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ABSTRACT
◥

Urological malignancies represent major challenges for clini-
cians, with annually rising incidences. In addition, cisplatin treat-
ment induced long-term toxicities and the development of therapy
resistance emphasize the need for novel therapeutics. In this study,
we analyzed the effects of novel histone deacetylase (HDAC)
and bromodomain and extraterminal domain-containing (BET)
inhibitors to combine them into a potent HDAC-BET-fusion
molecule and to understand their molecular mode-of-action. Treat-
ment of (cisplatin-resistant) germ cell tumors (GCT), urothelial,
renal, and prostate carcinoma cells with the HDAC, BET, and dual
inhibitors decreased cell viability, induced apoptosis, and affected
the cell cycle. Furthermore, a dual inhibitor considerably decreased
tumor burden in GCT xenograft models. On a molecular level,
correlating RNA- to ATAC-sequencing data indicated a consider-

able induction of gene expression, accompanied by site-specific
changes of chromatin accessibility after HDAC inhibitor applica-
tion. Upregulated genes could be linked to intra- and extra-cellular
trafficking, cellular organization, and neuronal processes, including
neuroendocrine differentiation. Regarding chromatin accessibility
on a global level, an equal distribution of active or repressed
DNA accessibility has been detected after HDAC inhibitor treat-
ment, questioning the current understanding of HDAC inhibitor
function. In summary, our HDAC, BET, and dual inhibitors
represent a new treatment alternative for urological malignancies.
Furthermore, we shed light on new molecular and epigenetic
mechanisms of the tested epi-drugs, allowing for a better under-
standing of the underlying modes-of-action and risk assessment
for the patient.

Introduction
Urological malignancies comprise different tumor entities, includ-

ing germ cell tumors (GCT), prostate cancer (PC), renal cell carcinoma

(RCC), and urothelial carcinoma (UC).Worldwide, new incidences of
PC (3rd), UC (12th), and RCC (16th) are among the most frequent
tumors of 2020 (1). GCTs are the most common tumor type of young
men (14–45 years) with annually rising incidences, especially in
Western countries (2).

Testicular type II GCTs arise from a precursor lesion, the “germ
cell neoplasia in situ” (GCNIS) and can be divided into seminomas
and non-seminomas. Non-seminoma, comprising embryonal car-
cinoma (EC) as the stem-cell like population of GCT, can further
differentiate into yolk-sac tumor, teratoma, and choriocarcino-
ma (3). The general treatment options of GCT involve orchiectomy
and subsequent chemo- or radiotherapy. Even though the treatment
response is very high (above 90%), 10%–15% of patients undergo a
disease relapse due to the development of cisplatin resistance.
Currently, there are only limited treatment options for these patients
resulting in a poor prognosis (4, 5).

Regarding UC, two thirds of patients present with a non-muscle
invasive disease generally exhibiting a favorable prognosis, while the
remaining present with muscle-invasive disease. Having a high risk of
rapid local progression and of developing distant metastases, prog-
nosis of the latter ones is poor and despite multimodal treatment,
5-year survival is below 50% (6, 7).

Patients with early-stage PC also display a high 10-year survival
rate (93%–99%), nevertheless, castration-resistant tumors result in
increased mortality (5-year survival rate of 25%; refs. 8, 9).

Treatment of non-metastatic RCCs involves surgical removal
of the tumor, whereas metastatic RCC can be treated in pallia-
tive intention only by small-molecule and immune checkpoint
inhibitors (10).

These challenges during treatment of urological tumors emphasize
the need for a novel treatment option (11, 12).
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The epigenetic landscape plays amajor role in the regulation of gene
expression and is catalyzed by protein families of the “writers,”
“erasers,” and “readers.” The protein family of “writers” and “erasers”
are direct counterparts, with the ability to add or erase post-
translational histone modifications and DNAmethylationmarks (13).
Epigenetic “readers” recognize these modifications and interpret the
epigenetic code, for example, leading to recruitment of the transcrip-
tionmachinery (14). These epigenetic key players can be deregulated in
cancer cells to circumvent cell death and are therefore a suitable target
for cancer-related therapy (15).

In this study, we focused on targeting “erasers” and “readers.” The
inhibition of “readers,” that is, bromodomain and extraterminal
domain-containing (BET) proteins, such as BRD2/3/4/T has shown
promising antitumor potential in breast, lung, prostate, colon, and
brain cancer (16). Furthermore, the BET inhibitor (BETi) JQ1 has been
studied previously in GCTs and UCs (17, 18). JQ1 induced apoptosis
and a cell cycle phase accumulation, highlighting JQ1 as a potential
treatment option for GCTs (17, 18).

Histone deacetylases (HDAC) belong to the epigenetic “eraser”
family and several HDAC inhibitors (HDACi), for example, Romi-
depsin and Vorinostat, are already FDA approved as a treatment
option for malignancies, such as melanoma, breast cancer, and
UC (19, 20). Especially in urological malignancies, the effects of the
HDACi Romidepsin have been studied intensively in GCTs and
UCs (18, 21–24). In various GCT and UC cell lines, Romidepsin was
able to reduce the tumor cell viability in lownanomolar concentrations
via a G2–M phase cell cycle accumulation, while inducing a radio-
sensitizing effect in UCs in vivo (22, 23). However, themajor weakness
of epigenetic drugs (epi-drugs) is the global effect on most cells of
an organism, causing unwanted side effects, pointing out the need
of less toxic novel epi-drugs. To improve efficacy and specificity of
epi-drugs, combined approaches have been performed in GCTs and
UCs using Romidepsin and JQ1 (17, 18). Both studies observed an
improved efficacy in GCT and UC cell lines compared with single
inhibitor treatment. Taking this concept a step further, the fusion of
both inhibitors into a single molecule is rational, leading to
improved pharmacokinetic profiles and simultaneous multiselective
inhibition (25).

In this study, a library of novel HDAC and BET inhibitors has been
evaluated with the goal of combining them into a single molecule, that
is, an HDAC-BET-dual inhibitor, with improved epigenetic inhibition
and reduced adverse effects. An HDAC-BET-dual inhibitor can
present more favorable pharmacokinetics, toxicity and synergistic
profiles when compared with a combination of two single compounds.
Besides, the use of a single chemical entity facilitates dosage determi-
nation. Another characteristic of multitarget agents is the reduced
probability of target-based drug resistance (26, 27). This may promote
establishment of novel treatment options for (cisplatin-resistant)
urological tumors.

Materials and Methods
Ethical statement

No ethical concerns have been risen by the ethics committee of the
Medical Faculty of the Heinrich Heine University D€usseldorf (EC-
HHU-D) regarding the utilization of the given cell lines for in vitro
experiments and drug screenings (ethics votes 2018–178 and 2019–
412 to D. Nettersheim). In addition, the EC-HHU-D raised no
concerns on screening epi-drugs as therapeutic option for GCT
in vitro and in vivo (to D. Nettersheim).

Cell culture
GCT cell lines (TCam-2, 2102EP, NCCIT, NT2/D1, 1411H, GCT-

72, JAR, and JEG-3), their cisplatin-resistant sublines (-R), UC cell
lines (VM-CUB-1, SCaBER, RT-112), RCC cell lines (Caki-1, 786-O,
and ACHN), PC cell lines (DU-145, PC-3, and LNCaP) and the
control cell lines (MPAF, HVHF2, HaCaT, JURKAT, HUVEC, and
THP-1) were cultivated as described in Supplementary Table S1A
and are checked for Mycoplasma contamination regularly. Authen-
tications of all cell lines are available upon request (short tandem
repeat analysis).

Synthesis of novel inhibitors
Two types of BRDi were synthesized,þJQ1-based (ASK series) and

I-BET 762-based (PWK series) inhibitors. The synthesis of the HDAC
class I/IIb (KSK64, LAK31, LAK39, LAK41 and YAK61; refs. 28–30),
pan (MPK409; ref. 31), class I (K79PCHy; ref. 32), and class IIb
(MPK187 and MPK377; ref. 33) inhibitors have been previously
described. To evaluate the importance of class I selective inhibitors,
two types of class I selective inhibitors were designed and synthe-
sized, RGFP109-based (LAK78, LAK86, LAK88, LAK92, LAK94,
LAK96, LAK98, and LAK100) and Entinostat-based inhibitors
(LAK102 and LAK104). To obtain the dual inhibitors a convergent
synthetic strategy was used by combining key intermediaries of the
HDACi synthesis with the free acids of (þ)-JQ1 or I-BET 762.
Using this strategy, three dual inhibitors were synthesized, which
differed in the linker between the two components: the (þ)-JQ1–
based hydroxamates LAK-FFK11 and LAK129, as well as the I-BET
762-based dual inhibitor LAK-HGK7. A prediction of absorption,
distribution, metabolism, excretion, and toxicity (ADMET, https://
admet.scbdd.com/) has been performed for the dual inhibitor
LAK-FFK11 and included to the “Supplementary Materials and
Methods” section (34, 35). All tested compounds possess a purity of
at least 95%. HDAC assays of KSK64, LAK31, MPK409, and
AlphaScreen assays of KSK64, LAK31, MPK409, ASK44, ASK58,
and ASK62 have been performed by Reaction Biology. All HDACi
and BETi were dissolved in DMSO. A detailed description of the
drug development methodology can be found in “Supplementary
Materials and Methods.” A list of all used inhibitors has been
included to Supplementary Table S1D.

XTT cell viability measurement
Cell viability assays have been performed as previously describ-

ed (36). Briefly, 3–5�103 cells were seeded into a 96-well plate
(n ¼ 4). 24 hours after drug application and over a period of 4
consecutive days, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT, 494.93 mmol/L) and phenazine
methosulfate (4.2 mmol/L) were incubated for 4 hours at 37�C and
measured by the iMark Absorbance Reader (Bio-Rad; absorbance:
450 nm; reference: 655 nm). EC50 values were calculated by
GraphPad Prism v8.

Flow cytometry
As described preciously (36), apoptosis induction and cell cycle

distribution were analyzed by flow cytometry by Annexin V/pro-
pidium iodide (PI) or PI-staining only, respectively, 24 hours after
drug application. At least 5 � 104 cells per sample were counted by
the MACSQuant Analyser 10 and the data were analyzed using
MACSQuantify software v. 2.13.0 (both Miltenyi Biotec). See
Supplementary Table S1B for details of antibodies used for flow
cytometry.
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RNA and protein isolation
RNA and proteins were extracted as previously described (36).

Briefly, RNA was isolated using the, RNeasy Mini Kit according to the
manufacturers protocol (Qiagen). Concentration and purity were
determined by NanoDrop 2000/2000c (Thermo Fisher Scientific).
Proteins were extracted by RIPA lysis buffer (Cell Signaling Techno-
logy) with 1% protease and 1% phosphatase inhibitor (Roche). Protein
concentrations were quantified by the, BCA Protein Assay Kit
(Thermo Fisher Scientific) according to the manufacturer’s protocol.

Quantitative RT-PCR
Synthesis of complementary DNA (cDNA) and quantitative

RT-PCR (qRT-PCR) were performed as previously published (36).
A total of 1 mg of RNA was used for in vitro transcription. Gene
expression was analyzed on the “384-well C1000 cycler” (Bio-Rad;
n ¼ 3). For data normalization, the housekeeping genes GAPDH
andACTBwere used. For oligonucleotide sequences see Supplementary
Table S1C.

Western blot
Western blot analysis using 20 mg of isolated proteins was per-

formed as previously described (36). Membranes were blocked in 5%
non-fat-milk in PBST (PBS þ 1% Tween20) for 1 hour at RT before
incubation with primary antibodies at 4�C overnight. Secondary
horseradish peroxidase–conjugated antibodies were incubated for
1 hour at RT. See Supplementary Table S1B for antibody details. For
imaging, the ChemiDoc Imaging System (Bio-Rad) was used.

RNA sequencing
RNA sequencing (RNA-seq) has been performed as previously

described at the “Core Facility: Genomics & Transcriptomics”
(Heinrich-Heine-University, D€usseldorf, Germany) using 300 ng of
total RNA for mRNA capturing, fragmentation, synthesis of cDNA,
adapter ligation, and library amplification (36, 37). Bead purified
libraries were normalized and finally sequenced on the HiSeq 3000
System (Illumina, Inc.) with a read setup of 1�150 bp. Mapping was
done against the Homo sapiens (hg38; May 25, 2017) genome
sequence. Statistical differential expression tests were determined
using the “Differential Expression in TWO GROUPS” tool (version
1.02; Qiagen). The resulting P values were corrected for multiple
testing by FDR. A P value of ≤ 0.05 was considered significant.
RNA-seq data are freely available via GEO (GSE190022).

Assay for transposase-accessible chromatin using sequencing
For ATAC-seq (assay for transposase-accessible chromatin using

sequencing), 1�105 cells per sample were harvested 16 hours after
treatment and cryopreserved for submission according to the com-
panies’ protocol and the analysis was performed by Active Motif
(ActiveMotif) and have been publicly shared (GSE191184). A detailed
description of the ATAC-seq methodology can be found in Supple-
mentary Materials and Methods. See Supplementary Table S1D for
compound details.

Xenotransplantation of GCT cells
Xenotransplantations were performed as described previous-

ly (17, 22). Briefly, 1 � 107 2102EP(-R) cells were resuspended in
500 mL Matrigel (Corning Basement Membrane; Ref. 354234) and
injected into the flank of 6-weeks old male CD1 nude mice (25–30 g,
Charles River Laboratories). HDACi and solvent controls were applied
subcutaneously onto the xenograft using a syringe (Injekt-F Dispos-
able 2P Injection Syringe 1 mL; Braun) every other day. Animal

experiments were conducted according to the German law of animal
protection and in agreement with the approval of the local institutional
animal care committees (Landesamt f€ur Natur, Umwelt und Ver-
braucherschutz NRW; AZ 81-02.04.2018.A350). Tissue samples were
counterstained with Meyer’s hematoxylin (Dako, Agilent Technolo-
gies) on 2-mmFFPE xenografts tissue sections for 8 min, and analyzed
by the use of light microscopy, as described previously (38).

(Online) analysis tools and software
RNA-seq gene expression data of urological cell lines from “Cancer

Cell Line Encyclopedia” (CCLE) were analyzed by “UCSC Xena
browser” (https://xena.ucsc.edu; ref. 39). Gene alterations/mutations
of urological malignancies from “The Cancer Genome Atlas” (TCGA)
dataset were analyzed by “cBioPortal” (https://www.cbioportal.org/;
refs. 40, 41). Venn diagrams were created by “InteractiVenn” (http://
www.interactivenn.net; ref. 42). To predict gene interactions, the
STRING algorithm was used (https://string-db.org; ref. 43). DAVID
was used to perform functional annotation (https://david.ncifcrf.gov/
home.jsp; ref. 44). The HOMER algorithm was used to screen for
affected transcription factor binding motifs after HDACi applica-
tion (45). Circos diagrams were created by “shinycircos” (46), PCA
(principal component analysis) were designed with PCAGO (47).
“Python” was used to generate volcano plots (48, 49). Prognostic
marker data for KIRREL and MARVELD1 were taken from the “The
Human Protein Atlas” (https://www.proteinatlas.org; ref. 50). Figures
contain graphics from BioRender (https://biorender.com).

Statistical analysis
To analyze differences between groups, two-tailed Student t tests

after confirming equality of two variances according to the F-test have
been performed. Statistically significant differences were highlighted
by asterisk (�, P< 0.05).

Data availability
The data generated in this study are publicly available in Gene

Expression Omnibus (GEO) at GSE190022 and GSE191184.

Results
Screening the expression of different members of the HDAC

classes and BET protein family demonstrated high expression of
HDAC class I and IIb in UC, RCC, PC, and GCT (Supplementary
Fig. S1A and S1B). There were no HDAC and BET mutations
reported in GCTs, whereas UC and PC acquired missense and
fusion mutations, especially in HDAC1/2/4 and in BRD2/4 genes
Supplementary Fig. S1C). Analysis of RCCs showed rare missense
mutations in HDAC1/6/8 and in BRD1/2. On the basis of high
expression levels in urological malignancies, we focused on inhi-
bitors targeting HDAC class I/IIb and BRD2 (Supplementary
Fig. S1).

A screening of 18 novel HDACi and 15 BETi in GCT cell lines
(seminoma: TCam-2, EC: 2102EP, CC: JAR), as well as in VM-CUB-1
(UC), Caki-1 (RCC), and DU-145 (PC) revealed that 20 (13 HDAC
and 7 BET inhibitors) drugs considerably reduced cell viability at
micromolar concentrations (1–10 mmol/L; Supplementary Fig. S2,
Supplementary Data S1A and S1B). On the basis of this initial
screening, three potent HDACi (KSK64, LAK31, and MPK409) and
BETi (ASK44, ASK58, and ASK62) were further characterized in this
study.

We determined the specificity for the target molecules of the
HDACi and BETi by enzyme assays (Supplementary Figs. S3A
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and S3B, S4A and S4B; ref. 30). KSK64, LAK31, and MPK490
showed a high affinity toward HDAC1/2/3/6 (EC50 1–100 nmol/L;
Supplementary Figs. S3A and S4A). For comparison, we included
literature data of the structural similar HDACi Entinostat, which
inhibits HDAC1 (EC50 300 nmol/L) over HDAC3 (EC50 8 mmol/L),
while not targeting HDAC8 (51). The three BETi targeted mainly
BRD2 (EC50 50–200 nmol/L) and to a lower extent BRD3/4/T
(Supplementary Figs. S3B and S4B). In contrast, JQ1 predominantly
targeted BRD4 and BRD2 (Supplementary Fig. S4B; ref. 14). An
increased pan-histone 3-acetylation (pan-H3ac) after 16 hours of
HDACi treatment was verified in all four tumor entities via western
blotting (Supplementary Fig. S4C).

An extensive analysis in 22 tumor (GCT, UC, RCC, and PC) and
6 control cell lines (fibroblasts, keratinocytes, T-lymphocytes,
endothelial cells, and monocytes) validated the reduction in cell
viability in cancer cell lines upon treatment with the HDACi or
BETi (EC50 mean: KSK64: 1.1 mmol/L; LAK31: 1.1 mmol/L;
MPK409: 1.3 mmol/L; ASK44: 6.6 mmol/L; ASK58: 6.9 mmol/L
and ASK62: 6.3 mmol/L), whereas non-cancerous fibroblast cells
and keratinocytes were less affected (Fig. 1A and B; Supplemen-
tary Data S1C and S1D). Immune cells (JURKAT T-lymphocytes,
THP-1 monocytes) and endothelial cells (HUVEC) responded
at similar HDACi/BETi concentrations as GCT cells (Fig. 1A
and B). In direct comparison with structurally similar drugs,
such as Entinostat, Vorinostat (HDACi) and JQ1 (BETi), the
novel epi-drugs reduced the cell viability at lower concentrations
(Fig. 1A).

To evaluate, whether the reduction in cell viability was attributed to
induction of apoptosis or cell cycle phase accumulation, we performed
flow cytometry analysis (Fig. 1C and D; Supplementary Data S1E).
Already 24 hours after treatment (EC50 48 hours) with the three most
potent HDACi or BETi, an induction of apoptosis (>5%) could be
detected inmost GCT cell lines, including cisplatin-resistant subclones
(-R; Fig. 1C). Caki-1 cells (RCC) remained nearly unaffected upon
treatment with both, HDACi or BETi (Fig. 1C). In other cancer cell
lines, such as VM-CUB-1 (UC) and DU-145 (PC) treatment with all
three HDACi induced apoptosis compared with the solvent control
(Fig. 1C). In general, the HDACi were more potent than the BETi in
inducing apoptosis (Fig. 1C). At used concentrations, the HDACi and
BETi did not affect viability of fibroblasts (MPAF; Fig. 1C). To confirm
apoptosis induction, GCTcells TCam-2, 2102EP, and JARwere treated
with the HDACi LAK31 as well as the BETi ASK44 and subsequent
western blot analysis revealed cleavage of PARP (Supplementary
Fig. S4D).

Our analysis of the cell cycle phase distribution after HDACi
treatment demonstrated a cell line–dependent accumulation in either
the G1–G0 or the G2–M phase. The GCT cell lines NT2/D1(-R), JAR
and JEG-3-R, as well as the VM-CUB-1 (UC) accumulated in the
G1–G0 phase. In contrast, the GCT cell lines TCam-2-R, 2102EP-R,
1411H and JEG-3, as well as Caki-1 (RCC) and DU-145 (PC)
accumulated in the G2–M phase. Compared with the solvent control,
the BETimainly induced accumulation in G1–G0 phase inmost cancer
cell lines. The BETi did not affect the cell cycle of fibroblasts, whereas
the HDACi induced a G2–M phase accumulation (Fig. 1D). Thus, in
cancer cells the novel inhibitors induced apoptosis already 24 hours
after a single drug application, accompanied by a cell cycle phase
accumulation in the G1–G0 or the G2–M phase.

Next, we aimed at deciphering themolecular and epigeneticmode of
action of each tested epi-drug. By ATAC-sequencing (ATAC-seq), we
evaluated whether there were alterations in chromatin accessibility
upon treatment with the HDACi LAK31, allowing us to further

characterize global as well as site-specific effects. First, we validated
that LAK31 treatment increased pan-H3ac in cell lines of urological
malignancies (Supplementary Fig. S4C and S4D). Then, we per-
formed an ATAC-seq in four tumor cell lines representing the
different urological cancer entities (2102EP, VM-CUB-1, Caki-1,
and DU-145) and compared LAK31 treatment with solvent controls
(Supplementary Data S2A–S2G). Only normalized tag counts
were analyzed, leading to identification of 224,159 merged peak
regions (Supplementary Figs. S5A, S5B, and S6A). A Pearson’s
correlation coefficient matrix was used to illustrate and compare
changes in chromatin accessibility between the analyzed samples
(Supplementary Fig. S5C). Changes in chromatin accessibility in
gene bodies, promotors, and merged peak regions after LAK31
treatment are shown in Supplementary Fig. S5D. By a circos
diagram, we illustrated changes in genome-wide accessibility, dem-
onstrating an equal distribution of elevated or diminished DNA
accessibility after LAK31 treatment (Supplementary Fig. S6B and
S6C). A PCA demonstrated a clear shift of LAK31 treated samples
apart from their solvent controls (Fig. 2A). A bar plot summarizing
the total number of differentially altered regions [fold change (FC) >
2] confirmed a parallel opening and closing of chromatin on a
global level (Fig. 2B).

To exclude that these observations were specifically caused by our
novel epi-drugs, we performed ATAC-seq of 2102EP cells treated with
the established HDACi Romidepsin and Quisinostat (Supplementary
Data S2B and S2C; Supplementary Figs. S5 and S6A, S6C). As a
“negative control,” we included an inhibitor of an epigenetic “reader”
(MZ-1, a PROTAC targeting BRD4; Supplementary Data S2D;
Supplementary Figs. S5 and S6A, S6C). Both, Romidepsin and
Quisinostat treated 2102EP cells, showed a similar DNA accessibility
profile as LAK31 treated cell lines of urological malignancies, whereas
effects of MZ-1 on DNA accessibility were negligible (Fig. 2C andD).
In 2102EP cells, we identified transcription factor–binding motifs in
regions altered in DNA accessibility after HDACi (LAK31, Quisino-
stat, Romidepsin) treatment by the HOMER algorithm (Fig. 2E,
Supplementary Data S2H). A considerable overlap between the
HDACi regarding the identified TOP50 motifs has been found (41
sharedmotifs in accessible DNA and 35 in inaccessible DNA; Fig. 2E).
Among the motifs linked to accessible DNA, FOS- (FOSL2, FRA1/2)
and ATF3-related motifs were identified, which is in line with upregu-
lation of both factors after HDACi treatment (22). Among the motifs
linked to inaccessible DNA, chromatin-remodelers and -modifiers
CTCF and CTCFL (BORIS) as well as pluripotency factors like OCT4
and SOX2 were identified, which is in line with downregulation of
pluripotency factors after HDACi treatment (Fig. 2E; refs. 22, 52). To
further decipher the molecular mode of action of HDACi, RNA-seq
has been performed with LAK31 treated cells of each tumor entity
(GCT: 2102EP, UC: VM-CUB-1, RCC: Caki-1, PC: DU-145). Volcano
plots of deregulated transcripts (P ≤ 0.05, FC ≥ � log2 2) after LAK31
treatment in comparison with solvent controls (DMSO) showed a
strong increase in transcription after HDAC inhibition (2102EP:
2526 genes; VM-CUB-1: 4948 genes; Caki-1: 4103 genes; DU-145:
3010 genes; Fig. 3A; Supplementary Data S2I–S2L). A three-
dimensional PCA indicated a clear separation of the solvent control
from HDACi treated cells (Fig. 3B). A gene ontology analysis of
190 commonly upregulated genes in all four tumor entities after
HDAC inhibition (Supplementary Data S2M) identified factors
involved in “extracellular matrix,” “intra- and extracellular mem-
brane-associated trafficking and cell–cell communication,” and “intra-
cellular trafficking and cytoskeleton,” “cilium” and “cell projection”
associated genes, “neuronal associated factors” and “protein features”
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Figure 1.

Screening for cytotoxicity of the novel HDAC and BET inhibitors in urological malignancies. Illustration of the micromolar EC50 values acquired by XTT cell viability
assays 48 hours after treatment of urological malignancies (A) or healthy untransformed cells (B) with HDACi and BETi. The HDACi Entinostat and Vorinostat
were compared with the three novel HDACi inhibitors KSK64, LAK31, and MPK409, whereas JQ1 was compared with the novel BETi ASK44, ASK58, and ASK62.
A red color code indicates high EC50 values (> 5 mmol/L), whereas green tiles represent a low EC50 (< 2 mmol/L). The inhibitors were analyzed in cell lines of all four
tumor entities (UC, RCC, PC, and GCT). For GCTs cisplatin-resistant cell lines (-R) were also included. Color-coded flow cytometry-based analysis of apoptosis
induction (C) and cell-cycle phase distribution (D) 24 hours after EC50 treatment of HDACi/BETi in cell lines of all four tumor entities (UC, RCC, PC, and GCT) in
comparison with a DMSO solvent control.

Burmeister et al.

Mol Cancer Ther; 21(11) November 2022 MOLECULAR CANCER THERAPEUTICS1678



Figure 2.

Analysis of global changes of chromatin accessi-
bility after LAK31 treatment in four different uro-
logical tumor entities. A, A PCA of LAK31-induced
changes (triangles) in chromatin accessibility in cell
lines of all four tumor entities in comparison with
DMSO solvent control (spheres). B, A bar plot
illustrating the number of opened (green) and
closed (red) chromatin regions after LAK31 treat-
ment in 2102EP, VM-CUB-1, Caki-1, and DU-145 in
comparisonwithDMSO solvent control.C,APCAof
HDACi-induced changes (triangles; romidepsin,
quisinostat, MZ-1) in chromatin accessibility in
2102EP cells in comparison with DMSO solvent
control (sphere). D, A bar plot illustrating the
number of opened (green) and closed (red) chro-
matin regions after Romidepsin, Quisinostat, or
MZ-1 treatment in 2102EP cells in comparison with
DMSO solvent control. E, A HOMER algorithm-
based screening for transcription factor–binding
motifs in DNA rendered accessible or inaccessible
after HDACi treatment of 2102EP cells. Venn dia-
grams summarize similarities in the identified
TOP50 motifs. Bar diagrams highlight the TOP10-
binding motifs (sorted by P value in LAK31 treated
2102EP cells) and their distribution in target
sequences affected by HDACi treatment.
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Figure 3.

Deciphering of the molecular processes induced by HDACi LAK31 in urological malignancies. A, Volcano plots of transcriptional changes upon LAK31 treatment in
comparison with the DMSO solvent control in 2102EP, VM-CUB-1, Caki-1, and DU-145, acquired by RNA-seq (FC < �log2 2 is shown in red; FC > log2 2 is shown in
green). The number of up- /downregulated genes is given in each plot.B,APCA illustrating the changes in transcription upon LAK31 treatment in comparisonwith the
DMSOcontrol.C,DAVIDanalysis andVenndiagrams for commonly up- anddownregulated genes of cell lines of all four tumor entities (2102EP,VM-CUB-1, Caki-1, and
DU-145) after LAK31 treatment. 190 genes were commonly upregulated (FC > log2 2), whereas 6 were commonly downregulated (FC < �log2 2) . D, STRING
interaction analysis of commonly upregulated genes in 2102EP, VM-CUB-1, Caki-1, and DU-145 upon LAK31 treatment comparedwith the solvent control. E, qRT-PCR
validation gene expression panel of the three most potent novel HDACi (KSK64, LAK31, and MPK409) in GCT cell lines TCam-2 (blue), 2102EP (red), GCT-72 (gray),
and JAR (yellow). F, qRT-PCR analysis of a gene expression panel of key players of BETi in GCT cell lines treated with the three most potent novel BETi (ASK44,
ASK58, and ASK62).
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Figure 4.

Characterization of novel HDAC-BET-dual inhibitors.A, Structures of the three novel HDAC-BET-dual inhibitors (LAK-FFK11, LAK129, and LAK-HGK7). B, Illustrations
of the micromolar EC50 values 48 hours after treatment with HDAC-BET-dual inhibitors as acquired by XTT cell viability assays. A red color code indicates high EC50

values (> 5 mmol/L), whereas green tiles represent a low EC50 (< 2 mmol/L). The inhibitors were analyzed in cell lines of all four tumor entities (UC, RCC, PC, and GCT)
and six healthy control cell lines. For GCTs cisplatin-resistant cell lines (-R) were also included. C, Color-coded flow cytometry-based analysis of apoptosis rates
24 hours after EC50 application of dual inhibitors in cell lines of all four tumor entities (UC, RCC, PC, and GCT) in comparison with the DMSO solvent control and
(D) upon co-treatment with the caspase-inhibitor Z-VAD-FMK. E, Color-coded flow cytometry-based analysis of cell cycle phase distribution 24 hours after EC50

application of dual inhibitors in cell lines of all four tumor entities (UC, RCC, PC, and GCT) in comparison with the DMSO solvent control. F, A qRT-PCR analysis of
expression of key players of HDACi and BETi.
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(i.e., “glycoproteins,” “disulfide bond”). Via the STRING algorithm,
we predicted interaction of the commonly upregulated genes (FC ≥
�log2 2; Fig. 3C). The network included genes coding for histones
(i.e., HIST1H1B/H1E/H3H), as well as another smaller network that
could be associated with the motor protein dynein of sperm flagella
(i.e., DNAH2/I1; Fig. 3D). The largest network displayed a con-
nection between genes encoding for collagen (COL9A2/5A3/1A1)
and ion channel associated genes (CACNA1G, GRIN1, and
SLC17A7; Fig. 3D). A STRING analysis predicted interaction of
all genes related to neuronal differentiation and development
(Supplementary Fig. S7A). Only six genes were commonly down-
regulated in all four tumor entities, here STRING did not detect any
interactions.

To validate the RNA-seq data, we performed qRT-PCR analysis
in GCT cell lines (Fig. 3E and F) as well as UC, PC, and RCC cell
lines (Supplementary Fig. S7B) after application of three HDACi
(LAK31, KSK64, and MPK409). In addition, we included genes
known to be deregulated by the HDACi Romidepsin and Vorinostat
(Fig. 3E and F; Supplementary Fig. S7B and S7C; refs. 22, 53). The
HDACi LAK31, KSK64, and MPK409 induced similar deregula-
tions in gene expression as Romidepsin and Vorinostat, with an
upregulation of stress response factors as well as apoptosis and cell
cycle regulators (ATF3, CDKN1A, DHRS2, DUSP1, FOS, and
GADD45B) and downregulation of ATF5, CAP2, and EFCAB2
(Fig. 3E; Supplementary Fig. S7B; ref. 22).

Because the new BETi ASK44, ASK58, and ASK62 are analogues of
JQ1, we screened previously described JQ1 effectors in GCT cell lines
(Fig. 3F; ref. 17). The three BETi induced similar deregulations in gene
expression as JQ1, like upregulation of stress response and cell cycle
regulators (ATF3 andCDKN1C) and downregulation ofDNMT3B and
GDF3.

By correlating ATAC- to RNA-seq data, we identified locus-specific
changes of chromatin accessibility and transcription (Supplementary
Data S2N–S2Q). We summarized all genes commonly up- or down-
regulated in expression and correlating the according DNA accessi-
bility between the different tumor cell lines in Supplementary Data
S2R–S2S. VM-CUB-1 (UC) and Caki-1 (RCC) showed the highest
overlap in deregulated genes (66 upregulated / DNA accessible; 116
downregulated/DNA inaccessible), whereas DU-145 (PC) showed
only few overlapping factors, which might be due to the overall weak
alterations caused by LAK31 in these cells (Supplementary Fig. S7D;
Supplementary Data S2R–S2S). Among all tumor cell lines, we found
TEX14 (Testis Expressed 14; necessary for intercellular bridges in germ
cells required for spermatogenesis) to be commonly upregulated in
expression and affected by DNA accessibility, whereas KIRREL (Kirre
Like Nephrin Family Adhesion Molecule 1, NEPH1; fully trans-
activates the transcription factor AP-1 in presence of TEC kinases)
and MARVELD1 (MARVEL Domain Containing 1; a microtubule-
associated gene, inhibits proliferation and migration) were down-
regulated in expression and correlated to diminished DNA accessi-
bility at corresponding loci (Supplementary Fig. S7D and S7E; Sup-

plementary Data S2R–S2S). On the basis of these results, dual inhi-
bitors were designed and synthesized (Supplementary Materials and
Methods). Each fusion molecule consists of a BETi component
coupled to an HDACi domain via a linker (Fig. 4A). First, LAK-
FFK11 had been synthesized, in which the BETi domain replaces the
CAP-domain of the HDACi (Fig. 4A). Furthermore, a second
and third fusion molecule had been synthesized (LAK129 and
LAK-HGK7), where we kept the HDACi CAP group and conjugated
the BET inhibitor domain directly onto the CAP group (Fig. 4A).
Enzymatic assays revealed a high affinity of LAK-FFK11 toward
BRD2/3/4/T in a low nanomolar range and toward HDAC1/3/6 in
high nanomolar range (Supplementary Fig. S4E and S4F). A western
blot analysis verified an increased pan-H3ac after 16 hours of dual
inhibitor treatment in GCT cell lines (TCam-2, 2102EP, and JAR;
Supplementary Fig. S4G). In addition, because the BET inhibitor JQ1
has been shown to decrease the chromatin accessibility in gastric
cancer cells (54), pan-H3ac upon treatment with the most promising
dual inhibitor LAK-FFK11 has been compared with the HDACi
LAK31 and BETi ASK44 in TCam-2, 2102EP, and JAR cells (Supple-
mentary Fig. S4D). As such, enhanced pan-H3ac has been noted in
both, LAK31 or LAK-FFK11–treated cells, thereby affirming that the
BETi-component of the dual inhibitor did not counteract histone
acetylation.

An in silico prediction of absorption, distribution, metabolism,
excretion, and toxicity (ADMET) of the HDAC-BET-dual inhibitor
LAK-FFK11 indicated that the drug should be well absorbed, distrib-
uted and metabolized (Supplementary Materials and Methods).
Though, the ADMET prediction might indicate a fast clearance of
the drug and possible hepatoxicity should be further evaluated in
future studies (Supplementary Materials and Methods).

ByXTT assays, we screened for the potential of the dual inhibitors to
kill urological cancer cells. The EC50 values of the tested dual inhibitors
ranged from 0.1 to 10 mmol/L in GCT cell lines, with the highest
efficacy in EC cell lines (Fig. 4B; Supplementary Data S1C and S1D).
The dual inhibitors were not as effective as in GCT cells in most UC
(SCaBER, RT-112), RCC (Caki-1, 786-O, and ACHN) and PC
(DU-145 and PC-3) cell lines, except VM-CUB-1 and LNCaP
(Fig. 4B; Supplementary Data S1C and S1D). Healthy control cell
lines (fibroblasts: MPAF and HVHF2; keratinocytes: HaCaT; T lym-
phocytes: JURKAT; endothelial cells: HUVEC) were less affected by
the dual inhibitors, than GCT cell lines (Fig. 4B).

In comparison with the solvent controls, the flow cytometric
analysis as well as PARP cleavage confirmed increased apoptosis in
most GCT cell lines upon treatment with the dual inhibitors (Fig. 4C;
Supplementary Fig. S4G, Supplementary Data S1E). To validate the
caspase-dependent apoptosis induction, GCT cells have been simul-
taneously treated with the dual inhibitor and the caspase inhibitor
Z-VAD-FMK. As such, apoptosis induction could be reverted in GCT
cells, thereby confirming induction of the caspase-dependent apopto-
tic cascade by the dual inhibitor (Fig. 4D). Though, apoptosis was not
induced in UC, RCC, and PC cells 24 hours after treatment (Fig. 4C).

Figure 5.
Treatment effects of dual inhibitor (LAK-FFK11) in vitro.A,A PCA illustrating changes in chromatin accessibility upon treatment with LAK31, romidepsin, quisinostat,
and LAK-FFK11 in comparison to the DMSO control as measured by ATAC-seq. B, A bar plot illustrating the number of opened (green) and closed (red) chromatin
regions after treatment with the dual inhibitor LAK-FFK11 in 2102EP cells in comparison with DMSO solvent control. C, A HOMER algorithm-based screening for
transcription factor–binding motifs in DNA rendered accessible or inaccessible after HDACi treatment of 2102EP cells. Venn diagrams summarize similarities in the
identified TOP50 motifs. Bar diagrams highlight the TOP10 binding motifs (sorted by P value in LAK-FFK11–treated 2102EP cells) and their distribution in target
sequences affected by HDACi treatment. Motifs identified in both, LAK-FFK11, and the other HDACi are labeled in green.D,AVolcano plot of transcriptional changes
upon LAK-FFK11 treatment in comparison with the DMSO solvent control in 2102EP cells as measured by RNA-seq (FDR-corrected P < 0.05, FC <�log2 2 is shown in
red; FC> log2 2 is shown in green). DAVID (E) and STRING (F) interaction analysis for commonly up- anddownregulated genes of 2102EP cells treatedwith LAK-FFK11
(high stringency).
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In addition, the MPAF fibroblasts remained unaffected regarding
apoptosis and cell cycle alterations after application of high inhibitor
concentrations (Fig. 4C and E; Supplementary Data S1E).

The molecular effects induced by the dual inhibitors found by qRT-
PCR analysis (increased expression of GADD45B, DUSP1, DHRS2
(HDACi-associated); decreased expression of OCT3/4, GDF3 (BETi-
associated) confirmed the multi-substrate activity in the tested GCT
cells (TCam-2, 2102EP, GCT-72, and JAR; Fig. 4F).

To further elucidate the molecular effects upon treatment with the
dual inhibitor LAK-FFK11, ATAC-, and RNA-seq of LAK-FFK11–
treated 2102EP cells have been performed to evaluate DNA accessi-
bility and transcriptome-wide changes, respectively (Supplementary
Data S2T and S2U). A PCA revealed a separation of 2102EP cells
treated with the dual inhibitor LAK-FFK11 from HDACi- (Romidep-
sin, Quisinostat, and LAK31) or DMSO treated 2102EP cells (Fig. 5A).
As for the tested HDACi, on a global level LAK-FFK11 treatment
caused an increase and decrease in DNA accessibility (Fig. 5B;
Supplementary Figs. S5 and S6A, S6D, outer circle). We also screened
for transcription factor–binding motifs affected by DNA accessibility
after dual inhibitor treatment and compared the dual inhibitorwith the
other HDACi used in this study (Fig. 5C). The dual inhibitor showed a
considerable overlap to the HDACi LAK31, Quisinostat and Romi-
depsin regarding the TOP50 identified motifs (24 shared motifs in
accessible DNA and 33 in inaccessible DNA; Fig. 5C). In addition, the
TOP10 motifs were highly similar to the motifs identified in HDACi
(Fig. 2E, labeled in green).

Next, transcriptional changes have been analyzed uponLAK-FFK11
treatment in 2102EP (FC � log21.5, P < 0.05, 3,799 upregulated and
4,665 downregulated genes; Fig. 5D). Similar to our previous observa-
tions regarding transcriptional changes upon LAK31 treatment
(Fig. 3C and D), the gene ontology analysis of the upregulated genes
(FC > log2 4, FDR-corrected P < 0.05) as well as STRING interaction
analysis revealed an increase in gene sets related to regulation of
differentiation, such as neurogenesis, which is in line with the upre-
gulation of neuronal-associated genes after HDACi treatment in
urological malignancies (Fig. 5E and F; Supplementary Fig. S7A). In
addition, genes coding for histones were increased (Fig. 5F). A
cluster of pluripotency and SMAD/NODAL signaling factors
(NANOG, NODAL, LEFTY1/2, and GDF3) were significantly down-
regulated upon treatment with LAK-FFK11 (FC < �log2 4, FDR-
corrected P < 0.05; Fig. 5F).

Next, we compared and correlated changes inDNAaccessibility and
gene expression in 2102EP treated with either the HDACi LAK31 or
the dual inhibitor LAK-FFK11 (Supplementary Fig. S6D). In addition,
the Pearson correlation coefficient indicated a high correlation
between both epi-drugs on transcriptome (r ¼ 0.876) and DNA
accessibility level (r ¼ 0.868; Supplementary Fig. S6E).

We asked whether the epi-drugs affect sensitivity of cisplatin-
resistant EC cells (2102EP-R, NCCIT-R, NT2/D1-R) toward cisplatin.
Therefore, we combined treatment with either ASK44, LAK31, or
LAK-FFK11 with cisplatin, but detected only slight additive effects in
resistant GCT cells with regard to relative cell viability (Supplementary
Data S1F).

Finally, we asked whether dual inhibitors were able to reduce
tumor burden in vivo. Therefore, we xenografted 2102EP (n ¼ 7)
and the corresponding cisplatin-resistant subline 2102EP-R (n ¼ 8)
into the flank of nude mice and allowed tumors to grow for two
weeks. Afterwards, we applied LAK-FFK11 (10 mg/kg) subcutane-
ously every second day for 21 days in total (Fig. 6A–D). A control
group of mice were treated with the solvent DMSO. A measurement
of the tumor volume demonstrated a significantly reduced tumor

burden in dual inhibitor treated mice compared with the solvent-
treated mice in both, 2102EP and 2102EP-R cells (Fig. 6C and D).
During application, no considerable changes in mice’s body weights
were observed, pointing at a well-tolerated therapy (Fig. 6E and F).
Histologically, the hematoxylin–eosin stainings show tumor cells
with a solid growth pattern. The treated tumor cells show significant
cell and nuclear pleomorphism in the form of a shifted nuclear/
plasma relation. Necrosis can be seen between the vital tumor cells
(Fig. 6G and H).

Discussion
In this study, we demonstrated the potential of novel HDACi and

BETi as well as dual inhibitor approaches to treat (cisplatin-resistant)
GCTs as well as UC, RCC and PC (Fig. 6I and J).

After screening 33 novel epi-drugs, we selected potent HDACi
(KSK64, LAK31, and MPK409) and BETi (ASK44, ASK58, and
ASK62) for extensive analysis and used them for the fusion into dual
inhibitors (LAK-FFK11, LAK129, and LAK-HGK7; Fig. 6I). In com-
parison with other established HDACi and BETi, the novel epi-drugs
demonstrated an increased efficacy in most GCT cell lines, whereas
non-cancerous fibroblasts and keratinocytes presented as less sensitive
toward the new epi-drugs, opening a potential therapeutic window.
Nevertheless, immune cells (T-lymphocytes, monocytes) and endo-
thelial cells were quite as sensitive as the GCT cells toward the
individual HDACi and BETi, arguing for side-effects on these cell
types during therapy, which need to be analyzed in detail in future
studies. Regarding the dual inhibitors, fibroblasts, keratinocytes and
T-lymphocytes and in parts endothelial cells (2 of 3 dual inhibitors)
and monocytes (1 of 3 dual inhibitors) were less sensitive compared
with the GCT cells. In addition, fibroblasts showed neither alterations
in apoptosis rates nor the cell cycle phase distribution after dual
inhibitor application. These data imply a reduced toxicity of the dual
inhibitors to non-cancerous cells.

Earlier studies of HDACi observed an accumulation of cells in the
G2–Mphase of the cell cycle, accompanied by apoptosis induction (21).
The novel HDACi also induced apoptosis in GCT, UC and PC cell
lines in comparison with the solvent control and accumulation in
either G1–G0 or G2–Mcell cycle phase in a cell line-dependent manner
(Fig. 6I). ABETi JQ1 treatment ofGCT cell lines inducedG0–G1 phase
accumulation and apoptosis (17). The novel BETi also induced
apoptosis in most GCT and PC cell lines and predominantly led
to accumulation of cells in G1–G0 phase (Fig. 6I). The three dual
inhibitors induced apoptosis in GCT cell lines, but failed to trigger
apoptosis in UC, PC and RCC cell lines. Regarding UC, this was a
rather unexpected finding as combinatorial treatment with the BETi
JQ1 and the HDACi Romidepsin has been shown to exceed
synergistic antineoplastic efficacy in UC cell lines (18). Xenotrans-
plantations in mice have proven the potential of the dual inhibitor
LAK-FFK11 to reduce GCT growth in vivo, while having no effect
on mice’s body weight. Even though the BET component JQ1 has
been previously proven to be 49% orally bioavailable (14), further
research has to be conducted regarding the oral bioavailability of
LAK-FFK11. In comparison with earlier published HDAC-BET-
dual inhibitors (55, 56) the novel LAK-FFK11 displayed a higher
affinity toward BRDs and HDACs (Supplementary Fig. S4E and
S4F), while remaining a low toxicity in in vitro and in vivo experi-
ments. In summary, the dual inhibitors predominantly present as
therapeutic options for (cisplatin-resistant) GCTs, whereas the
HDACi and BETi individually are suitable therapeutics for all
tested urological malignancies.
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Figure 6.

Treatment effects of dual inhibitor (LAK-FFK11) on xenotransplanted 2102EP(-R). Macroscopic appearance of DMSO and LAK-FFK11 treated 2102EP (A) and
2102EP-R (B) xenografted tumors. In vivo results of tumor growth inhibition by LAK-FFK11 in xenografted 2102EP (C) and 2102EP-R (D) cells. The relative
tumor volume is displayed over a period of 3 weeks. Treatment and measurements were performed every 2 days. Weight of mice has been examined in
xenografted 2102EP (E) and 2102EP-R (F) cells treated with either LAK-FFK11 or solvent control. Hematoxylin–eosin (H&E) staining of DMSO and LAK-FFK11
treated 2102EP (G) and 2102EP-R (H) xenografted tumors. Graphical summary the key findings of this study (I) and molecular effects of HDACi/dual
inhibition (J).
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On a molecular level and in line with other HDACi studies, LAK31
treatment led to a strongly increased gene expression in all four
analyzed tumor cell lines (21, 57–62). The novel HDACi LAK31,
KSK64, andMPK409 function in a similar way as Romidepsin, proven
by upregulation of cell cycle and apoptosis regulators (e.g., ATF3,
DUSP1, FOS, and GADD45B) in all four tumor entities (22, 53).
DHRS2 was strongly upregulated in all studied GCT, UC, PC and
RCC cell lines after HDACi (LAK31 and Romidepsin) treatment,
further manifesting its status as a pan-marker of a successful HDACi
treatment in urological malignancies (21, 37). Gene expression altera-
tions after treatment with BETi ASK44, ASK58, and ASK62 were
similar to JQ1, such as the downregulation of the pluripotency gene
(OCT3/4) and the TGF-b ligandGDF3 as well as upregulation of stress
response and cell cycle regulators (ATF3 and CDKN1C) in three of the
four tested cell lines (17). Thus, on a molecular level, the effects on key
factors after application of the newly synthesized and established
HDACi/BETi were quite similar, arguing that alterations in these
factors reflect a general response to HDACi and BETi.

When comparing themolecular functions related to the upregulated
genes after HDACi application in all studied urological malignancies,
we found that these genes could be linked to the extracellular matrix,
intra- and extracellular membrane-associated trafficking and cell–cell
communication as well as to membrane–cytoskeleton-coupled pro-
trusion (Fig. 6J). In conclusion, HDACi affect mobility, communi-
cation, molecule trafficking, and microenvironment interactions of
treated tumor cells. In addition, 14 genes associated with neuronal
development and differentiation were upregulated after HDACi appli-
cation (CHRM4, DNAH2, DNER, DPYSL4, GIPR, GRIN1, LHX9,
NCAM1, NDNF, NRXN2, NTRK1, NYAP1, PTGER3, and SYP;
Supplementary Fig. S7A). Upregulation of NTRK1 by LAK31 has
been confirmed by qRT-PCR in 3 of 4 GCT cell lines (Supplementary
Fig. S7F, left). Similarly, treatment with the dual inhibitor LAK-FFK11
resulted in elevated NTRK1 expression in 2102EP (Supplementary
Fig. S7F, right). Generally, neuronal differentiation in GCTs is not
associated with a poor prognosis, except for the presence of neuroec-
todermal-differentiated cell populations, which is indeed linked to
a worse prognosis. This is also true in PC, in which neuroendocrine
differentiation triggered by continuous androgen deprivation signif-
icantly impairs patients’ outcome and prognosis (63). In line, two
upregulated neuronal genes (NCAM1 and SYP) were associated with
“neuroendocrine carcinoma” (Supplementary Fig. S7A). Thus, induc-
tion of neuronal-associated genes and related developmental processes
might be a risk of HDACi, if differentiation into neuroendocrine lineage
occurs, and clarifies the need for carefully adjusting the concentrations
applied during therapy, that is, high enough to rapidly kill tumor cells
and avoidneuroendocrinedifferentiation, but lowenough to circumvent
severe global side-effects.

It is generally acknowledged that HDACi induce hyperacetylation
of histones, which is associated with “accessible” DNA. Thus, LAK31
treatment was expected to strongly increase levels of DNA accessi-
bility. Interestingly, in urological malignancies treatment with novel
(LAK31) and established (Romidepsin and Quisinostat) HDACi did
not only increase the global chromatin accessibility, but also led to
reducedDNAaccessibility. In fact, levels of “closed”DNAregionswere
similar to even higher compared with DNA accessibility after HDACi
application (LAK31, ratio DNA accessibility: 2102EP ¼ 0.91, VM-
CUB-1¼ 0.59, Caki-1¼ 0.35, DU-145¼ 0.52; Romidepsin: 2102EP¼
0.82; Quisinostat: 2102EP¼ 0.82; Figs. 2B andD, and 6J). In line, in a
previous publication a pan-H3ac-ChIP-seq analysis of TCam-2 treated
with the HDACi Romidepsin found decreased H3ac levels in gene
bodies, promotors and active regions, whereas a global enrichment

could be observed in regions� 5 kilobases upstream or downstream of
the gene bodies and promotors (22). In summary, HDACi seem to
cause a global increase in histone acetylation, but mainly in non-gene
body and non-promotor context, resulting in a decreased chromatin
accessibility in gene bodies and promotors.

Nevertheless,we alsoobserved site-specific chromatinopenings,which
correlated to increasing gene expression (Fig. 6J). The number of
upregulated genes was considerably higher than the number of down-
regulated genes (LAK31, ratio up- to downregulated genes: 2102EP ¼
6.09; VM-CUB-1 ¼ 2.93, Caki-1 ¼ 2.34, DU-145 ¼ 2.31; Fig. 3A).

Thus, the changes in chromatin accessibility do not reflect the high
number of upregulated genes and lownumber of downregulated genes.
Therefore, we hypothesize that in first-line, an HDACi induced site-
specific chromatin opening results in a direct upregulation of a set of
factors feedbacking on the epigenetic landscape, causing (i) a closing of
certain chromatin regions and (ii) inducing a considerable number of
second-line factors, that is, epigenetic modifiers, which might influ-
ence chromatin accessibility (Fig. 6J). To our knowledge, this study is
the first to question the paradigm that HDACi solely lead to enhanced
DNA accessibility. However, the underlying mechanisms need to be
studied further, because this finding could change the fundamental
understanding of the HDACi mode of action.

We identified three genes/loci commonly altered in expression and
chromatin accessibility afterHDACi application in all tested cell lines of
urological origin (upregulated/opened: TEX14; downregulated/closed:
KIRREL, MARVELD1; Supplementary Fig. S7E). TEX14 is a germ cell
(tumor)–associated gene required for the formation of intercellular
bridges during meiosis and for kinetochore–microtubule attachment
duringmitosis in cooperation with PLK1 (64–66). InGCTs,TEX14was
classified as a GCT predisposition loci (67, 68). According to the “The
Human Protein Atlas,” KIRREL andMARVELD1 (but not TEX14) are
prognostic markers of poor prognosis in UC, RCC and cervical cancer
as well as RCC and lung cancer, respectively (Supplementary Fig. S7G;
ref. 50). Thus, downregulation of KIRREL andMARVELD1 expression
after HDACi treatment, accompanied by chromatin closing at corre-
sponding loci, might be beneficial for the overall prognosis.

Further transcriptome-wide analysis of the dual inhibitor confirmed
that the mode of action of the HDACi-component was similar to
LAK31 (Fig. 5D–F). Moreover, treatment with the dual inhibitor
resulted in a high redundancy to HDACi treated (LAK31, Quisinostat,
and Romidepsin) 2102EP cells regarding affected transcription factor–
binding motifs (Fig. 5C). Especially, the previously mentioned ele-
vated neuronal-associated and developmental gene sets should be
carefully taken into consideration upon application of the drug to
circumvent neuroendocrine differentiation (Supplementary Fig. S7F).

In summary, this study provides novel HDAC and BET mono
inhibitors as treatment options for urological malignancies, including
cisplatin-resistant GCTs. Fusion of HDACi and BETi into a dual
inhibitor showed promising results in reducing cell viability especially
in GCTs in vitro and in vivo, while being less efficient in non-malignant
cells. In addition, we identified epigenetic and molecular mechanisms
commonly altered by HDACi in urological malignancies, leading to a
better understanding of themodes-of-action of the drugs during therapy.
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