and YKL-5-124 displayed a similar cytotoxic effect in wild-type and cisplatin-
resistant cell lines, supporting an application which is independent of cisplatin resistance.
Unique responsiveness of different cell lines representing different tumor entities shows
varying effects on cellular and molecular levels todifferent CDK inhibitors. Thus, exact
determination and characterization of tumor composition (seminoma, EC, Cc, YST, Ter,
cisplatin-R) and molecular features are crucial for personalized, precise and effective ther-
apy. All in all, CDK inhibitors show a great potential for an alternative and individualized
treatment strategy for TGCTs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers14071690/s1, Supplementary Figure S1: Viability of wild-
type and cisplatin-resistant TGCT cell lines after treatment with CDK inhibitors/degrader (THZ1, di-
naciclib, flavopiridol and THAL-SNS-032); Supplementary Figures S2-S9: Logarithmic regression for
NVP2, 5Y0351, YKL-5-124, THZ531, THZ1, dinaciclib, flavopiridol and THAL-SNS-032 IC50 value cal-
culation; Supplementary Figure S10: Cell cycle analysis of TGCT and control cell lines; Supplementary
Figure S11: Apoptosis analysis of TGCT and control cell lines; Supplementary Figure S12-515: RNA
sequencing data distribution of significantly deregulated genes (YKL-5-124/5Y0351/NVP2/THZ531);
Supplementary Figure 516: YKL-5-124 treatment revealed deregulated RNA polymerase II function
and downregulation of cell-cycle-associated genes in TCam?2 cells and MPAF cells, respectively;
Supplementary Figure S17: Serine/threonine kinase activity assay; Original Western Blot figures.

Author Contributions: Conceptualization, H.S.; methodology, K.E,, R.D., M.G. and H.S.; software,
L.A; validation, K.F, R.D. and P.D.-G.W.; formal analysis, K.F. and L.A.; investigation, K.F.,, R.D. and
PD.-G.W,; resources, M.G. and H.S.; data curation, K.F.; writing—original draft preparation, K.F. and
H.S.; writing—review and editing, K.F,, R.D., M.G. and H.S; visualization, K.F,; supervision, M.G.
and H.S.; project administration, H.S.; funding acquisition, M.G. and H.S. All authors have read and
agreed to the published version of the manuscript.

Funding: H.S. and M.G. werefunded by the intramural program of the medical faculty, Bonn Univer-
sity, BONFOR (grant no.2019-5-01) to. R.D. is funded by a grant from the Deutsche Krebshilfe (grant
no. 70114008).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Raw and processed mRNA sequencing data generated in this study
have been deposited in the Gene Expression Omnibus database under accession code (GSE198248).

Acknowledgments: We thank Gaby Beine for excellent technical assistance. Further, we would like
to thank the Next Generation Sequencing (NGS) and Flow Cytometry (FCCF) Core Facilities of the
Medical Faculty at the University of Bonn for providing support and instrumentation.


https://www.mdpi.com/article/10.3390/cancers14071690/s1
https://www.mdpi.com/article/10.3390/cancers14071690/s1

Cancers 2022, 14, 1690 20 of 22

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Hayes-Lattin, B.; Nichols, C.R. Testicular Cancer: A Prototypic Tumor of Young Adults. Semin. Oncol. 2009, 36, 432—438.
[CrossRef] [PubMed]

2. Oing, C; Seidel, C.; Bokemeyer, C. Expert review of anticancer therapy therapeutic approaches for refractory germ cell cancer
therapeutic approaches for refractory germ cell cancer. Expert Rev. Anticancer Ther 2018, 18, 389-397. [CrossRef] [PubMed]

3. Cheng, L.; Albers, P.; Berney, D.M.; Feldman, D.R.; Daugaard, G.; Gilligan, T.; Looijenga, L. Testicular cancer. Nat. Rev. Dis. Prim.
2018, 4, 29. [CrossRef]

4. Meyts, E.R.-D.; McGlynn, K.A.; Okamoto, K.; Jewett, M.A.S.; Bokemeyer, C. Testicular germ cell tumours. Lancet 2015, 387,
1762-1774. [CrossRef]

5. Oosterhuis, ].W.; Looijenga, L. Testicular germ-cell tumours in a broader perspective. Nat. Cancer 2005, 5, 210-222. [CrossRef]
[PubMed]

6.  Loehr, A; Pierpont, T.; Gelsleichter, E.; Galang, A.; Fernandez, I.; Moore, E.; Guo, M.; Miller, A.; Weiss, R. Targeting Cancer Stem
Cells with Differentiation Agents as an Alternative to Genotoxic Chemotherapy for the Treatment of Malignant Testicular Germ
Cell Tumors. Cancers 2021, 13, 2045. [CrossRef] [PubMed]

7.  Skakkebaek, N.E.; Rajpert-De Meyts, E.; Buck Louis, G.M.; Toppari, ].; Andersson, A.-M.; Eisenberg, M.L.; Jensen, T.K.; Jorgensen,
N.; Swan, S.H.; Sapra, K.J.; et al. Male Reproductive Disorders and Fertility Trends: Influences of Environment and Genetic
Susceptibility. Physiol. Rev. 2016, 96, 55-97. [CrossRef] [PubMed]

8.  Berney, D.M.; Looijenga, L.H.J.; Idrees, M.; Oosterhuis, ].W.; Rajpert-De Meyts, E.; Ulbright, TM. Germ cell neoplasia in situ
(GCNIS): Evolution of the current nomenclature for testicular pre-invasive germ cell malignancy. Histopathology 2016, 69, 7-10.
[CrossRef]

9.  Jostes, S.; Nettersheim, D.; Schorle, H. Epigenetic drugs and their molecular targets in testicular germ cell tumours. Nat. Rev. Urol.
2019, 16, 245-259. [CrossRef]

10. Oing, C.; Giannatempo, P.; Honecker, F; Oechsle, K.; Bokemeyer, C.; Beyer, J. Palliative treatment of germ cell cancer. Cancer Treat.
Rev. 2018, 71, 102-107. [CrossRef]

11. Oing, C.; Lorch, A. The Role of Salvage High-Dose Chemotherapy in Relapsed Male Germ Cell Tumors. Oncol. Res. Treat. 2018,
41, 365-369. [CrossRef] [PubMed]

12.  Skowron, M.A.; Vermeulen, M.; Winkelhausen, A.; Becker, TK.; Bremmer, E; Petzsch, P.; Schonberger, S.; Calaminus, G.; Kohrer,
K.; Albers, P; et al. CDK4/6 inhibition presents as a therapeutic option for paediatric and adult germ cell tumours and induces
cell cycle arrest and apoptosis via canonical and non-canonical mechanisms. Br. J. Cancer 2020, 123, 378-391. [CrossRef] [PubMed]

13.  Chou, J.; Quigley, D.A.; Robinson, T.M.; Feng, FY.; Ashworth, A. Transcription-Associated Cyclin-Dependent Kinases as Targets
and Biomarkers for Cancer Therapy. Cancer Discov. 2020, 10, 351-370. [CrossRef] [PubMed]

14. Zhang, M.; Zhang, L.; Hei, R.; Li, X.; Cai, H.; Wu, X.; Zheng, Q.; Cai, C. CDK inhibitors in cancer therapy, an overview of recent
development. Am. J. Cancer Res. 2021, 11, 1913-1935.

15. Spangler, L.; Wang, X.; Conaway, J].W.; Conaway, R.C.; Dvir, A. TFIIH action in transcription initiation and promoter escape
requires distinct regions of downstream promoter DNA. Proc. Natl. Acad. Sci. USA 2001, 98, 5544-5549. [CrossRef] [PubMed]

16. Serizawa, H.; Mikeld, T.P.; Conaway, ].W.; Conaway, R.C.; Weinberg, R.A.; Young, R.A. Association of Cdk-activating kinase
subunits with transcription factor TFIIH. Nature 1995, 374, 280-282. [CrossRef]

17. Wang, S.; Fischer, P. Cyclin-dependent kinase 9: A key transcriptional regulator and potential drug target in oncology, virology
and cardiology. Trends Pharmacol. Sci. 2008, 29, 302-313. [CrossRef]

18.  Vervoort, S.J.; Devlin, J.R.; Kwiatkowski, N.; Teng, M.; Gray, N.S.; Johnstone, R.W. Targeting transcription cycles in cancer. Nat.
Cancer 2021, 22, 5-24. [CrossRef]

19. Dubbury, S.; Boutz, P.L.; Sharp, P.A. CDK12 regulates DNA repair genes by suppressing intronic polyadenylation. Nature 2018,
564, 141-145. [CrossRef]

20. Krajewska, M.; Dries, R.; Grassetti, A.V,; Dust, S.; Gao, Y.; Huang, H.; Sharma, B.; Day, D.S.; Kwiatkowski, N.; Pomaville, M.; et al.
CDK12 loss in cancer cells affects DNA damage response genes through premature cleavage and polyadenylation. Nat. Commun.
2019, 10, 1-16. [CrossRef]

21. Mayer, E; Mueller, S.; Malenke, E.; Kuczyk, M.; Hartmann, ].T.; Bokemeyer, C. Induction of apoptosis by flavopiridol unrelated to
cell cycle arrest in germ cell tumour derived cell lines. Investig. New Drugs 2005, 23, 205-211. [CrossRef] [PubMed]

22. Rathkopf, D.; Dickson, M.A; Feldman, D.R.; Carvajal, R.D.; Shah, M.A.; Wu, N.; Lefkowitz, R.; Gonen, M.; Cane, L.M.; Dials,
H.J.; et al. Phase I Study of Flavopiridol with Oxaliplatin and Fluorouracil/Leucovorin in Advanced Solid Tumors. Clin. Cancer
Res. 2009, 15, 7405-7411. [CrossRef] [PubMed]

23. Chen, X.-X,; Xie, F-E; Zhu, X.-J; Lin, E; Pan, S.-S.; Gong, L.-H.; Qiu, ].-G.; Zhang, W.-].; Jiang, Q.-W.; Mei, X.-L.; et al. Cyclin-

dependent kinase inhibitor dinaciclib potently synergizes with cisplatin in preclinical models of ovarian cancer. Oncotarget 2015,
6, 14926-14939. [CrossRef] [PubMed]


http://doi.org/10.1053/j.seminoncol.2009.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19835738
http://doi.org/10.1080/14737140.2018.1450630
http://www.ncbi.nlm.nih.gov/pubmed/29516750
http://doi.org/10.1038/s41572-018-0029-0
http://doi.org/10.1016/S0140-6736(15)00991-5
http://doi.org/10.1038/nrc1568
http://www.ncbi.nlm.nih.gov/pubmed/15738984
http://doi.org/10.3390/cancers13092045
http://www.ncbi.nlm.nih.gov/pubmed/33922599
http://doi.org/10.1152/physrev.00017.2015
http://www.ncbi.nlm.nih.gov/pubmed/26582516
http://doi.org/10.1111/his.12958
http://doi.org/10.1038/s41585-019-0154-x
http://doi.org/10.1016/j.ctrv.2018.10.007
http://doi.org/10.1159/000489135
http://www.ncbi.nlm.nih.gov/pubmed/29843143
http://doi.org/10.1038/s41416-020-0891-x
http://www.ncbi.nlm.nih.gov/pubmed/32418994
http://doi.org/10.1158/2159-8290.CD-19-0528
http://www.ncbi.nlm.nih.gov/pubmed/32071145
http://doi.org/10.1073/pnas.101004498
http://www.ncbi.nlm.nih.gov/pubmed/11331764
http://doi.org/10.1038/374280a0
http://doi.org/10.1016/j.tips.2008.03.003
http://doi.org/10.1038/s41568-021-00411-8
http://doi.org/10.1038/s41586-018-0758-y
http://doi.org/10.1038/s41467-019-09703-y
http://doi.org/10.1007/s10637-005-6728-x
http://www.ncbi.nlm.nih.gov/pubmed/15868376
http://doi.org/10.1158/1078-0432.CCR-09-1502
http://www.ncbi.nlm.nih.gov/pubmed/19934304
http://doi.org/10.18632/oncotarget.3717
http://www.ncbi.nlm.nih.gov/pubmed/25962959

Cancers 2022, 14, 1690 21 of 22

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Mita, M.M,; Joy, A.A; Mita, A.; Sankhala, K.; Jou, Y.-M.; Zhang, D.; Statkevich, P; Zhu, Y.; Yao, S.-L.; Small, K,; et al. Randomized
Phase II Trial of the Cyclin-Dependent Kinase Inhibitor Dinaciclib (MK-7965) Versus Capecitabine in Patients With Advanced
Breast Cancer. Clin. Breast Cancer 2014, 14, 169-176. [CrossRef] [PubMed]

Kwiatkowski, N.; Zhang, T.; Rahl, P.B.; Abraham, B.J.; Reddy, J.; Ficarro, S.B.; Dastur, A.; Amzallag, A.; Ramaswamy, S.; Tesar,
B.; et al. Targeting transcription regulation in cancer with a covalent CDK?7 inhibitor. Nature 2014, 511, 616-620. [CrossRef]
[PubMed]

Chipumuro, E.; Marco, E.; Christensen, C.L.; Kwiatkowski, N.; Zhang, T.; Hatheway, C.M.; Abraham, B.J.; Sharma, B.; Yeung, C.;
Altabef, A.; et al. CDK?7 Inhibition Suppresses Super-Enhancer-Linked Oncogenic Transcription in MYCN-Driven Cancer. Cell
2014, 159, 1126-1139. [CrossRef]

Zhang, T.; Kwiatkowski, N.; Olson, C.M.; Dixon-Clarke, S.E.; Abraham, B.].; Greifenberg, A.K ; Ficarro, S.B.; Elkins, ] M.; Liang,
Y.; Hannett, N.M.; et al. Covalent targeting of remote cysteine residues to develop CDK12 and CDK13 inhibitors. Nat. Chem. Biol.
2016, 12, 876-884. [CrossRef]

Quereda, V.; Bayle, S.; Vena, F; Frydman, S.M.; Monastyrskyi, A.; Roush, W.R.; Duckett, D.R. Therapeutic Targeting of
CDK12/CDK13 in Triple-Negative Breast Cancer. Cancer Cell 2019, 36, 545-558.€7. [CrossRef]

Hu, S.; Marineau, J.J.; Rajagopal, N.; Hamman, K.B.; Choi, Y.J.; Schmidt, D.R.; Ke, N.; Johannessen, L.; Bradley, M.].; Orlando,
D.A.; et al. Discovery and Characterization of SY-1365, a Selective, Covalent Inhibitor of CDK?. Cancer Res. 2019, 79, 3479-3491.
[CrossRef]

Rimel, ].K; Poss, Z.C.; Erickson, B.; Maas, Z.L.; Ebmeier, C.C.; Johnson, J.L.; Decker, T.-M.; Yaron, T.M.; Bradley, M.].; Hamman,
K.B.; et al. Selective inhibition of CDK7 reveals high-confidence targets and new models for TFIIH function in transcription.
Genes Dev. 2020, 34, 1452-1473. [CrossRef]

Olson, C.M.; Liang, Y.; Leggett, A.; Park, W.D.; Li, L.; Mills, C.E.; Elsarrag, S.Z.; Ficarro, S.B.; Zhang, T.; Diister, R.; et al.
Development of a Selective CDK7 Covalent Inhibitor Reveals Predominant Cell-Cycle Phenotype. Cell Chem. Biol. 2019, 26,
792-803. [CrossRef] [PubMed]

Zhang, H.; Christensen, C.L.; Dries, R.; Oser, M.G.; Deng, J.; Diskin, B.; Li, F,; Pan, Y.; Zhang, X.; Yin, Y,; et al. CDK7 Inhibition
Potentiates Genome Instability Triggering Anti-tumor Immunity in Small Cell Lung Cancer. Cancer Cell 2019, 37, 37-54. [CrossRef]
[PubMed]

Olson, C.M,; Jiang, B.; Erb, M.A_; Liang, Y.; Doctor, Z.M.; Zhang, Z.; Zhang, T.; Kwiatkowski, N.; Boukhali, M.; Green, ].L.; et al.
Pharmacological perturbation of CDK9 using selective CDK9 inhibition or degradation. Nat. Chem. Biol. 2018, 14, 163-170.
[CrossRef] [PubMed]

Wang, J.; Dean, D.C.; Hornicek, EJ.; Shi, H.; Duan, Z. Cyclin-dependent kinase 9 (CDK9) is a novel prognostic marker and
therapeutic target in ovarian cancer. FASEB ]. 2019, 33, 5990-6000. [CrossRef]

Rahaman, M.H.; Kumarasiri, M.; Mekonnen, L.B.; Yu, M.; Diab, S.; Albrecht, H.; Milne, R.; Wang, S. Targeting CDK9: A promising
therapeutic opportunity in prostate cancer. Endocrine-Related Cancer 2016, 23, T211-T226. [CrossRef]

Storch, K.; Cordes, N. The impact of CDK9 on radiosensitivity, DNA damage repair and cell cycling of HNSCC cancer cells. Int. ].
Oncol. 2015, 48, 191-198. [CrossRef]

Lu, Y; Tang, L.; Zhang, Q.; Zhang, Z.; Wei, W. MicroRNA-613 inhibits the progression of gastric cancer by targeting CDK9. Artif.
Cells, Nanomedicine, Biotechnol. 2017, 46, 980-984. [CrossRef]

Nettersheim, D.; Heukamp, L.; Fronhoffs, F.; Grewe, M.].; Haas, N.; Waha, A.; Honecker, E; Waha, A.; Kristiansen, G.; Schorle, H.
Analysis of TET Expression/Activity and 5mC Oxidation during Normal and Malignant Germ Cell Development. PLoS ONE
2013, 8, €82881. [CrossRef]

Jostes, S.; Nettersheim, D.; Fellermeyer, M.; Schneider, S.; Hafezi, F.; Honecker, F.; Schumacher, V.; Geyer, M.; Kristiansen, G.;
Schorle, H. The bromodomain inhibitor JQ1 triggers growth arrest and apoptosis in testicular germ cell tumoursin vitroandin vivo.
J. Cell. Mol. Med. 2016, 21, 1300-1314. [CrossRef]

Nettersheim, D.; Jostes, S.; Fabry, M.; Honecker, F.; Schumacher, V.; Kirfel, J.; Kristiansen, G.; Schorle, H. A signaling cascade
including ARID1A, GADD45B and DUSP1 induces apoptosis and affects the cell cycle of germ cell cancers after romidepsin
treatment. Oncotarget 2016, 7, 74931-74946. [CrossRef]

Wingett, S.W.; Andrews, S. FastQ Screen: A tool for multi-genome mapping and quality control. F1000Research 2018, 7, 1338.
[CrossRef] [PubMed]

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. |. 2011, 17, 10-12. [CrossRef]
Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357-360. [CrossRef] [PubMed]

Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.-C.; Mendell, ].T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290-295. [CrossRef] [PubMed]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021. Available online: https://www.R-project.org/ (accessed on 24 March 2022).

Huber, W.; Carey, V.J.; Gentleman, R.; Anders, S.; Carlson, M.; Carvalho, B.S.; Bravo, H.C.; Davis, S.; Gatto, L.; Girke, T.; et al.
Orchestrating high-throughput genomic analysis with Bioconductor. Nat. Methods 2015, 12, 115-121. [CrossRef] [PubMed]
RStudio Team. RStudio: Integrated Development for R.; RStudio, PBC: Boston, MA, USA, 2020.


http://doi.org/10.1016/j.clbc.2013.10.016
http://www.ncbi.nlm.nih.gov/pubmed/24393852
http://doi.org/10.1038/nature13393
http://www.ncbi.nlm.nih.gov/pubmed/25043025
http://doi.org/10.1016/j.cell.2014.10.024
http://doi.org/10.1038/nchembio.2166
http://doi.org/10.1016/j.ccell.2019.09.004
http://doi.org/10.1158/0008-5472.CAN-19-0119
http://doi.org/10.1101/gad.341545.120
http://doi.org/10.1016/j.chembiol.2019.02.012
http://www.ncbi.nlm.nih.gov/pubmed/30905681
http://doi.org/10.1016/j.ccell.2019.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31883968
http://doi.org/10.1038/nchembio.2538
http://www.ncbi.nlm.nih.gov/pubmed/29251720
http://doi.org/10.1096/fj.201801789RR
http://doi.org/10.1530/ERC-16-0299
http://doi.org/10.3892/ijo.2015.3246
http://doi.org/10.1080/21691401.2017.1351983
http://doi.org/10.1371/journal.pone.0082881
http://doi.org/10.1111/jcmm.13059
http://doi.org/10.18632/oncotarget.11647
http://doi.org/10.12688/f1000research.15931.1
http://www.ncbi.nlm.nih.gov/pubmed/30254741
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
http://doi.org/10.1038/nbt.3122
http://www.ncbi.nlm.nih.gov/pubmed/25690850
https://www.R-project.org/
http://doi.org/10.1038/nmeth.3252
http://www.ncbi.nlm.nih.gov/pubmed/25633503

Cancers 2022, 14, 1690 22 of 22

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Love, M.I,; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: Berlin/Heidelberg, Germany, 2016; ISBN 978-3-319-24277-4.
Szklarczyk, D.; Franceschini, A.; Wyder, S.; Forslund, K.; Heller, D.; Huerta-Cepas, J.; Simonovic, M.; Roth, A.; Santos, A.;
Tsafou, K.P; et al. STRING v10: Protein—protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 2015, 43,
D447-D452. [CrossRef]

Carbon, S.; Douglass, E.; Good, B.M.; Unni, D.R.; Harris, N.L.; Mungall, C.J.; Basu, S.; Chisholm, R.L.; Dodson, R.J.; Hartline,
E.; et al. The Gene Ontology resource: Enriching a GOld mine. Nucleic Acids Research 2021, 49, D325-D334. [CrossRef]
Ashburner, M.; Ball, C.A.; Blake, ].A.; Botstein, D.; Butler, H.; Cherry, ] M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, ].T.; et al.
Gene ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25-29. [CrossRef]

Gillespie, M.; Jassal, B.; Stephan, R.; Milacic, M.; Rothfels, K.; Senff-Ribeiro, A.; Griss, ].; Sevilla, C.; Matthews, L.; Gong, C.; et al.
The reactome pathway knowledgebase 2022. Nucleic Acids Research 2022, 50, D687-D692. [CrossRef]

Kanehisa, M.; Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef] [PubMed]
Oliveros, J.C. (2007-2015) Venny. An Interactive Tool for Comparing Lists with Venn’s Diagrams. Available online: https:
/ /bioinfogp.cnb.csic.es/tools/venny/index.html (accessed on 24 March 2022).

Schwill, M.; Tamaskovic, R.; Gajadhar, A.S.; Kast, F; White, EM.; Pliickthun, A. Systemic analysis of tyrosine kinase signaling
reveals a common adaptive response program in a HER2-positive breast cancer. Sci. Signal. 2019, 12, eaau2875. [CrossRef]
[PubMed]

Eckert, D.; Nettersheim, D.; Heukamp, L.; Kitazawa, S.; Biermann, K.; Schorle, H. TCam-2 but not JKT-1 cells resemble seminoma
in cell culture. Cell Tissue Res. 2007, 331, 529-538. [CrossRef] [PubMed]

Larochelle, S.; Amat, R.; Glover-Cutter, K.; Sanso, M.; Zhang, C.; Allen, J.].; Shokat, K.M.; Bentley, D.; Fisher, R.P. Cyclin-dependent
kinase control of the initiation-to-elongation switch of RNA polymerase II. Nat. Struct. Mol. Biol. 2012, 19, 1108-1115. [CrossRef]
Chen, X.; Li, Y,; Dai, H.; Zhang, H.; Wan, D.; Zhou, X; Situ, C.; Zhu, H. Cyclin-dependent kinase 7 is essential for spermatogenesis
by regulating retinoic acid signaling pathways and the STAT3 molecular pathway. IUBMB Life 2021, 73, 1446-1459. [CrossRef]
Liang, S.; Hu, L.; Wu, Z; Chen, Z; Liu, S.; Xu, X,; Qian, A. CDK12: A Potent Target and Biomarker for Human Cancer Therapy.
Cells 2020, 9, 1483. [CrossRef]

Bloom, J.C.; Loehr, A.R.; Schimenti, ].C.; Weiss, R.S. Germline genome protection: Implications for gamete quality and germ cell
tumorigenesis. Andrology 2019, 7, 516-526. [CrossRef]

Bird, G.; Zorio, D.A.R.; Bentley, D.L. RNA Polymerase II Carboxy-Terminal Domain Phosphorylation Is Required for Cotranscrip-
tional Pre-mRNA Splicing and 3’-End Formation. Mol. Cell. Biol. 2004, 24, 8963-8969. [CrossRef]

Hu, Q.; Poulose, N.; Girmay, S.; Helevd, A.; Doultsinos, D.; Gondane, A.; Steele, RE.; Liu, X.; Loda, M.; Liu, S.; et al. Inhibition of
CDKO9 activity compromises global splicing in prostate cancer cells. RNA Biol. 2021, 18, 722-729. [CrossRef]

Tellier, M.; Zaborowska, J.; Neve, J.; Nojima, T.; Hester, S.; Furger, A.; Murphy, S. CDK9 and PP2A regulate RNA polymerase II
transcription termination and coupled RNA maturation. bioRxiv 2021. [CrossRef]

Kalan, S.; Amat, R.; Schachter, M.M.; Kwiatkowski, N.; Abraham, B.; Liang, Y.; Zhang, T.; Olson, C.M.; Larochelle, S.; Young,
R.A.; et al. Activation of the p53 Transcriptional Program Sensitizes Cancer Cells to Cdk7 Inhibitors. Cell Rep. 2017, 21, 467-481.
[CrossRef] [PubMed]

Zeng, M.; Kwiatkowski, N.P; Zhang, T.; Nabet, B.; Xu, M.; Liang, Y.; Quan, C.; Wang, J.; Hao, M.; Palakurthi, S.; et al. Targeting
MYC dependency in ovarian cancer through inhibition of CDK7 and CDK12/13. eLife 2018, 7, €39030. [CrossRef] [PubMed]
Marineau, J.J.; Hamman, K.B.; Hu, S.; Alnemy, S.; Mihalich, J.; Kabro, A.; Whitmore, K.M.; Winter, D.K,; Roy, S.; Ciblat, S.; et al.
Discovery of SY-5609: A Selective, Noncovalent Inhibitor of CDK?. J. Med. Chem. 2021, 65, 1458-1480. [CrossRef]

Patel, H.; Periyasamy, M.; Sava, G.; Bondke, A.; Slafer, B.W.; Kroll, S.H.B.; Barbazanges, M.; Starkey, R.; Ottaviani, S.; Harrod,
A_; etal. ICEC0942, an Orally Bioavailable Selective Inhibitor of CDK? for Cancer Treatment. Mol. Cancer Ther. 2018, 17, 1156-1166.
[CrossRef] [PubMed]

Sava, G.; Fan, H.; Coombes, R.C.; Buluwela, L.; Ali, S. CDK?7 inhibitors as anticancer drugs. Cancer Metastasis Rev. 2020, 39,
805-823. [CrossRef]

Bunch, H.; Choe, H.; Kim, J.; Jo, D.S,; Jeon, S.; Lee, S.; Cho, D.-H.; Kang, K. P-TEFb Regulates Transcriptional Activation in
Non-coding RNA Genes. Front. Genet. 2019, 10, 342. [CrossRef] [PubMed]

Karimian, A.; Ahmadi, Y.; Yousefi, B. Multiple functions of p21 in cell cycle, apoptosis and transcriptional regulation after DNA
damage. DNA Repair 2016, 42, 63-71. [CrossRef]

Xu, R.; Hu, ]. The role of JNK in prostate cancer progression and therapeutic strategies. Biomed. Pharmacother. 2019, 121, 109679.
[CrossRef]

Park, M.H.; Kim, S.Y.; Kim, Y.J.; Chung, Y.-H. ALS2CR7 (CDK15) attenuates TRAIL induced apoptosis by inducing phosphoryla-
tion of survivin Thr34. Biochem. Biophys. Res. Commun. 2014, 450, 129-134. [CrossRef]

Arrouchi, H.; Lakhlili, W.; Ibrahimi, A. A review on PIM kinases in tumors. Bioinformation 2019, 15, 40-45. [CrossRef]


http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1093/nar/gku1003
http://doi.org/10.1093/nar/gkaa1113
http://doi.org/10.1038/75556
http://doi.org/10.1093/nar/gkab1028
http://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
http://doi.org/10.1126/scisignal.aau2875
http://www.ncbi.nlm.nih.gov/pubmed/30670633
http://doi.org/10.1007/s00441-007-0527-y
http://www.ncbi.nlm.nih.gov/pubmed/18008088
http://doi.org/10.1038/nsmb.2399
http://doi.org/10.1002/iub.2574
http://doi.org/10.3390/cells9061483
http://doi.org/10.1111/andr.12651
http://doi.org/10.1128/MCB.24.20.8963-8969.2004
http://doi.org/10.1080/15476286.2021.1983287
http://doi.org/10.1101/2021.06.21.449289
http://doi.org/10.1016/j.celrep.2017.09.056
http://www.ncbi.nlm.nih.gov/pubmed/29020632
http://doi.org/10.7554/eLife.39030
http://www.ncbi.nlm.nih.gov/pubmed/30422115
http://doi.org/10.1021/acs.jmedchem.1c01171
http://doi.org/10.1158/1535-7163.MCT-16-0847
http://www.ncbi.nlm.nih.gov/pubmed/29545334
http://doi.org/10.1007/s10555-020-09885-8
http://doi.org/10.3389/fgene.2019.00342
http://www.ncbi.nlm.nih.gov/pubmed/31068966
http://doi.org/10.1016/j.dnarep.2016.04.008
http://doi.org/10.1016/j.biopha.2019.109679
http://doi.org/10.1016/j.bbrc.2014.05.070
http://doi.org/10.6026/97320630015040

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Viability Assay 
	Protein Extraction, SDS-PAGE and Western Blot 
	7AAD/AnnexinV (Apoptosis) and Hoechst-FACS Analysis (Cell Cycle) 
	RNA Sequencing Analysis 
	Peptide Chip Array 

	Results 
	Cell Cycle and Transcriptional CDKs Are Expressed in TGCT Cell Lines 
	CDK Inhibitors Display Cytotoxic Effect on TGCT Cell Lines 
	NVP2, SY0351, YKL-5-124 and THZ531 Affect Cell Cycle Progression and Induce Apoptosis in TGCT Cells 
	The Molecular Response Is Cell-Line-Specific for NVP2, SY0351 and THZ531 but Not for YKL-5-124 Treatment 

	Discussion 
	Conclusions 
	References

