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Abstract

Abstract

Despite major advances in oncology, the 5-year survival rate for some cancers like
acute myleoid leukemia (AML) or advanced muscle-invasive bladder cancer is low.
Among the main reasons for the low survival rates in AML and bladder cancer are the
heterogeneity, the chemoresistance and the epigenetic dysregulation of the cancer
cells.

To face these problems and increase survival rates, combination treatments can be
utilized. Combination treatments have several advantages, including targeting
multiple targets and synergistic effects between the compounds, leading to a more
potent and possibly more selective cytotoxic effect in the cancer cells.

This thesis aimed to identify new combination partners targeting epigenetic dys-
regulation for improved treatment of AML and muscle-invasive bladder cancer.
Several AML cell lines and two pairs of native and cisplatin-resistant muscle-invasive
bladder cancer cell lines were used.

One important group of epigenetic regulators are histone deacetylases (HDACs),
impacting a variety of intracellular processes. Dysregulation of HDACs in cells has
emerged as a contributor to the development of cancer and chemoresistance. The
HDAC family is classified into five distinct classes, comprising a total of 11 HDAC and
7 sirtuin enzymes. The use of selective histone deacetylase inhibitors (HDACi) should
enable more targeted and efficent therapy than the use of broad-spectrum HDACi].

The first part of the thesis focuses on AML. Herein, the new class Ila specific HDACi
YAKS540 was intensively characterized. Subsequently, YAK540 in combination with the
proteasome inhibitor (PI) bortezomib (BTZ) was analyzed in the AML cell lines THP-
1, HL-60, and MONO-MAC-6 as well as in the chronic myeloid leukemia cell line K562.
BTZ is used clinically for the treatment of multiple myeloma and is currently in clinical
trials for the treatment of AML. The first study showed that the combination of the
novel class Ila specific HDACi YAK540 with BTZ induced a synergistic cytotoxic effect
with increased expression of p21 and enhanced caspase 3/7-mediated apoptosis. In a
follow-up study, FFK24, a more potent class Ila HDACi was characterized and
evaluated in combination with BTZ in the AML cell line THP-1, again demonstrating
increased expression of p21 and a synergistic cytotoxic effect.

The second part of the thesis addresses the problem of cisplatin resistance in bladder
cancer. The triple combination of the class I HDACi entinostat, a bromodomain and
extra-terminal motif inhibitor (BETi; JQ1, OTX015) and cisplatin was investigated in
two pairs of sensitive and cisplatin-resistant muscle-invasive bladder cancer cell lines
(J82, J82 cisR and T24, T24 LTT). In addition, the dual inhibitor compound 20, (a
combined HDAC- and BET-inhibitor) was investigated in combination with cisplatin.
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Abstract

Entinostat plus JQ1 or OTX015 as well as compound 20 showed complete (J82 cisR) or
partial (T24 LTT) reversal of cisplatin resistance. The combinations were highly
synergistic and resulted in increased caspase-mediated apoptosis most likely triggered
by enhanced expression of p21, Bim, and FOXO1.

In conclusion, HDACi are promising combination partners for different drug classes,
such as PI, BETi and cisplatin. These combinations could contribute to the
development of new therapeutic options for AML or bladder cancer, including
overcoming chemoresistance.

13



1. Introduction

1. Introduction

1.1 Malignant Tumor Development

Dysregulation of cell growth and cell death represents a critical mechanism underlying
tumor development. It is primarily caused by mutations that alter gene expression [1].
These mutations can be induced by radiation, mutagenic chemicals, viruses or
replication errors, which are normally repaired by the deoxyribonucleic acid (DNA)
repair systems. However, mutations can accumulate in cells. At crucial positions, they
lead to sustained proliferative signaling that supports the initiation of tumor
development [2, 3].

Cancer cells exhibit distinctive biological capabilities (Figure 1).

Emerging hallmarks &

Sustainin Evadin
9 9 enabling characteristics

proliferative signaling growth suppressors Unlocking Nonmutational
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Avoiding plasticity reprogramming

Deregulating
cellular

metabolism @
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@) (b)
Figure 1. Hallmarks of cancer. (a) The eight hallmarks of cancer for tumor growth and progression. The enabling
characteristics genome instability as well as mutation and tumor-promoting inflammation are involved in

activating the eight hallmarks. (b) Additional hallmarks and enabling characteristics of cancer that are currently
emerging in research. Figure taken from [4] with permission from AACR.

Such capabilities include the ability to sustain proliferative signaling by switching off
tumor suppressor genes and the inhibition of cell death, which ultimately results in
unregulated growth. Overcoming the process of cellular senescence allows for the pro-
liferation of cells without limit. This in turn induces a sufficient supply of new blood
vessels through the process of angiogenesis. Cancer cells are capable of invading
deeper tissue layers and of causing metastasis by spreading to other organs.
Additional characteristics include the reprogramming of energy metabolism and the
evasion of destruction by the immune system. Two enabling characteristics have been
identified: tumor promoting inflammation and genome instability (Figure 1la).
Recently, four further potential parameters have been proposed: unlocking phenotypic
plasticity, non-mutational epigenetic reprogramming, senescent cells and,
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1. Introduction

polymorphic microbiomes (Figure 1b) [4]. It is yet to be determined whether these
parameters could be incorporated into the model of hallmarks [4-6].

The development of cancer is a multistage process that occurs in a series of complex,
sequential steps. It begins with random mutations that can induce uncontrolled cell
division. Frequent cell division can yield an accumulation of mutations in the daughter
cells. This process results in a genetic diversification of the aberrant cells. If cells
acquire advantageous mutations that enhance their survival prospects, they can pro-
liferate more rapidly. Consequently, the cancer cells that are best suited to survive in
the given environment are clonally selected. The reiteration of these processes—un-
controlled cell division, the accumulation of mutations (genetic diversification), and
clonal selection—leads to the generation of progressively aberrant cells, ultimately
resulting in cancerous manifestations [2, 5, 7, 8].

Metastasis, the final stage of cancer development, requires further acquisitions of the
aforementioned hallmarks of cancer (Figure la). Each metastatic cell must pass
through the metastatic cascade, acquiring four essential characteristics: motility and
invasion, the ability to alter the secondary microenvironment, plasticity, and the
capacity to colonize secondary tissue [9, 10].

1.2 Tumor Classification

Tumors can be classified as either benign or malignant. Benign tumors typically exhibit
a phenotype similar to that of normal cells albeit with mutations that influence their
proliferation. They remain local and do not invade surrounding tissue or metastasize.
Although most benign tumors are stable, there is a potential for malignant trans-
formation. It can be facilitated by the accumulation of further mutations or by the
influence of the tumor microenvironment. Malignant tumors spread invasively into
the surrounding tissue. The tumor cells transform the surrounding tissue into a tumor
microenvironment that promotes tumor growth. They tend to form metastases, which
are spread through the blood and lymphatic system or migrate along nerves or the
basal side of endothelial cells [9, 11, 12].

The nomenclature for tumors varies depending on the tissue of origin. The type of
cancer this study is focussed on is referred to as leukemia and carcinoma. Leukemias
specifically affect the blood or the hematopoietic system, with the presence of cancer
cells in the blood system. Carcinomas are tumors derived from epithelial cells [13-15].
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1. Introduction

1.3 New Therapeutic Approaches for Acute Myeloid Leukemia and Bladder Cancer
Cancer treatment has improved over the past few decades. However, patients with
advanced or recurrent cancer are still confronted with a poor prognosis of survival. To
complicate matters, the development of chemoresistance to first-line therapies
decreases the successful cancer treatment even further [16, 17]. As a consequence, new
therapeutic strategies are urgently needed against cancer including acute myeloid
leukemia (AML) and bladder cancer to improve the prognosis.

The five-year survival rate for AML is 30%, though the percentage varies according to
the patients age. Younger patients have an overall survival (OS) rate of up to 50%. The
survival quota of people older than 60 years, however, rests at 10% [18]. Especially
with regards to the latter group, novel therapeutic strategies are required to enhance
the 5-year survival rate.

Bladder cancer has a high incidence as sixth most common cancer in men and the tenth
most common cancer worldwide [19]. Cisplatin, a well-established and highly effective
cytostatic drug, is used in combination regimens to treat advanced stages of bladder
cancer. During treatment, patients can develop resistance to cisplatin, limiting further
treatment [20]. Therefore, new approaches for advanced bladder cancer are needed to
provide patients with a long-term treatment option despite chemoresistance.

1.3.1 Acute Myeloid Leukemia

AML is a heterogeneous disease affecting the bone marrow. This results in the un-
controlled production of neoplastic clonal myeloid stem cells. The primary reason for
AML is the presence of diverse genetic alterations (Figure 2) [21, 22].
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Figure 2. Drivers and pathways in acute myeloid leukemia pathogenesis. (a) Mutated isocitrate dehydrogenase
(IDH) 1 and IDH2 enzymes lead to increased levels of 2-hydroxyglutarate (2-HG). 2-HG acts as an oncometabolite
by inhibiting chromatin-modifying enzymes such as histone and deoxyribonucleic acid (DNA) demethylases,
resulting in a blockade of cellular differentiation. (b) Constitutive activation of the FMS-like tyrosine kinase 3 (FLT3)
receptor is induced by FLT3-internal tandem duplication mutations. Downstream signaling pathways such as
RAF/MEK/ERK, PI3K/AKT and STAT are upregulated, promoting cell proliferation and survival as well as blocking
differentiation. (c) p53 mutations affect the function of p53. Induction of apoptosis, senescence, DNA repair and
cell cycle arrest is disrupted, leading to uncontrolled cell proliferation, genomic instability and increased
leukemogenesis. (d) A mutated nucleophosmin 1 (NPM1) gene causes NPM1 to localize primarily in the cytoplasm.
In the context of cellular stress, NPM1 is unable to bind mouse double minute 2 (Mdm?2) in the nucleoplasm, thereby
preventing the Mdm2-mediated degradation of p53. Consequently, the lower p53 activity results in a deficiency in
cell cycle regulation and induction of apoptosis [23, 24]. Figure taken from [23].

The genetic heterogeneity of AML requires different therapeutic approaches to
provide targeted and effective therapy. The choice of therapy must take into account
the genetic alterations caused by mutations. In 2022, two classification systems — the
updated classification system of the World Health Organization (WHO) and the
International Consensus Classification (ICC) - were published for AML. Both of them
were based on the concept of integrated molecular analysis. They likewisely accord
priority to genetic modifications, with AML sometimes being defined independently
of the number of blasts [18, 25, 26]. Genetic abnormalities in AML are categorized into
the three prognostic risk classification groups: favorable, intermediate, and adverse,
according to the European LeukemiaNet [27, 28]. The application of classification
systems in the diagnosis of AML serves to specify the diagnosis by determination of
the AML subgroup and thereby contributes to the development of more effective and
more specific treatment regimens.

17



1. Introduction

1.3.2 Treatment Options of Acute Myeloid Leukemia

As discussed above, the treatment of AML is dependent on it's specific subtype. The
diagnosis and classification of AML is based on the criteria established by the WHO or
the ICC. Prior to the initiation of therapy, a comprehensive evaluation is conducted to
determine the urgency of treatment, the necessity of fertility preservation measures,
and the patient's fitness for therapy. The genetic subtype is then considered during the
selection of first-line therapy. Acute promyelocytic leukemia (APL) follows its own
treatment algorithm [29].

The standard treatment regime for most AML subtypes includes the combination of
seven days of cytarabine and three days of daunorubicin (7+3). Different approaches
were investigated to improve the 7+3 regime. One of these improvements is CPX-351,
which contains as nano-scale liposome a fixed 5:1 molar ratio of cytarabine and
daunorubicin. In a phase III randomized trial, CPX-351 showed a significantly longer
survival rate in comparison to the 7+3 regime with newly diagnosed secondary AML.
CPX-351 is approved for therapy-related acute myeloid leukemia (tAML) and AML
with myelodysplasia related changes (AML-MRC) [29, 30].

The antibody-drug conjugate (ADC) gemtuzumab ozogamicin (GO) is indicated as a
first-line therapy in combination with the 7+3 regimen for patients diagnosed with
CD33-positive AML, as well as for patients with basic leucine zipper (bZIP) in-frame
mutated CCAAT/enhancer-binding protein a (CEBPA). CD33-positive AML subtypes
include CD33-positive core-binding factor AML, CD33-positive nucleophosmin
(NPM1) mutation with FMS-like tyrosine kinase 3 wild-type (FLT3wt), and CD33-
positive AML [29]. The ADC GO uses an anti-CD33 antibody to specific address the
cytostatic ozogamicin. The ALFA0701 study showed that additional treatment with
GO, resulted in increased event-free survival. However, the OS benefit was limited to
AML patients with favorable and intermediate risk classification subtypes (European
LeukemiaNet classification) [31, 32].

In some cases, the 7+3 regimen is contraindicated due to advanced age or the presence
of comorbidities. Here, the combination of venetoclax with either azacitidine or low-
dose cytarabine is an alternative treatment option. Venetoclax is a selective B-cell
lymphoma 2 (BCL-2) inhibitor that demonstrated a survival benefit in a phase III study
when combined with the aforementioned drugs [29, 33].

Approximately 30% of newly diagnosed cases of AML involve an activating mutation
of the FMS-like tyrosine kinase 3 (FLT3). The addition of the type I FLT3 inhibitor
midostaurin to the 7+3 regimen resulted in a significant improvement in the complete
response (CR) rate, median survival, and estimated 5-year survival rate. In a
randomized phase III trial, the CR rate increased from 54% to 59%, the median survival
period from 25.6 months to 74.7 months, and the estimated 5-year survival rate from
42% to 50%. Another type I FLT3 inhibitor is gilteritinib, which was investigated in
cases of relapsed or refractory FLT3-mutated AML. It was observed to increase the
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survival and CR rates of the therapy, and it remains effective even after first-line
treatment with midostaurin [31, 32, 34].

The occurrence of mutations in isocitrate dehydrogenase 1 and 2 (IDH-1, IDH-2) is less
prevalent in AML, accounting for 20% of cases [35]. The IDH inhibitors enasidenib and
ivosidenib have been approved by the Food and Drug Administration (FDA) for the
treatment of relapsed isocitrate dehydrogenase-mutated AML. Ivosidenib is specific
for IDH-1, whereas enasidenib targets IDH-2. The two IDH inhibitors demonstrated
comparable CR rates as single compounds, at 21.6% and 20.6% respectively. They also
exhibited favorable median OS at 8.8 and 9.3 months. Both compounds are currently
being investigated in combination with the 743 regimen in a large randomized phase
I study (HOVON150AML; NCT03839771) [36-38].

Another approach is the selective hedgehog pathway inhibitor glasdegib, which was
used in combination with low-dose cytarabine. This combination resulted in pro-
longed survival (median survival 8.8 months versus 4.9 months) and a higher 12-
month survival rate (59.8% versus 38.2%). Glasdegib has been approved for newly di-
agnosed AML in patients aged 75 years or older, who are unsuitable for intensive
induction chemotherapy [31].

In 2020, the FDA approved the combination therapy of decitabine (a 100% absorbable
oral formulation) and cedazuridine, a cytosine deaminase inhibitor. The dose of
decitabine is bioequivalent to that administered intravenously. This progress may
pave the way for further investigation into effective oral therapies (such as oral
decitabine-cedazuridine plus venetoclax) for older AML patients, with the potential to
enhance tolerance and quality of life in patients [31].

The 7+3 regime is not employed in the treatment of the subtype APL, which represents
5-10% of AML. In contrast, APL is treated with a combination of all-trans-retinoic acid
(ATRA) and either arsenic trioxide or ATRA and anthracyclines, specifically idarubicin.
The combination treatment of ATRA and arsenic trioxide has been demonstrated to
result in high cure rates of over 80% [31, 39-41].

For years, the proteasome inhibitor (PI) bortezomib (BTZ) has been investigated in
AML as a single agent or in combination with other drugs. Clinical studies have shown
both benefits [42-44] and non-benefits of the addition of BTZ in AML patients [43, 45].
Further studies are needed to determine the full therapeutic potential of BTZ and other
PIin AML.

In contrast to the extensive research conducted on immunotherapies in solid tumors,
investigations into similar approaches in AML are still in their infancy. Checkpoint
inhibitors including antibodies targeting programmed death-ligand 1 (PD-L1) and
chimeric antigen receptor-T-cell therapies are currently being explored. But it will take
time for these treatment options to become established in AML [36].
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1.3.3 Bladder Carcinoma

Bladder carcinomas (BCa) are malignant tumors that develop in the bladder wall. They
are categorized into different stages based on the extent of invasion into the bladder
wall (Figure 3).
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Figure 3. Bladder cancer staging. Figure taken from [46]. Reproduced with permission from Springer Nature.

The majority of cases of urothelial bladder cancer are limited to the mucosa (non-
muscle invasive bladder carcinoma (NMIBCa)) encompassing all tumors until stage
T1. Stage T2 or higher (muscle invasive bladder carcinoma, (MIBCa)), is reached by
approximately 25-30% of patients. In these cases, tumor cells have already invaded
deeper layers of the bladder tissue [47-49].

1.3.4 Treatment Options of Bladder Cancer

The specific therapeutic approach varies depending on the classification of bladder
cancer (NMIBCa or MIBCa). The primary treatment for NMIBCa is transurethral
resection (TUR), meaning the removal of the affected tissue from the bladder in a
minimally invasive procedure [47]. The risk classification of recurrence or progression
of NMIBCa determines whether additional forms of therapy, such as chemotherapy or
immunotherapy are recommended in conjunction with TUR. Immunotherapy with
bacillus Calmette-Guérin is indicated for patients at intermediate or high risk, in ac-
cordance with various guidelines [50]. Intravesical bacillus Calmette-Guérin treatment
has been demonstrated to reduce the risk of progression of superficial bladder cancer
and to be effective for prophylaxis of tumor recurrence [19, 47, 51, 52].

In accordance with the European Association of Urology (EAU) Guidelines on muscle-
invasive and metastatic bladder cancer, the standard surgical treatment of MIBCa was
the radical removal of the bladder for decades. Conversely, there has been a recent
focus on enhancing patients' quality of life, which has led to the development of
bladder-sparing approaches such as trimodality therapy (TMT) or radiation therapy.
The TMT approach encompasses TUR, chemotherapy and radiotherapy, aiming to
preserve the bladder while treating the cancer. The selection of the primary treatment
is dependent on several factors, including the patient's life expectancy and the
performance status [53]. Additionally, perioperative chemotherapy is employed to
enhance five-year survival rates and mitigate the issue of micrometastases [47].
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Neoadjuvant cisplatin-based combination chemotherapy has been proven to prolong
survival and has been incorporated into standard care [53, 54]. This includes the
combination of methotrexate, vinblastine, adriamycin, and cisplatin (MVAC) or
gemcitabine and cisplatin (GC) [53, 55]. Both combination therapies demonstrated
comparable efficacy. MVAC may have a superior survival outcome. GC on the other
hand exhibited a higher tolerability [55, 56]. Since it is an element of high significance
in the treatment of MIBCa, cisplatin is discussed in more detail in the following
chapter.

Another therapeutic approach has been introduced through the use of Bacillus
Calmette-Guerin. Recent studies have indicated that it might serve as a "proof of
principle" for treating urothelial carcinoma with immunotherapy. Based on these
findings, checkpoint inhibitors have been introduced as a novel therapeutic option for
BCa. Two programmed cell death protein 1 inhibitors - pembrolizumab and
nivolumab - and three PD-L1 inhibitors, - namely atezolizumab, durvalumab, and
avelumab -, have been approved by the FDA and the European Medicine Agency
(EMA) for advanced or refractory metastatic urothelial carcinoma [57, 58]. The check-
point inhibitors showed favorable outcomes in clinical trials so far. In a phase III trial,
pembrolizumab was found to have a significantly longer OS and a lower rate of
treatment-associated adverse events than second-line chemotherapy in platinum-
refractory advanced urothelial carcinoma [59]. In a phase 2 study, nivolumab
demonstrated an objective response rate of 19.6%, which is a notable improvement
over the historical objective response rate of 10% observed with secondary single-drug
chemotherapy in a comparable setting [60]. Durvalumab exhibited a promising overall
response rate (ORR) of 31% in advanced urothelial bladder cancer in a phase 1/2 trial
[61]. According to the EAU Guidelines on muscle-invasive and metastatic bladder
cancer, the first-line treatment of metastatic urothelial carcinoma was fundamentally
changed by the introduction of the checkpoint inhibitors [53]. Checkpoint inhibitors
are recommended as first-line therapy in combination with other drugs, such as
cisplatin, carboplatin, or gemcitabine, or as a single treatment in cases of high PD-1
expression, depending on the patient's condition [53]. Further, the administration of
adjuvant nivolumab is recommended in selected cases for patients with pathological
T3/4 and/or pathological N+ (lymph node metastases) disease, who are not suitable
candidates for or have declined adjuvant chemotherapy based on cisplatin [53]. More
research is required to ascertain the full potential of checkpoint inhibitors in the
treatment of bladder cancer, both as single agent and in combination with other drugs
[57, 62].

Another therapeutic option is the administration of enfortumab vedotin (EV). It is an
ADC that specifically binds to the transmembrane protein nectin-4, which is often
overexpressed in urothelial bladder cancer. This results in internalization and release
of monomethyl auristatin E into the cell. Monomethyl auristatin E is a microtubule
inhibitor that leads to cell cycle arrest and subsequent apoptosis. EV has been
approved for the treatment of locally advanced or metastatic urothelial carcinoma,
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provided that prior platinum-based chemotherapy and PD-1/L1 inhibitor treatment
has been undertaken. In a phase 3 study, a significantly longer OS was proven in
comparison to standard chemotherapy (12.88 months vs. 8.97 months) [63-65]. The
combination of pembrozilumab and EV is used in place of platinum-based
combination therapies as first-line therapy for patients with metastatic urothelial
cancer who are eligible for combination therapy, in accordance with the EAU Guide-
lines on muscle-invasive and metastatic bladder cancer [53].

1.3.5 Cisplatin

Cisplatin (cis-diamminedichloroplatinum(Il), cDDP) is a well-established and ap-
proved cytostatic drug that is utilized in the treatment of various cancer types (Figure
4) [66, 67].
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Figure 4. Cisplatin

Cisplatin currently is most often administered in combination with other
pharmaceutical active ingredients. The main reasons are to circumvent cisplatin
resistance, improve prognosis, and reduce serious side effects such as nephrotoxicity,
ototoxicity, hepatotoxicity, and gastrointestinal toxicity. Cisplatin is dissolved in a
sterile saline solution and administered intravenously to the patient. It is a prodrug
that is activated intracellularly. Due to the high chloride concentration of
approximately 100 mM in human blood, cisplatin remains unaltered and neutral in
blood. The majority of cisplatin is inactivated through binding to albumin. Unbound
cisplatin can enter cancer cells by passive diffusion or via the copper transporter 1
(CTR1). Once within the cell, one or two chloride ligands of cisplatin are replaced by a
water ligand, resulting in the activated form of cisplatin. Cisplatin exhibits a higher
degree of reactivity with a single water ligand than with two water ligands. This
replacement of ligands is dependent on an intracellular chloride ion concentration that
is lower than that of the extracellular environment. The activated form of cisplatin can
react with numerous nucleophilic groups, including those found in proteins
(sulfhydryl groups) and nucleic acids (nitrogen donor atoms). This is due to the fact
that water ligands can leave the molecule more easily than the chloride ions.
Approximately 1% of intracellular cisplatin binds to genomic DNA. Cisplatin can bind
to different positions of the DNA, but it prefers the nitrogen at position 7 of the
guanine. The result of this connection is the formation of monoadducts and intrastrand
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or interstrand crosslinks (Figure 5). If DNA is in its lightly packed euchromatin form,
cisplatin can target DNA more effectively [66-69].
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Figure 5. DNA adducts of cisplatin. Figure taken and minimally modified from [66] with permission from Elsevier.

The majority of cisplatin bonds lead to intrastrand crosslinks, accounting for 90-95%
of cases. The most prevalent of these is 1,2-d(GpG), occurring in 60-65% of instances,
tollowed by 1,2-d(ApG), which occurs in 20-25% of cases. It is assumed that the 1,2
intrastrand adducts have a stronger cytotoxic effect than the 1,3 intrastrand adducts.
However, it has not yet been conclusively determined which cisplatin-DNA adducts
have the greatest influence on cell death. In general, 1,3 intrastrand adducts are re-
paired at a faster rate than 1,2 intrastrand adducts. This may contribute to the stronger
cytotoxic effect observed with 1,2 intrastrand adducts. Cisplatin-DNA adducts, such
as 1,2 cisplatin-DNA intrastrand crosslinks, can be recognized and bound by high
mobility group (HMG) proteins forming a complex (Figure 6).
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Figure 6. Overview of mechanisms of action of cisplatin and anticancer activity. Figure taken and minimally
modfied from [66] with permission from Elsevier.

Subsequently, the cisplatin-DNA-HMG1 complex can proceed along three pathways
that have been described in the existing literature. Firstly, the nucleotide excision re-
pair (NER) mechanism may be activated, which ultimately results in DNA repair and
cell survival [66]. Secondly, the HMG protein has been shown to impede the repair of
the cisplatin-DNA adduct by protecting against recognition by DNA repair enzymes
[66, 70]. The third possibility is that HMG proteins, such as SSRP1, can alter the cell
cycle and initiate cell death [66, 70]. According to the extant literature, HMG proteins
exhibit both repair-promoting and repair-inhibiting functions [71]. It can be posited
that the interaction of HMG proteins with the NER mechanism is intricate and can be
influenced by the plethora of disparate experimental conditions. Consequently, these
factors must be considered when interpreting the function of HMG proteins to gain a
more precise understanding of their role in interaction with the NER mechanism [71].
Nevertheless, studies have demonstrated that the overexpression of HMG proteins can
induce chemoresistance in cancer cells [72, 73].

Furthermore, cisplatin has been demonstrated to activate checkpoint kinases 1 and 2,
leading to cell cycle arrest in G- or S-phase (Figure 6). During this period of arrested
proliferation, the cell is afforded the opportunity to repair the damaged DNA or
induce apoptosis [66, 67]. The opportunity for repair can be beneficial to cancer cells
and contribute to their survival. However, if cell cycle arrest caused by checkpoint
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kinases 1 and 2 is reversed, e.g., by checkpoint kinase inhibitors, cancer cells enter the
cell cycle with damaged DNA, which can induce apoptosis via the NER signaling
pathway [66, 74].

p53 is a pivotal enzyme in the process of cisplatin-induced apoptosis (Figure 6).
Cisplatin activates the ATR kinase (ataxia-telangiectasia mutated protein (ATM) and
RAD3-related protein), which results in the phosphorylation of p53 at serine-15. Sub-
sequently, p53 activates the genes of p21, mouse double minute 2 (Mdm?2), and growth
arrest and DNA damage-inducible protein family (GADD45), which are responsible
for cell cycle arrest. During the cell cycle arrest, the cell can repair the DNA damage.
There are three common DNA repair pathways including direct repair, base excision
repair and mismatch repair (MMR).

If the repair process during cell cycle arrest is unsuccessful, the initiation of apoptosis
is facilitated via the MMR system pathway (Figure 6) [75-77]. The MMR is responsible
for the repair of incorrect insertions, deletions, and false incorporation of bases that
occur during the process of DNA replication. Two models have been proposed to ac-
count for the MMR-dependent apoptosis: the futile cycle model and the direct
signaling model. The futile cycle model postulates the programmed cell death
resulting from the creation of DNA strand breaks, which are the consequence of a futile
attempt by the MMR pathway to repair alkylated DNA (e. g. O%-methylguanine) [78-
80]. In contrast, the direct signaling model suggests that MMR complexes are capable
of recognizing platinated or alkylated DNA and activating the DNA damage signaling
network via c-Abl/p73a/GADDA45a activation, which ultimately results in cell death
[79-82].

Similarly, p53 causes apoptosis via the degradation of flice-like inhibitory protein
(FLIP), which functions as an antagonist to the antiapoptotic function of B-cell
lymphoma extra-large protein (Bcl-xL). Moreover, p53 leads to apoptosis by over-
expression of phosphatase and tensin homologue protein (PTEN) [66, 67]. p53 can also
activate p53 upregulated modulator of apoptosis (PUMA), p53-induced protein with a
death domain (PIDD) and mitogen-activated protein kinase (MAPK), which also play
a role in cell apoptosis (Figure 6) [66].

Another mechanism of action of cisplatin is the induction of oxidative stress in the cell.
Depending on the exposure time, reactive oxygen species (ROS) such as hydroxyl
radicals and superoxides are generated. These ROS can lead to DNA damage and,
ultimately to apoptosis by affecting various signaling transduction pathways
including the intrinsic apoptotic pathway initiated by the release of cytochrome C from
the mitochondria, and the extrinsic pathway, which is triggered by activation of Fas
cell surface death receptor (Fas) [66, 67, 69].
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1.3.6 Cisplatin Resistance

Cancer cells can be intrinsically resistant to cisplatin or develop resistance during
treatment. Both types of resistance are a major problem in cisplatin-based
chemotherapy.

The development of cisplatin resistance is attributed to a multitude of factors. The
underlying molecular mechanisms have been meticulously elucidated in recent
decades. These mechanisms can be broadly classified into three categories: pre-target
resistance, on-target resistance, and post-target resistance [83].

Pre-target resistance is defined as the inhibition of the cytotoxic potential of cisplatin
prior to its binding to cytoplasmic targets and DNA. This could happen due to a
reduction in the intracellular accumulation of cisplatin, as well as an increase in the
capture of cisplatin by glutathione (GSH), metallothioneins, or other cytoplasmic
molecules with nucleophilic properties (Figure 7) [83-85].
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Figure 7. The fate of cisplatin in human cells. Cisplatin enters cells via the copper transporter 1/2 (CTR1/CTR2), the
solute carrier family 22 member 2 (OCT?2), or by passive diffusion. Inside the cell, cisplatin is activated and binds
to DNA, forming crosslinks. The repair of these crosslinks is carried out by excision repair cross-complementation
group 1 (ERCC1) and the nucleotide excision repair (NER) pathway. Further, cisplatin can be inactivated by binding
to glutathione (GSH) through glutathione S-transferases or metallothionein proteins (MTs). Finally, cisplatin can be
exported by copper-extruding P-type ATPases (ATP7A and ATP7B). Multidrug resistance-associated protein 2
(MRP2) exports conjugated cisplatin-GSH complexes. Figure taken from [86] with permission from Elsevier.

The accumulation of cisplatin can be decreased in two ways: by reducing its uptake or
by increasing its efflux. The downregulation of CTR1 results in a reduction in cisplatin
uptake (Figure 7). The increased efflux of cisplatin is driven by the action of the copper-
extruding P-type ATPases ATP7A and ATP7B. In addition, conjugated cisplatin is
exported out of the cell by the transporter multidrug resistance protein 2 (MRP2,
Figure 7). The transporter MRP2 belongs to the adenosine triphosphate binding
cassette family of plasma membrane transporters, which also includes P-glycoprotein
[83-86].
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Activated cisplatin has the potential to bind to cytoplasmic nucleophiles, including
GSH, methionine, metallothioneins, and other cysteine-rich proteins. This results in
the depletion of antioxidant reserves, thereby inducing oxidative stress within the cell.
During this process, the proportion of active cisplatin is reduced massively. Conse-
quently, the overexpression of glutathione synthase (GSH synthesis) or glutathione S-
transferase (GSH and cisplatin coupling catalysis) may be associated with cisplatin
resistance (Figure 7). GSH-cisplatin conjugates are more easily transported out of the
cell by MRP1 or MRP2. MRP2 plays the most significant role in cisplatin efflux [69, 83-
87].

One mechanism of on-target resistance to cisplatin is an increased ability either to re-
pair DNA lesions or to tolerate them in a certain quantity. The cisplatin-DNA adducts
are predominantly repaired by the NER system. DNA lesions are excised and replaced
by new synthesis (Figure 7). The NER comprises at least 20 different proteins with
diverse functions [83]. For instance, the single-stranded endonuclease excision repair
cross-complementation group 1 (ERCC1) forms a complex with ERCC4 to create the
ERCC1-XPF enzyme complex. In addition to its role in the NER system, studies have
indicated that this complex may also play a role in other DNA repair pathways,
including the repair of single-strand breaks, double-strand breaks, and interstrand
cross-links [83, 88]. Therefore, ERCCI1 plays a pivotal role in DNA repair (Figure 7). It
has been observed that the absence of ERCC1 is consistently associated with cisplatin
reactivity [83, 84]. Conversely, the overexpression of ERCC1 can but does not
necessarily lead to reduced sensitivity to cisplatin [83, 89]. Nevertheless, ERCC1 is
used as a biomarker for predicting cisplatin sensitivity in the clinical setting [83, 90].

Further, the development of on-target resistance to cisplatin can be attributed to the
tailure of cisplatin-DNA adducts to be recognized by the MMR system , which conse-
quently results in the absence of an apoptotic signal due to a failed repair. GpG inter-
strand crosslinks can be recognized by proteins like MutS homolog 2 (MSH2) and
MutL protein homolog 1 (MLH1) [83, 84]. The lack of MMR proteins has been related
to resistance to alkylating agents and cisplatin, among various other anti-cancer drugs
[79]. In cisplatin-resistant cells, the proteins MSH2 and MLH]1 are often mutated or less
expressed. This results in a lower detection of GpG interstrand crosslinks and thus an
absence of an apoptotic signal [83, 84].

Another factor contributing to cisplatin resistance is the activity of specific DNA poly-
merases, including POLH, POLI, POLK, REV1, REV3, and REV7. These enzymes
facilitate the DNA synthesis in the presence of lesions through a process known as
translesion synthesis. The overexpression of REV3 has been demonstrated to confer
increased resistance to cisplatin [69, 83-87].
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Post-target resistance is caused by a multitude of alterations in diverse signaling path-
ways. These signal pathways typically induce apoptosis in response to DNA damage
or regulate cell death in general. The presence of different genetic or epigenetic
aberrations results in the development of varying degrees of cisplatin resistance.
Approximately half of all human neoplasms are affected by p53 mutations. However,
patients with wild-type p53 often demonstrate a superior response to cisplatin-based
chemotherapy. A number of proteins that regulate or mediate apoptosis have the
potential to influence the development of cisplatin resistance (Figure 6). These include
death receptors, pro- and anti-apoptotic proteins of the BCL-2 family, caspase and
mitochondrial intermembrane proteins, among numerous others. The increased
expression of survivin, which inhibits caspases, has been demonstrated to correlate
with a poorer response to cisplatin chemotherapy in various cancers [69, 83-85, 87].

Cisplatin resistance can also be mediated by alterations in signaling pathways that are
not directly affected by cisplatin. This phenomenon is known as off-target resistance.
For example, the pro-survival signaling through the overexpression of erb-b2 receptor
tyrosine kinase 2 (ERBB2) or heat shock proteins has been proven in different cancer
entities [83].

In response to stress conditions, autophagy can be upregulated in cancer cells,
contributing to cisplatin resistance. Overall, the resistance against cisplatin is often
modulated by multiple factors in cancer cells. Understanding how cancer cells become
resistant to cisplatin may lead to new approaches to overcome said resistance [83].

1.4 Epigenetics and the Proteasome as Target of Cancer Therapy

In recent decades, the field of epigenetics has attracted a lot of attention due to its
pivotal role in understanding the heritable alterations in gene expression that occur
independently of changes to the DNA sequence [91]. These epigenetic alterations have
been associated with a wide range of diseases. These include the development of early-
stage neoplasia, through their influence on growth-related signaling pathways [92, 93].
A diverse array of epigenetic modifiers, comprising writers, readers, and erasers, has
been identified. These modifiers add, read, or remove specific marks on DNA or
histones, thereby remodeling chromatin and influencing gene expression (Figure 8)
[93, 94].

28



1. Introduction

-—
Nuclear f
position . 7)
<. Nucleus Chromatin
Higher-order e remodellers
chromatin
7,
® ./
7
‘\\ “ /é AN Histone
\G4 PTM

o
&ﬁ" readers
Structural RNA

Nucleosome

%j e

Histone PTM
DNA writers/

erasers
@

DNA .‘

modifiers
DNMTi —|® HATi HDACi HMT HDMi
[ DNMT: J ~ O E -
D — @ A
N ‘ -
Trans-acting

factors
@ — )
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affects gene expression. Epigenetic drugs, including DNA methyltransferase inhibitors (DNMTi) or ten eleven
translocation enzyme inhibitors (TETi), as well as isocitrate dehydrogenase inhibitors (IDHi), have the capacity to
modify the methylation status of DNA. In addition, other classes of epigenetic drugs have been shown to inhibit
the post-translational modification of histone acetyltransferases (HAT), histone deacetylases (HDAC), histone
methyltransferases (HMT), and histone demethylases (HDM). Moreover, inhibitors of the bromodomain and extra-
terminal motif (BETi) has been demonstrated to inhibit the activity of readers of post-translational modifications.
Figure reproduced with permission from Springer Nature [93].

The disruption of gene expression can cause various diseases, as well as
chemoresistance in cancer treatment. Likewise, the influence of the proteasome on
gene expression is a subject of considerable interest, as it can degrade tumor
suppressor or growth-promoting proteins [95]. The following sections will provide a
comprehensive overview of the epigenetic modulation of chromatin through histone
deacetylases (HDACs) and the ubiquitin-proteasome system (UPS).

1.4.1 Histone Deacetylases

HDACSs are important in the context of epigenetics. They catalyze the removal of acetyl
groups from e-amino lysines of proteins, with a particular impact on histones. The
deacetylation of histones results in the formation of a condensed chromatin structure,
which is referred to as heterochromatin. This process ultimately leads to the
suppression of gene transcription. This gene suppression can influence a number of
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different mechanisms and pathways, including those regulating the cell cycle,
differentiation, and the induction of apoptosis. The counterparts of HDACs are the
histone acetyltransferases (HATs). They cause an open chromatin structure
(euchromatin) through acetylation. Overall, the interplay of HDACs and HATs plays
an essential role in gene expression and associated processes such as DNA
transcription, replication, repair, mitosis, and apoptosis (Figure 9).
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Figure 9. Interplay of HDACs and HATs in gene transcription. HATs acetylate (Ac) histone proteins, which activates
gene expression by reading of bromodomain-containing proteins (BRD) of acetylated histones. HDACs remove the
acetylation, thereby turning off gene expression. Figure taken from [96], reproduced with permission from Springer
Nature.

Further, HDACs deacetylate non-histone proteins, such as the tumor suppressor
protein p53. The activity of p53 can be decisively influenced. Specifically, the induction
of apoptosis can be prevented by the deacetylation of certain lysine residues, such as
K120 of p53. Consequently, p53 cannot induce the transcription of pro-apoptotic genes,
such as PUMA. This is but one illustration of the profound significance of
deacetylation and acetylation of non-histone proteins [94, 97-102].

HDACs are a family which can be classified into five distinct classes based on
structural similarities: class I (HDACI, 2, 3, 8); class Ila (HDAC4, 5, 7, 9); class IIb
(HDAC 6, 10); class III (SIRT1-7) and class IV (HDAC11). Class I, Ila, IIb, and IV
HDAC:Ss exhibit a high degree of structural similarity, whereas class Il HDACs display
structural homology to the SIR2 protein found in yeast. Class I, II, and IV HDACs are
zinc-dependent enzymes, whereas class III HDACs utilize nicotinamide adenine
dinucleotide (NAD") as a cofactor [103]. The function of sirtuins in oncogenesis is
complex, as some sirtuins exhibit a dual role as oncoproteins and tumor suppressors.
In this thesis, only the zinc-dependent HDACsSs are object of study and thus further
explained in their context to cancer [94, 104, 105].
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The different classes of HDACs are located in various parts of the cell, mainly the
nucleus or the cytosol, or they shuttle between both (Figure 10) [104].
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Figure 10. Localization of zinc-dependent HDACs in the cell. The blue background represents the nucleus and the
yellow background represents the cytosol. The numbers on the white bars indicate the length of the amino acid
sequence, including the catalytic domain (dark blue bars). Figure taken from [104] with permission from Elsevier.

The process of transport between the nucleus and the cytosol through nuclear pores is
a regulated system with different possible pathways. One of such pathway involves
the specific labeling of transported materials with nuclear export signals (NES) or
nuclear localization signals (NLS) [104, 106, 107]. Class Il HDACs primarily remain in
the nucleus because they lack the aforementioned NES. Class Ila HDACs have the
ability to shuttle between the nucleus and the cytosol due to the presence of both a
NES and a NLS. The balance between the nuclear import and export of class Ila
HDAC:S can be altered by the phosphorylation of conserved serine residues by several
kinases, allowing the cell to adapt to cellular demands [104]. Class IIb HDACs are
predominantly found in the cytosol due to the presence of a NES. In addition, HDAC11
is found in both the nucleus and the cytoplasm [104, 108].

HDAC:s are part of multiprotein complexes that influence the deacetylase activity and
target substrates of the HDACs [94]. For class I HDACs, at least three stable protein
complexes have been identified: the Sin3-, NuRD-, and CoREST complexes [94].
Another example is HDAC3, which forms a complex with the nuclear receptor co-
repressor (N-Cor) and silencing mediator for retinoid and thyroid receptors (SMRT)
that stimulates the HDAC3's enzymatic activity [94, 104].

Class Ila HDACs generally demonstrate lower deacetylase activity on acetyl-lysine
than class I and class IIb HDACs due to a tyrosine-to-histidine substitution (Y976H) in
their catalytic domain [104]. The importance of the role of the catalytic activity in their
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biological function remains to be determined. It is assumed that they act as an acetyl-
lysine recognition domain within large multiprotein complexes [104].

1.4.2 Histone Deacetylases and Cancer

A substantial body of research has demonstrated that HDAC activity is dysregulated
in cancer cells. This dysregulation is reflected in the increased or decreased expression
of HDACs. The altered expression pattern of HDACs results in a change of the
acetylation status of histones or non-histone proteins. This change may enhance the
transcription of oncogenes, growth-mediating factors and reduce the expression of
tumor suppressor genes [94].

The overexpression of HDAC1 has been demonstrated in different types of carcinomas
[94, 103, 109-112]. Other class I HDACs (HDAC1, HDAC2, HDAC3) have been found
to be upregulated in renal cell carcinoma, Hodgkin's lymphoma, bladder cancer, and
colorectal cancer [94, 113-116]. Elevated levels of single class Ila HDACs have been
observed in diverse cancer types and are frequently linked to a worse prognosis. For
example HDAC4 and HDAC9 were found to be overexpressed in the non-Hodgkin's
lymphoma Waldenstrom's macroglobulinemia. Further examples include elevated
levels of HDAC? in patients with pancreatic cancer and increased expression of
HDAC5 and HDACY in patients with high-risk medulloblastoma [117-119]. In
addition, the overexpression of class Ila HDACs, particularly HDAC4 and HDACY,
was identified in bladder cancer cell lines [120].

A number of studies have indicated that class Ila HDACs can function as either pro-
liferative factors or tumor suppressors, depending on the cellular context. According
to the extant literature, there is a tendency for increased expression of class Ila HDACs
to result in increased growth of cancer cells; however, further research is necessary to
provide more definitive conclusions [104, 121-123].

One reason for the ambivalent function of HDAC4 is, that HDAC4 can modulate the
expression of p21 in both directions. By interacting with the transcription factor
specificity protein 1, HDAC4 can lead to the inhibition of p21, resulting in increased
cell proliferation. However, HDAC4 can also increase the expression of p21 after DNA
damage via recruitment by p53, causing cell cycle arrest and inhibition of cell pro-
liferation [124, 125]. Studies have linked increased expression of HDAC4 with chemo-
resistance to platinum-based chemotherapeutic agents in ovarian cancer [104, 126].

Our working group has previously investigated the combination of histone
deacetylase inhibitors (HDACi) and cisplatin in several cancer entities, including
ovarian cancer and head and neck carcinoma in vitro [127, 128]. The combination of
HDACGi and cisplatin resulted in the resensitization of cisplatin-resistant cancer cells.
These encouraging results, in combination with the previously mentioned reasons,
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demonstrate that the dysregulation of HDACs emerges as a promising target for
cancer therapy.

1.4.3 Bromodomain and Extra-Terminal Motif Proteins

Bromodomain-containing proteins (BRDs) play an important role in epigenetic
regulation through their reader activity on acetylated lysine residues in chromatin.
Thus, BRDs are directly involved in gene expression [129]. In the human proteome,
there are 61 bromodomain (BD) modules distributed in 46 different proteins. A well-
studied group of BRDs is the bromodomain and extra terminal motif (BET) protein
family [130-132]. The BET protein family includes BRD2, BRD3, BRD4, and BRDT [133,
134]. BRDT is exclusively found in the testicles (Figure 11).
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Figure 11. Schematic structure of the human BET proteins BRD2, BRD3, BRD4 isoforms (BRD4-L, BRD4-B, BRD4-
S) and BRDT. The bromodomains (BD1 and BD2) detect acetylated lysine residues. The extraterminal (ET) domain
facilitates the recruitment of transcription factors through protein-protein interactions. Ubiquitinylation of the
substrate-binding consensus motifs (SRC, shown as pink rectangles) can trigger proteasomal degradation of BET
proteins. The N-terminal phosphorylation site (NPS) is required for BRD4 binding to acetylated chromatin. The
positively charged basic residue-enriched interaction domain (BID) can interact with the NPS to suppress
interaction of BD2 with its acetylated substrates. The c-terminal phosphorylation site (CPS) is a functional motif of
BRD4. The unique domain to isoform B (UTB) may prevent DNA repair of damaged DNA through interaction with
condensin II complex, SMC2 and CAPD3. P-TEFb interaction domain (PID) occurs in BRD4-L and BRDT, leading
to gene expression via activation of the elongation factor P-TEFb [133-135]. Figure taken from [133] with permission
from Elsevier.

All BET protein family members possess two bromodomains (BD1 and BD2) in their
amino-terminal region. Both BDs are composed of four alpha helices, with the helices
separated by variable loop regions. This creates a hydrophobic pocket into which the
acetylated histone tails of histones or non-histone proteins can enter [129, 130, 133].
BET proteins also possess an additional carboxy-terminal protein-protein interaction

domain.

It has been demonstrated that BRD4 can contribute to the development of cancerous
cells. Both, BRD4 gene amplification in 20 common cancer entities and higher BRD4
levels in various tumor entities were observed. It has been shown that the translocation
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of the BRD3 and BRD4 genes t(15;19) results in the formation of a fusion protein with
the nuclear protein in testis (NUT). This fusion protein plays a key role in the
development of NUT midline carcinoma [136]. Three isoforms of BRD4 - BRD4-long,
BRD4-B, and BRD4-short - have been identified as results of an alternative splicing of
pre-mRNAs. BRD4-long and BRDT possess an additional positive transcription
elongation factor B (p-TEFb) interaction domain. It enables both proteins to interact
with p-TEFb and thus activate gene expression. The N-terminal phosphorylation site
(NPS) is situated near BD2 in BRD4 (Figure 11). The NPS is indispensable for the
attachment of BRD4 to acetylated chromatin and the recruitment of transcription
factors to target sequences. Consequently, the binding of BD2 in BRD4 to acetylated
chromatin is mediated by the regulation of phosphorylation. In close proximity to the
NPS is a domain that is rich in basic residues, called the basic residue-enriched
interaction domain (BID). This positively charged domain can interact with the
negatively charged NPS, thereby preventing the interaction of the second
bromodomain with acetylated substrates. BRD4-B contains a unique domain specific
to isoform B, which associates with the condensin II complex, SMC2, and CAPD3. This
complex is capable of impeding DNA repair mechanisms in cases of DNA damage
caused by radiation [129, 131, 133].

BET proteins influence gene expression through bromodomains. The bromodomains
interact with acetylated lysine residues of histones, transcription factors and chromatin
remodeling factors via protein-protein interaction (Figure 12).
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Figure 12. Influence of BET proteins on gene transcription in cancer cells [137].

This induces the recruitment of transcription factors, repressors, or the interaction with
transcription factors via the extra-terminal domain. The transcription factors include
c-Myc, E2F1, OCT4, EWS/ETS, and Twist, among others. Altered gene expression can
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lead to resistance to chemotherapy, enhanced proliferation and reduced apoptosis of
cancer cells.

Further, BRD4 interacts with transcription factor IIB (TFIIB), creating an open gene
promoter region and thereby enabling c-Myc to enter and activate gene transcription.
The interaction of BET proteins and transcription factors can also alter the acetylation
status of chromatin through the recruitment of acetyltransferases. By recruiting
HDAC:s or histone 4-specific acetyltransferases, BET proteins such as BRD2 or related
proteins can themselves alter the acetylation status. Another important role of BET
proteins is the control and regulation of the transcription of DNA repair factors.
Finally, BET proteins initiate cell cycle checkpoints [129-133].

1.4.4 Ubiquitin-Proteasome System

Proteins are involved in many complex cellular processes and signaling pathways,
including the regulation of gene expression. Thus, the regulation of protein synthesis
and protein degradation is of paramount importance for the maintenance of intra-
cellular homeostasis and regulation. Protein degradation involves lysosomes or the
UPS [138]. Lysosomes are responsible for the elimination of long-lived proteins,
insoluble protein aggregates, and organelles via a variety of pathways, such as
phagocytosis and autophagy. In contrast, proteasomes degrade short-lived proteins
and soluble misfolded proteins that are unfolded, useless, and damaged [139]. The
proteasome exerts a profound impact on protein and amino acid homeostasis by
mediating the degradation of regulatory proteins. This process can influence a
multitude of cellular functions, such as the cell cycle, signal transduction,
transcription, DNA replication, and stress responses. Consequently, any disruption to
the UPS could disturb cellular metabolism, potentially leading to cell death [138, 140].
The proteasome controls gene transcription by regulating epigenetic modification by
writers, readers, and erasers through their concentration. Therefore, the UPS plays a
key role in epigenetic regulation [141].

The proteasome targets proteins for degradation by ubiquitination. In addition to the
proteasome, ubiquitin ligases and deubiquitinating enzymes are also part of the UPS
(Figure 13) [139].
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Figure 13. Ubiquitin-proteasome system. Ubiquitin (Ub) is transferred to the substrate by E1, E2 and E3 enzymes
with the consumption of adenosine triphosphate (ATP). Ubiquitinated substrate is degraded by proteasome or
deubiquitinated by deubiquitinating enzymes (DUB). Figure taken and modified from [142].

The ubiquitination process is catalyzed by the enzymes El (activating enzyme
requiring adenosine triphosphate), E2 (conjugating enzyme), and E3 (ubiquitin ligase)
[143]. The proteasome is only capable of degrading proteins that have been modified
by the attachment of at least four ubiquitin molecules. The mono-ubiquitination or
multi-ubiquitination of proteins serves as a catalyst for a multitude of additional
functions, including endocytosis and histone regulation. Consequently, the
ubiquitination process can be reversed by deubiquitinating enzymes [138, 142].

The 26S proteasome is composed of two distinct subunits: the 19S regulatory subunit
and the 20S catalytic subunit. In the 19S regulatory subunit, the polyubiquitinated
substrate is first recognized, then unfolded, deubiquitinated, and finally transferred to
the 20S catalytic subunit. Here the protein is ultimately cleaved [138, 140].

1.5 Epigenetic Modulators and the Proteasome

Epigenetics plays a pivotal role in carcinogenesis. New therapeutic targets can be
identified by continuously discovering and understanding the regulatory processes
within cells. A substantial body of research has demonstrated that epigenetic
modulators such as HDACs and BET proteins and the proteasome influence gene
expression in cells [94, 100, 101, 129, 144]. Consequently, these modulators have
emerged as potential targets for cancer treatment. The employment of suitable
inhibitors of the epigenetic modulators or the proteasome aims to modify gene
expression in cancer cells, thereby inducing apoptosis and eradicating them.
Epigenetic inhibitors are often combined with established drug classes in preclinical
or clinical studies. Through their impact on gene expression, they can, for example,
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facilitate a reversal of chemoresistance, thereby enabling further treatment of
chemoresistant cancer. The following section will introduce the HDACGIS,
bromodomain and extra-terminal motif inhibitors (BETis) and PlIs.

1.5.1 Histone Deacetylase Inhibitors

Based on their chemical structure, HDACis are classified into categories such as
hydroxamates, o-aminoanilides, short-chain fatty acids and cyclic peptides (Figure 14)
[145, 146]. In addition, a variety of further zinc-binding groups (ZBGs) were
introduced in recent years, including hydrazides, imidazolethiones, thiols, epoxy
ketones, and alkyl ketones, which vary in HDAC selectivity [147, 148].
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Figure 14. Structural examples for histone deacetylase inhibitors. (a) Vorinostat (hydroxamate), (b) valproic acid
(short-chain fatty acid), (c) entinostat (benzamide), and (d) romidepsin (cyclic peptide).

Hydroxamates, o-aminoanilide, short-chain fatty acids and cyclic peptides may all be
considered "classic" HDACI, as they inhibit class I, II, and IV HDACs through the
binding of the zinc ion situated within the active center of the enzyme. Distinctions are
made between non-selective HDACi (panobinostat, belinostat, vorinostat) and
selective HDACi (romidepsin, entinostat) and multipharmacological HDACi (CUDC-
101, CUDC-907) [149].

Four HDACi have been approved by the FDA for the treatment of hematological
cancer [150]. These include vorinostat, panobinostat, belinostat, and romidepsin.
Moreover, tucidinostat is approved in china for relapsed or refractory peripheral T-cell
lymphoma and advanced breast cancer as well as in japan for relapsed or refractory
adult T-cell leukemia-lymphoma [151]. Most recently, the HDACi givinostat was
approved by the FDA and EMA for the treatment of Duchenne muscular dystrophy
[152, 153]. A multitude of additional HDACi are presently undergoing clinical
investigation. Since HDAC expression is frequently dysregulated in cancer cells,
HDACi can modulate gene expression. By normalizing the acetylation status, cell cycle
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arrest, apoptosis, differentiation or inhibition of angiogenesis and metastasis can be
induced in cancer cells [149].

Recent years have seen a notable increase in research about selective HDACi. A more
targeted inhibition of HDACs should result in a reduction of off-target effects and a
more potent effect in cancer cells overexpressing certain HDAC enzymes. Romidepsin
is the inaugural selective class I HDACi approved by the FDA for the treatment of
cutaneous T-cell lymphomas and peripheral T-cell lymphoma [149, 154, 155].
Entinostat is an orally available class I HDACi with a benzamide structure and is
currently being investigated in clinical trials for various cancer entities, primarily in
combination therapies [156, 157]. These include phase II trials with the combination of
entinostat and pembrolizumab in relapsed and refractory lymphomas and the
combination of entinostat with nivolumab and ipilimumab in previously treated renal
cell carcinoma [158, 159]. A randomized phase III trial evaluated the combination of
entinostat plus exemestane versus exemestane plus placebo. The addition of entinostat
to exemestane did not increase survival in patients with aromatase inhibitor-resistant,
advanced hormone receptor-positive, human epidermal growth factor receptor 2
(HER2)-negative breast cancer [160].

The therapeutic potential of class Ila HDAC inhibition is as of yet scarcely researched.
Therefore, more work has to be done on the development of specific class Ila HDACi.
In 2013, TMP269 was introduced as the inaugural specific class Ila inhibitor comprising
a trifluoromethyloxadiazole (TFMO) group as a pharmacophore [161]. Further
optimization resulted in the synthesis of compound 12 and NT160, which exhibited
enhanced solubility and a better pharmacokinetic profile [162, 163]. The combination
of the class Ila HDACi TMP269 and the PI carfilzomib was found to enhance the
induction of apoptosis through endoplasmic reticulum stress signaling in multiple
myeloma [164].

1.5.2 Multi-Target Histone Deacetylase Inhibitors

Another prominent area of research into HDACi is the strategy of developing
compounds with multiple targets [165]. A multitude of studies have demonstrated the
synergistic effects of multi-target drugs, including those targeting HDACs and other
targets such as kinases or topoisomerases [166]. Multi-target inhibitors can modulate
multiple signal pathways, thereby enhancing therapeutic effects in cancer cells. The
inhibition of several signaling pathways has the potential of reducing drug resistance.
Another benefit of multi-target inhibitors is the simplification of medication regimes,
enhancing patient compliance and reducing the risk of drug interactions [166-168].

In the following section, three distinct design strategies for multi-targeted HDACi are
outlined. In the first one, both the HDACi and its partner are connected by a linker,
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which is cleavable under physiological conditions. In the second one, a stable linker is
employed, enabling both molecules to interact with their respective targets. A third
approach involves the fusion of two pharmacophores to create a single molecule
comprising fragments capable of targeting their respective sites. The pharmacophores
do not interfere with the binding mechanism of the other (Figure 15) [167, 168].
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Figure 15. Examples of multi-target inhibitors based on different design strategies. (a) Compound 26, a
physiologically cleavable prodrug designed from all-trans retinoic acid (ATRA) and HDACi entinostat. ATRA binds
to the PML/RARa fusion protein at the RARa site, thereby inducing its degradation [167, 169, 170]. (b) Compound
20, a multi-target inhibitor with a stable linker composed of pan-bromodomain and extra-terminal motif inhibitor
(BETi) XD14 and HDACi panobinostat [171]. (c) MAHA, merged pharmacophores of mycophenolic acid and
HDACi (hydroxamic acid). Pharmacophore of mycophenolic acid targets the NAD site of inosine monophosphate
dehydrogenase [167].

Multi-target inhibitors include a variety of inhibitors such as inhibitors of HDACs and
BET proteins, estrogen receptors, retinoid X receptors, topoisomerase I/II, receptor
tyrosine kinases, tubulin, DNA methyltransferases, 1a, 25-vitamin D or nitric oxide
donors, among others [171-180]. One of the most promising among these is CUDC-
101, which has been demonstrated to exert an inhibitory effect on epidermal growth
factor receptor, HER2, and HDACs [149]. In a phase I study, the maximum tolerated
dose was determined to be 275 mg/m?2 [181]. Another phase I study investigated the
combination of CUDC-101, high-dose cisplatin, and radiation in the head and neck
region. However, the study was terminated due to one case of renal toxicity. Instead
of further investigation, the sponsor opted to prioritize an oral formulation of CUDC-
101 [182]. Further, CUDC-101 was tested in different cancer entities such as bladder or
multiple myelom as single treatment or in combination with BTZ in vitro [183, 184].
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1.5.3 Bromodomain and Extra-Terminal Motif Inhibitors

The role of BET proteins in cancer has been the subject of recent investigation. In a
considerable number of solid tumors, BET proteins have demonstrated the ability to
promote the transcription of c-Myc. In turn, the protein c-Myc has been shown to
regulate the transcription of a multitude of genes, including those responsible for cell
proliferation and cell cycle control. This has led to the development of BETi for the
purpose of cancer therapy. The initial generation of BETi demonstrated low response
rates in solid tumors and a number of serious adverse events, including
thrombocytopenia [133].

One frequently utilized pan-BET inhibitor is JQ1, which exhibits equal potency in
inhibiting BD1 and BD2 of the BET proteins (Figure 16).
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Figure 16. Structure of the pan-BETi. (a) JQ1, (b) OTX015 and (c) JQ35.

However, due to its relatively short half-life in vivo, alternative BETis with enhanced
pharmacokinetic properties have been developed and clinically investigated for their
efficacy in treating leukemias and solid tumors [130, 185]. These include ABBV-075,
GSK525762, FT-1101, i-BET762, OTX015, and ZEN-3694, which demonstrated only low
response rates of less than 30% [130, 133, 186]. The low response rates may be partially
attributable to the intermittent administration strategy employed to mitigate the
incidence of adverse effects, such as thrombocytopenia.

To improve efficiency and tolerability, selective BETi were developed. The initial
selective BETi was RVX-208 [133]. The selective inhibition of BD2 resulted in more
specific altered gene expression than that observed with pan-BETi, but the anticancer
efficacy of RVX-208 was less pronounced. Subsequently, selective BD2 BETi included
ABBV-744, which demonstrated robust antiproliferative effects in AML and prostate
cancer. The BD2-selective BETi SJ432 showed greater potency than JQ1 in vivo using
neuroblastoma models by inhibiting the expression of c-Myec. It is possible that BD2-
selective inhibitors could reduce the unwanted side effects of pan-BETi [130, 133].

An alternative strategy for targeted inhibition with diminished adverse effects could
be the utilization of BRD4-selective inhibitors. The BET proteins exhibit varying
degrees of selectivity in recognizing acetylated histones. The targeted inhibition of the
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BDs however is challenging due to the highly conserved structures involved.
Accordingly, the allosteric inhibition of casein kinase II (CK2)-mediated
phosphorylation of specific sites between the BDs and the extra terminal domain could
be employed to selectively inhibit BRD4. The phosphorylation enables the BD2 domain
to interact with its target substrate. This is because the NPS keeps the BD2 domain
inactive by masking, whereas phosphorylation enables interaction with the BID and
facilitates access to the BD2 domain. Hyperphosphorylation of BRD4 has been
implicated in cancer and in the development of resistance to BETi in lung
adenocarcinomas, making blockade of CK2-mediated BRD4 phosphorylation a
promising target for a cancer therapy.

A distinct approach to improve efficiency and tolerability is the degradation of BET
proteins through the utilization of Proteolysis-Targeting Chimeras (PROTACs) [133,
187, 188]. The pharmacophore that binds to the desired target is linked to a recruiting
molecule for protein degradation, such as an E3 ubiquitin ligase ligand. Subsequently,
the target is bound by the pharmacophore and undergoes degradation. This represents
a sustainable strategy for maintaining the effect of BETi. In 2015, three BET degrader
compounds, namely dBET1, MZ1, and ARV-825, were introduced based on the
pharmacophore of JQ1. The pharmacokinetic properties of ARV-825 were improved,
resulting in the compound ARV-771. Subsequently, ARV-771 was shown to be effective
in castration-resistant prostate cancer, AML, and mantle cell lymphoma. Currently,
BET protein degraders are not in clinical trials [130, 133, 189-192].

Further recent approaches to develop new effective drugs include bivalent BETi, which
bind both BDs of BET proteins simultaneously. AZD5153 is currently the most
advanced bivalent BETi in phase I development [130, 193-195]. Covalent BETi are also
being developed, though they are still in the early stages of development [130, 196].
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1.5.4 Proteasome Inhibitors

The key role of the proteasome in the epigenetic regulation and degradation of
regulatory proteins and its dysregulation in diseases such as cancer make it an
interesting therapeutic target [144]. To date, three PIs, bortezomib (BTZ), carfilzomib
and ixazomib, have been approved by the FDA for the treatment of multiple myeloma.
BTZ was the first PI to be introduced into clinical practice (Figure 17).
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Figure 17. Proteasome inhibitors approved by FDA (a) bortezomib; (b) ixazomib and (c) carfilzomib.

BTZ binds reversibly to the 20S catalytic core of the 26S proteasome, thereby
influencing a range of cellular processes [197]. For one, the accumulation of misfolded
proteins results in the activation of the c-Jun N-terminal kinase, which may induce
apoptosis. In contrast, tumor suppressor proteins such as p53 can accumulate leading
to cell cycle arrest. Another aspect is the stabilization of the nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor alpha (IxBca), which has been
demonstrated to reduce the increased nuclear factor-«B (NF-«xB) activity. NF-«xB
activity, in turn, is crucial for the survival and proliferation of cells. This is of particular
relevance in the context of AML cells, where NF-kB is known to be constitutively
active. The constitutive activity of NF-kB is supported by tumor necrosis factor a
(TNF-a), which phosphorylates the regulator IxBa. The phosphorylation of IkBa
results in ubiquitination and degradation by the proteasome. As a result, a greater
quantity of NF-«B is released, which in turn increases the expression of target genes,
including TNF-a. PIs disrupt this positive feedback loop between NF-kB and TNF-a,
thereby inducing apoptosis via the accumulation of IkBa in AML cells [95, 198-200].

As evidenced by a phase III study, BTZ exhibits superior outcomes in terms of time to
progression, ORR, and OS compared to high-dose dexamethasone [201, 202]. The
adverse effects of BTZ include neuropathy and hemotoxicity, which restrict its clinical
application [203, 204]. Ixazomib is an orally bioavailable drug that demonstrated an
overall rate of neuropathy of 20% and a response rate of less than 20%. These findings
prompted further research into ixazomib [202]. Ixazomib was administered to patients
diagnosed with refractory myeloma who had undergone one to three prior lines of
therapy. The study showed that ixazomib in combination with lenalidomide and
dexamethasone improved progression-free survival compared to lenalidomide plus
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dexamethasone [205]. Carfilzomib is a second-generation PI that irreversibly binds to
the 20S catalytic subunit of the 26S proteasome through its epoxyketone group. In
contrast, BTZ and ixazomib bind this 20S catalytic subunit reversibly through their
boronic acid group. In a single-arm study, carfilzomib provided an ORR of 23.7% in
266 patients, including one complete response and 13 very good partial responses
[206]. Further PI are currently under clinical investigation as single or combination
treatments with initial findings suggesting potential for further investigation [202].
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2. Aim of the study

The emergence of chemoresistance in patients represents a significant concern in the
field of oncology. Considerable therapeutic advancements in the treatment of cancer
nonwithstanding, the survival prognosis for advanced or recurrent cancer is still
insufficient. This is evident in both acute myeloid leukemia (AML) and bladder
carcinoma. To surmount chemoresistance to established therapies and provide
patients with a superior therapy, novel treatment options or additional combination
partners for approved drugs, such as cisplatin or bortezomib (BTZ), are necessary.

There has already been much research in the field of epigenetics. Histone modifications
are integral to numerous intricate cellular processes and play a pivotal role in the
pathogenesis of cancer and the development of chemoresistance. This encompasses
the deacetylation of histones and non-histone proteins by histone deacetylases, which
have been identified as a promising target for cancer therapy. The administration of
histone deacetylase inhibitors (HDACi) is expected to positively influence gene
transcription in cancer cells. HDACi can be used in combination with established
drugs to target chemoresistant cancer cells or to treat native cancer cells more
effectively. In recent years, the focus has shifted towards the investigation and
development of subtype-selective HDAC], with the aim of enabling a more targeted
therapy with fewer off-target effects.

The overall aim of this study was to investigate epigenetic modulators (novel HDAC],
BETi) in combination with classical cytostatics (BTZ, cisplatin) for synergistic effects
using the example of two severe cancers, AML and resistant bladder cancer.

The first objective of this work was the characterization of the novel class Ila-specific
HDACi YAK540 and FFK24 (Figure 18).
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Figure 18. Class Ila HDACi TMP269, YAK540 and FFK24.

YAKS540 and FFK24 should be evaluated in combination with the proteasome inhibitor
BTZ in leukemia, focusing on AML (HL-60, MONO-MAC-6 and THP-1) and chronic
myeloid leukemia (K562) cell lines in vitro. Despite the availability of a range of
therapeutic options for AML, the 5-year survival rate remains disappointingly low, at
30%, particularly in older patients. It is therefore evident that new treatment options
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for AML are required. BTZ has been approved for the treatment of multiple myeloma
and is currently under clinical investigation for use in AML. However, BTZ has a high
toxicity profile, which results in limiting adverse effects such as hemotoxicity and
neuropathy. One goal was to test the combination of BTZ with class Ila HDACi for a
synergistic effect, with the potential clinical aim of reducing the dose of BTZ and thus
reducing the toxicity of BTZ while maintaining efficacy.

In the second project, the combination of the class | HDACi entinostat (Figure 14) with
the bromodomain and extra-terminal motif inhibitors (BETi) JQ1 and OTX015 (Figure
16) and cisplatin should be investigated in the bladder carcinoma cell lines ]J82, J82
cisR, T24 and T24 LTT. Cisplatin resistance is a prevalent challenge in the management
of bladder cancer. Prior research in our research group has demonstrated the potential
of HDAC: to resensitize cisplatin-resistant cancers [127, 128, 207]. Other groups have
investigated the combination of cisplatin and BETi or HDACi and BETi in various
cancer entities, with promising results [208, 209]. Accordingly, the triple combination
of HDAC;, BETi, and cisplatin was selected for investigation of synergistic effects to
reestablish cisplatin sensitivity, i.e. proving in vitro cytotoxic efficacy at clinically
relevant concentrations of all utilized drugs. The objective of the triple treatment is to
enhance the efficacy of cisplatin with low concentrations of the epigenetic inhibitors,
particularly in cisplatin-resistant bladder cancer cells. Another novel approach
investigated the dual HDACi and BETi compound 20 (Figure 15) in combination with
cisplatin.

In both parts, results show encouraging synergy in cytotoxicity and caspase-mediated
apoptosis and gave insights into underlying mechanisms.
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The following content is derived from the aforementioned publication, entitled "The
Novel Class Ila Selective Histone Deacetylase Inhibitor YAK540 Is Synergistic with
Bortezomib in Leukemia Cell Lines." It is important to note that word-by-word
citations are not explicitly highlighted in this section.

Authors Contribution

First authorship was shared by LM.B, A].S., and Y.A. L.M.B. was responsible for
conducting the majority of the biological experiments. A.].S. and N.H. performed the
enzyme inhibition experiments. Y.A. synthesized YAK540 for the experiments. L.M.B.
wrote the original draft and visualized the data. A.H. and M.U.K. revised and edited
the manuscript. The supervision was carried out by M.UK., A H., HH., and T.K.

Background

The treatment of leukemias, especially acute myeloid leukemia (AML), is still a
challenge as can be seen by poor 5-year survival of AML. Therefore, new therapeutic
approaches are needed to increase the treatment success. Epigenetic aberrations play
a role in pathogenesis and resistance of leukemia. Histone deacetylase (HDAC)
inhibitors (HDACi) can normalize epigenetic dysbalance by affecting gene expression.
In order to decrease side effects of so far mainly used pan-HDACIi, this paper
introduces the novel highly selective class Ila HDACi YAK540. Further, YAK540 was
combined with the highly cytotoxic proteasome inhibitor bortezomib (BTZ), which is
already approved by the FDA for multiple myeloma. The combination of YAK540 and
BTZ has the potential to serve as a novel therapeutic approach for the treatment of
AML. In addition, a synergistic effect of the two drugs could allow a dose reduction of
BTZ to reduce therapy-limiting side effects.
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Results

YAK540 showed excellent selectivity for HDAC4 against HDAC2, HDAC6 and
HDACS (at least 82-fold). It had only a low cytotoxic effect in several leukemia cell
lines (HL-60, THP-1. MONO-MAC-6, K562). The lowest ICso value of YAK540 was
observed in MONO-MAC-6 (91.4 uM). Synergism studies according to the Chou-
Talalay method for the combination of YAK540 and BTZ revealed a synergistic
cytotoxic effect in all four cell lines. Synergism levels were calculated applying the Bliss
model (Figure 19a).
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Figure 19. The most meaningful results of the combination of YAK540 and bortezomib (BTZ) in HL-60 cell line. (a)
Synergy levels calculated applying the Bliss model. (b) p21 expression analyzed by Western Blot. (c) Comparison
of the cytotoxicity of YAK540 and BTZ in HL-60 and the non-cancerous cell line HEK293. Figures taken and
modified from [210].

The combination of YAK540 and BTZ showed generally increased proapoptotic gene
expression in qPCR, increased p21 expression on gene and protein level (Figure 19b),
and synergistic, caspase 3/7-mediated apoptosis. Combinations of YAK540 and BTZ
are clearly less toxic in non-cancer HEK293 compared to HL-60 leukemia cells (Figure
19¢).

Conclusion

This study introduced and characterized the novel selective class Ila HDACi YAK540.
Further, YAK540 was combined with the PI BTZ. In short, this study demonstrated:

e YAKDH40 as selective class [la HDAC: (at least 82-fold more selective for HDAC4
compared to HDAC2, HDAC6 and HDACS)

e Synergistic cytotoxic effect of combination of YAK540 and BTZ through
caspase-mediated apoptosis and increased p21 expression

e Lower cytotoxic effect of the combination in non-cancerous cell line HEK293 in

comparison to HL-60
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Thus, the synergistic combination of class Ila selective HDACi such as YAK540 and
BTZ represents a promising approach against leukemias to increase the anticancer
effect and to reduce the general toxicity of HDACi.
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Abstract: The treatment of leukemias, especially acute myeloid leukemia (AML), is still a challenge
as can be seen by poor 5-year survival of AML. Therefore, new therapeutic approaches are needed to
increase the treatment success. Epigenetic aberrations play a role in pathogenesis and resistance of
leukemia. Histone deacetylase (HDAC) inhibitors (HDACIs) can normalize epigenetic disbalance
by affecting gene expression. In order to decrease side effects of so far mainly used pan-HDACIs,
this paper introduces the novel highly selective class Ila HDACI YAK540. A synergistic cytotoxic
effect was observed between YAK540 and the proteasome inhibitor bortezomib (BTZ) as analyzed
by the Chou-Talalay method. The combination of YAK540 and BTZ showed generally increased
proapoptotic gene expression, increased p21 expression, and synergistic, caspase 3/7-mediated
apoptosis. Notably, the cytotoxicity of YAK540 is much lower than that of pan-HDACIs. Further,
combinations of YAK540 and BTZ are clearly less toxic in non-cancer HEK293 compared to HL-60
leukemia cells. Thus, the synergistic combination of class Ila selective HDACIs such as YAK540 and
proteasome inhibitors represents a promising approach against leukemias to increase the anticancer
effect and to reduce the general toxicity of HDACISs.

Keywords: leukemia; acute myeloid leukemia; histone deacetylase (HDAC) inhibition; proteasome
inhibitor; bortezomib; YAK540; TMP269; class Ila HDAC inhibition; epigenetics

1. Introduction

Leukemia is the summary of various forms of blood cancer. The four main forms of
leukemia are acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML), chronic
lymphocytic leukemia (CLL) and chronic myeloid leukemia (CML). The pooled 5-year
survival rate from all leukemias is 65.7% over 2012-2018 in the United States [1]. This
demonstrates that leukemias can be treated reasonably well, although a more nuanced view
shows that, for example, the 5-year survival rate differs greatly between acute myeloid
leukemia and chronic myeloid leukemia. For example, the 5-year survival rate for acute
myeloid leukemia is only 30.5% between 2012 and 2018 in the United States, whereas the
5-year survival rate for chronic myeloid leukemia is 70.4% over the same period [2,3]. The
unmet medical need to improve AML treatment is also reflected in the recorded deaths
from AML (51689) compared to 5653 in chronic myeloid leukemia between 2014 and 2018 in
the United States, and furthermore, the incidence of AML along with chronic lymphatic
leukemia, is among the leaders in the field [4]. For this reason, it is important to develop
new and even better therapeutic concepts to enable more successful treatment of leukemias,
especially AML.
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In the past, proteasome inhibitors, such as bortezomib (BTZ), have been shown to be a
promising approach for the treatment of hematological disorders. Proteasome inhibitors
are approved for the treatment of multiple myeloma [5]. Bortezomib-induced inhibition
of the proteasome leads to the accumulation of ubiquitinylated, damaged proteins affect-
ing various cellular processes such as cell cycle, DNA repair, transcription, cell signaling
pathways, cell survival and apoptosis [6]. Due to the high proliferation rate and increased
protein synthesis rate, malignant cells are more sensitive to inhibition of the proteasome [7].
The use of BTZ is however limited by severe side effects such as neuropathy and hemo-
toxicity [8,9]. Therefore, a potential dose reduction of BTZ to minimize its side effects or,
alternatively, less toxic proteasome inhibitors are highly desirable. A recent study investi-
gated the proteasome inhibitor ixazomib with an improved safety profile, such as reduction
of peripheral neuropathy, and BTZ on ALL and AML cell lines [10]. BTZ is more potent
than ixazomib, but this may be compensated by an improved pharmacokinetic and toxico-
logical profile of ixazomib [10-13]. Several studies investigated BTZ in combination with
other cytotoxic agents against AML from the groups of anthracyclines (e.g., doxorubicin),
DNA methyltransferase inhibitors (e.g., azacitidine), and histone deacetylase inhibitors
(HDACI) such as vorinostat [6]. In addition, carfilzomib, another proteasome inhibitor,
showed superadditive cytotoxic effect on multiple myeloma cells in vitro in combination
with the class Illa HDACI TMP269 [14].

Through epigenetic modulation, histone deacetylases (HDACs) have an impact on
various cellular processes [15]. HDACs can be divided into four classes. Class I includes
HDAC 1, 2, 3, and 8, which are present in the nucleus. Class II can be divided into Ila (HDAC
4,5,7 and 9) and IIb (HDAC 6 and 10). These HDACs are present in both the nucleus and
cytoplasm [16]. Class III do not contain zinc dependent HDACs. Class IV contains HDAC
11, which has properties of class I and II [15]. Dysregulation of HDACs play a role in the
development of certain cancers by altering transcription. The use of HDACIs is intended to
restore the dysregulation of HDACs in cancer cells to normal. By regulating pro- and anti-
apoptotic genes, HDACIs can induce apoptosis [15]. Another point is that the combination
treatment of HDACTs with, for example, bortezomib could increase the sensitivity of cancer
cells, so that a dose reduction of bortezomib would be possible.

To minimize the potential side effects of BTZ by dose reduction on the one hand and to
reduce the potential side effects of unselective (pan) HDACIs on the other hand, the use of
selective class Ila inhibitors in combination with the proteasome inhibitor was tested. One
of the first potent class Ila HDACIs is TMP269 which has however the disadvantage of poor
solubility [17]. We intended to improve the physicochemical properties and potency of
TMP269 and thus developed YAKS540 as a new selective class Illa HDACI. In the meantime,
further improved class Ila selective HDACIs were developed such as NT160 [18] and
compound 12 [19]. Yet, in this study we compare the first well-established trifluoromethy-
loxadiazolyl (TEMO)-type class Ila selective inhibitor TMP269 with our novel inhibitor
YAKS540. Both, YAK540 and TMP269 were evaluated for a synergistic effect in combination
with BTZ in various leukemia cell lines with a focus on AML.

The pharmacophore model for class Ila selective HDACI contains the following four
elements: a zinc binding group (ZBG), a linker that interacts with the substrate binding
tunnel, a lower pocket group (LP-group) that occupies the selectivity pocket and a cap,
also known as surface recognition domain (Figure 1) [20]. In 2013, Lobera et al. and
Novartis discovered simultaneously class Ila selective HDAClISs, revealing a trifluoromethy-
loxadiazolyl moiety (TFMO) as a novel ZBG. Lobera et al. demonstrated that inhibitors
exhibiting this novel ZBG showed up to 150-10,000 fold higher selectivity towards class Ila
HDACSs compared to their corresponding hydroxamates [21]. A crystallographic analysis
confirmed that the TFMO group acts as a non-chelating ZBG via the coordination of the
fluorine atoms and its oxygen to the zinc ion in the catalytic center. It is proposed that
class Ila selectivity arises from the bulkiness but modest zinc binding ability of the TEMO
moiety as well as the U-shaped conformation of these inhibitors. Lobera et al. reported
that the TEMO-based HDACI display an improved pharmacokinetic profile compared
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to hydroxamates [21]. Furthermore, it is presumed that the TEMO series has fewer pan
inhibitor associated off-targets effects.

{ CAP H Lower pocket }
|

[ linker }—[Zinc binding group} Ne S o N-O
! /%CFQ,
N N
H
o
TMP269

Figure 1. Pharmacophore model of class IIa histone deacetylase inhibitors (HDACIs) and the structure
of TMP269 [21].

2. Results

2.1. Synthesis of YAK540

The first building block was the respective hydroxylamine 3. 1-(2-Chloroethyl)piperidine
hydrochloride (1) was converted with N-hydroxyphthalimide (NHPI) to generate 2. Subse-
quently, the deprotection was performed with 2.00 eq of hydrazine monohydrate yielding the
desired hydroxylamine 3 (Scheme 1).

(0]
C' 120 eq NHPI, 2.00 eq NEt; ©::§\ko 2.00 eq N;HeH;0 Cl
No~¢ MeCN, reflux, 10 h N \ DCM, 1t, o.n. N~ NH2
Chel 46-89% :" > 53-88%

1 2 3

Scheme 1. Synthesis of hydroxylamine 3.

YAKS540 was generated, via a HATU-mediated coupling of the respective acid 4 and
the hydroxylamine 3 in moderate yield (Scheme 2, Table S1).

N-Q
1.00 eq HATU
G />‘CF3 2.00 __200eqDIPEA DIPEA ! N’>‘CF3
+ H
N~ NH2 o No~g-N
rt, o.n.

54% o)
3 YAK 540

Scheme 2. Synthesis of YAK540.

2.2. Investigation of Cytotoxicity and HDAC Inhibitory Effect

First, the cellular HDAC inhibition activity and cell permeability of YAK540 and
TMP269 were determined. For this purpose, cellular HDAC assays were performed using
a class Ila HDAC and HDAC 8 specific substrate Boc-Lys-(TFa)-AMC in addition to a class
I and IIb HDAC substrate Boc-Lys (Ac)-AMC [22,23]. This allowed differentiating the
cellular activity of class Ila HDACs from the remaining HDACs. The results for YAK540
and TMP269 are shown in Figure 2.

The ICs) value of YAK540 using the class Ila selective substrate Boc-Lys-(TFa)-AMC was
590 nM whereas the ICs, value using the class I/1Ib substrate Boc-Lys-(Ac)-AMC was 64.2 pM.
This result showed a high (factor 108) cellular selectivity of YAK540 for class [la HDACs. In
contrast to YAK540, TMP269 appeared with a much lower cellular class Ila HDAC inhibition
(ICs( value around 100 pM) and no class 1/1Ib HDAC inhibition up to 100 pM.
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Figure 2. Whole-cell histone deacetylase (HDAC) activity assay of YAK540 and TMP269. Cells were
treated with increasing concentrations of YAK540 or TMP269 for 24 h. Data shown are normalized to
vehicle control and the mean of at least two independent experiments each carried out in triplicates.

Next, YAK540 and TMP269 were investigated in HDAC enzyme assays using HDAC 2,
HDAC 4, HDAC 6, and HDAC 8 as representatives for their respective HDAC classes (Table 1).

Table 1. HDAC enzyme inhibitory activity of YAK540, and TMP269.

YAK540 TMP269 *
HDAC ICs5p (pICs59 =SEM) Selectivity Index ICsg Selectivity Index
Enzyme [uM] to HDAC4 [uM] to HDAC 4
HDAC 2 30.2 (4.52 + 0.03) 265 >100 >637
HDAC 4 0.114 (6.95 + 0.03) 1 0.157 1
HDAC®6 11.4 (494 +0.12) 100 8.2 52
HDACS8 9.39 (5.03 + 0.03) 82 42 27

Data shown are mean of pooled data from at least two experiments with duplicates. * The values of TMP269 are
taken from the literature [22].

YAK540 showed excellent potency at HDAC 4 as the major representative of class Ila
HDACs with an ICs5g of 0.114 uM. Further, YAK540 indicated excellent selectivity for HDAC
4 against HDAC 2 (265-fold), against HDAC 6 (100-fold), and against HDAC 8 (82-fold).
Thus, YAK540 presented at least 82-fold selectivity for HDAC 4 compared to the other
enzymes. Compared to TMP269, YAK540 had improved selectivity. TMP269 had more
than 600-fold selectivity for HDAC 4 compared to HDAC 2, but only 27-fold selectivity
for HDAC 4 compared to HDAC 8, based on literature data for enzyme inhibition [22].
Another problem related to TMP269 is its poor solubility. We observed precipitations
at higher concentrations of TMP269 in aqueous assay buffer, which was not the case for
YAKS540, requiring to add further solubilizers such as DMSO to TMP269 dilution series.
YAK540 thus has improved aqueous solubility which clearly is advantageous over TMP269.

We next determined the cytotoxic effects of YAK540, TMP269, and BTZ on four
different leukemia cell lines, namely the AML cell lines HL-60, THP-1, and MONO-MAC-6,
and the CML cell line K562 (Figure 3). BTZ was expectedly cytotoxic in the double-
digit nanomolar range. Interestingly, YAK540 had a significantly lower cytotoxic activity
compared to TMP269. The ICs, value of TMP269 was around 20 uM in all leukemia cell
lines examined, whereas the ICs5y of YAK540 was predominantly above 100 uM. The ICsq
values determined are listed in Table 2.
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Figure 3. Concentration-response-curves determined by 72 h MTT-Assay (a) bortezomib (BTZ)
(b) TMP269 (c) YAK540; Data shown are the mean of pooled datan > 4.
Table 2. Cytotoxic activity (MTT, 72 h) of BTZ, YAK540, TMP269. Data shown are the mean of pooled
data fromn > 4.
Bortezomib YAK540IC TMP2691C
Cell Line IC50 PIC50 + SEM 50 PIC50 +SEM 50 pIC50 + SEM
[nM] [uM] [uM]
HL-60 10.7 7.97 £ 0.006 > 100 16.7 4.78 +0.016
K562 20.9 7.68 £ 0.014 > 100 23.0 4.64 + 0.024
MONO-MAC-6 12.4 7.91 £ 0.012 91.4 4.04 4+ 0.022 15.9 4.80 4+ 0.023
THP-1 6.28 8.20 £ 0.020 > 100 13.0 4.89 4+ 0.035

2.3. Apoptosis Induction and Caspase Activation of Class Ila Inhibitors in Combination with
Proteasominhibitor Bortezomib

Next, we investigated combinations of BTZ and YAK540 or TMP269 and analyzed if
the cytotoxic effect is based on caspase-mediated apoptosis. SubG1 analysis of BTZ, YAK540
and TMP269 alone and in combinations in THP-1 cells is illustrated in Figure 4. Whereas
5 uM TMP269 or 5.7 uM YAK540 showed only very little subG1 induction, combinations of
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TMP269 or YAK540 with BTZ demonstrated over additive effects for both concentrations
of BTZ used in this experiment (Figure 4a). Figure 4b displays the difference between an
additive effect only (black bars) where the effects of single treatments with BTZ and YAK540
or TMP269 were simply added compared to the effect of the combination of BTZ with
YAKS540 or TMP269 (white bars). Incubation of the combination leads to a superadditive
(=synergistic) effect.
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[% of 7.9 nM BTZ]
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Figure 4. Incubation with class Ila inhibitors increases the induction of apoptosis by BTZ. The cell
line THP-1 was incubated with the combination of class Ila HDACI and BTZ for 48 h. (a) Apoptosis
was determined by subG1 fraction by flow cytometry. Control was subtracted and data normalized
to 7.9 nM bortezomib. (b) Summary presentation of over additive subG1 induction. The black bars
illustrate the additive effects of the individual treatments, the white overlapping bars demonstrate
the over additive (=synergistic) effect of the combination treatment compared to the individual
treatments. Data shown is the mean 4 SD, n > 2. Statistical analysis was performed by t-test with
significance level: ns (p > 0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001).

In the next step, we investigated whether apoptosis is induced in a caspase-dependent
manner. For this purpose, caspase 3/7 activation was measured by fluorescence imaging
of YAK540, TMP269, and BTZ treated THP-1 cells (Figures 5 and 523). Whereas YAK540,
TMP269, and 3.8 nM BTZ alone showed (almost) no caspase activation, 7.9 nM BTZ
indicated clear caspase activation and combination of 3.8 nM BTZ with YAK540 but not
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TMP269 increased caspase activation. To analyze over-additive effects, single effects of the
compounds were added (white bars) and compared to combination effects (YAK540 plus
BTZ; TMP269 plus BTZ). Whereas the combinations of 5.7 uM YAK540 plus BTZ illustrated
over-additive (=synergistic) effects for both BTZ concentrations, only the combination of
5 uM TMP269 with 7.9 nM BTZ showed a synergistic effect. Fluorescence images showing
nuclear staining (Hoechst 33342) and cleaved fluorescent caspase substrate are available in
the supplemental information (Figure S23).
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Figure 5. Synergistic effect of class Ila HDACIs and BTZ in caspase 3/7 activation in THP-1 cells.
Caspase activation is presented as a ratio of fluorescence data with the effect (fluorescence) of 7.9 nM
bortezomib. (a) Caspase 3/7 activation of the single and combination treatments, 48 h incubation.
Untreated Control was subtracted, and data normalized to 7.9 nM bortezomib. (b) Summary pre-
sentation of over additive caspase activation. The black bars illustrate the additive effects of the
individual treatments, the white bars are the real measured data of the combination treatment. Data
shown is the mean & SD, n > 2. Statistical analysis was performed by t-test with significance level:
ns (p > 0.05); * (p < 0.05); ** (p < 0.01).

55



Int. . Mol. Sci. 2022, 23, 13398 8 of 21

2.4. Chou-Talalay Synergism Studies in MTT Assays

To determine whether a synergistic effect exists, Chou-Talalay combination studies
were performed using MTT assay [24]. The combination index (CI) was calculated for
different concentrations of BTZ with the class Ila HDACIsYAK540 and TMP269 (Table 3).
Cells were co-incubated with BTZ and the HDACI. A synergistic effect is indicated by a
CI value of less than 0.9. All cell lines exhibited CI values smaller than 0.9, and in some
cases smaller than 0.5, indicating strong synergism. In addition, the synergy levels of the
combination-concentration-response surface were graphically mapped by Combenefit. For
calculating the synergy levels, the Bliss model was used. (Figure 5) [25,26].

Table 3. Synergism studies (CI-values) between BTZ and Class Ila HDACISs.

BTZ YAK540 TMP269
[nM] [uM] [uM]

HL-60
BTZ YAK540 TMP269
[nM] [uM] [uM]
10 15 20 25 30 2.5 5 7.5 10
K562
l‘l.p.
BTZ YAK540 TMP269
[nM] [uM] [uM]
10 20 30 40 60 2.5 5 7.5 10
MONO-
MAC-6
BTZ YAKS540 TMP269
[nM] [uM] [uM]
10 15 20 25 30 35 7.5 10 12.5
THP-1

Synergism studies (CI-values) between BTZ and Class Ila HDACIs with 72 h incubation time. Combination indices
(CI) were calculated using CompuSyn 1.0, which is based on the Chou-Talalay method [24]. CI > 1.1 indicates
antagonism, CI = 1 indicates an additive effect, CI < 0.9 indicates synergism. Values marked in red > 0.9, values
marked in green < 0.9 (O is fa < 0.2, n.p. is not performed). Data for calculation are from at least two independent
experiments each carried out at least in duplicates.

As can be seen in the combenefit graphs based on the Bliss model in Figure 6, HL-
60 and MONO-MAC-6 show significantly stronger synergy with YAK540 plus BTZ than
TMP269 plus BTZ.

56



Int. . Mol. Sci. 2022, 23, 13398

9o0f21

fuiy
jo}
(=]
Synergy

a1
j=)

Cell survival,
% of untreated control

Co

Antagonism

20

40

60 14

YAKS540 [uM] Bortezomib [nM]

(a) HL-60 BTZ + YAK540

Cell survival,
% of untreated control

25 25

YAK540 [M] 30 30 Bortezomib [nM]

(c) K562 BTZ + YAK540

Cell survival,
% of untreated control

40
60 14

12

YAK540 [uM] Bortezomib [nM]

(e) MONO-MAC-6 BTZ + YAK540

Figure 6. Cont.

57

Cell survival
% of untreated control

Cell survival,
% of untreated control

Cell survival,
% of untreated control

12

10 14

TMP269 [uM] Bortezomib [nM]

(b) HL-60 BTZ + TMP269

100

TMP269 [uM] 10 25 Bortezomib [nM]

(d) K562 BTZ + TMP269

100

50

14

10

TMP269 [uM] Bortezomib [nM]

(f) MONO-MAC-6 BTZ + TMP269



Int. J. Mol. Sci. 2022, 23, 13398

10 of 21

Cell survival,
% of untreated control

100 g
50 5 gz
E
0 :
0 &

30
YAKS540 [M] 35 15 Bortezomib [nM] TMP269 [1:M] 125 15 Bortezomib [nM]
(g) THP-1 BTZ + YAK540 (h) THP-1 BTZ + TMP269

Figure 6. (a-h) Synergy levels calculated with Bliss model [26] in Combenefit [25], depending on
experimental concentration-response surface of combinations of BTZ and class Ila HDACIs YAK540
and TMP269 for 72 h in all leukemia cell lines. Data shown are from at least two independent
experiments with each carried out at least in duplicates.

2.5. Mechanistic Study of Class 1la Inhibitors in Combination with Proteasome Inhibitors

The next step was the detailed mechanistic investigation of the combination therapy.
For this purpose, RT-qPCR was first performed for various proapoptotic and anti-apoptotic
genes (Figure 7). In all cell lines, BTZ or combinations of class Ila HDACIs and BTZ affect
gene expression estimated by PCR (with few exceptions, such as Bcl-2 in HL-60). HL-60
cells show a marked increase in BAD expression (1.3-1.4 log units) upon BTZ treatment
(alone or in combination with class Ila HDACI), whereas this increase is much lower (only
up to 0.198 log units) in the other two cell lines. In contrast, p21 is strongly upregulated in
K562 and MONO-MAC-6 upon BTZ single or combination treatment but downregulated
in HL-60. However, p21 is also upregulated in HL-60 upon treatment with class Ila HDACI
without BTZ. Expression changes of survivin are heterogenous. Decreased expression of
survivin is observed with the combination of BTZ and YAK540 in HL-60, and in MONO-
MAC-6 with the combination of BTZ with TMP269 or YAK540. In contrast, expression
of survivin increased in K562 upon treatment with BTZ alone or in combination with
the class Ila HDACIs. Treatment-induced expression changes were also heterogenous
for the antiapoptotic proteins Bcl-2 and Bcl-xl. In HL-60 cells, class Ila HDACIs, BTZ
and combinations thereof increased expression of Bcl-2 whereas expression of Bcl-xI was
decreased, particularly by BTZ and combinations of BTZ and class Illa HDACIs. In K562
cells, bortezomib-containing treatments decreased expression of both, Bcl-2 and Bcl-xl. In
MONO-MAC-6, treatments increased Bcl-xI and decreased Bcl-2 expression. Expression of
HDAC 4 was not markedly influenced by any treatment, showing no counter regulation by
treatment with class Ila HDACI. Treatment-induced gene expression changes for PTEN,
BIM, BAK, APAF-1, MCL-1, XIAP, p53, FOXO1, and FOXO3a were heterogeneous in the
3 cell lines. In summary, PCR data show that treatment with BTZ and class Ila HDACI and
combinations thereof have a strong influence on the expression of pro- and antiapoptotic
genes, however with no clear tendency towards pro- or anti-apoptosis.
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Figure 7. Gene expression was examined by RT-qPCR. Cells were incubated for 48 h with the
inhibitors. HL-60 and MONO-MAC-6 were treated with 10 nM BTZ and K562 was treated with 25 nM
BTZ. The analysis was performed according to Vandesompele [27]. Shown is the decadic logarithm of

the values normalized to the expression of the control genes GUSB (beta-glucuronidase), TBP (TATA

binding protein) and HPRT1 (hypoxanthine-guanine phosphoribosyltransferase) of the respective cell

line. Negative values are green and indicate lower expression of the gene. A red marking indicates

positive values and thus a higher expression of the gene compared to the cell-specific control.
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Thus, western blot was used to trace the expression of key proteins in apoptosis,
survival, or cell cycle, and to monitor treatment-dependent changes of HDAC 4 expression,
induction of PARP cleavage and H2AX phosphorylation (y-H2AX) (Figure 8).
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Figure 8. (a—f) Western Blot analysis of HL-60, K562 and MONO-MAC-6 after treatment with BTZ
and YAKS540 or TMP269 for 24 h or 48 h incubation. The data presents a representative blot. For
the following blots a representative blot of two blots in total is shown: HL-60 24 h (3-Actin, PARP,
Bad, APAF-1, Survivin, p21), HL-60 48 h (y-H2AX), K562 24 h (p21, Survivin), MONO-MAC-6 24 h
(B-Actin, APAF-1, p21), MONO-MAC-6 48 h (3-Actin, PARP, y-H2AX, Survivin). The uncropped
blots are presented in the supplement (Figures S2-522).

There is no significant change in HDAC 4 expression upon treatment with class Ila
HDACISs, suggesting there is no counter-regulation of HDAC 4 activity upon inhibition
by class Ila HDACIs. PARP cleavage can be observed in all cell lines, sometimes more
pronounced after 24 h sometimes more pronounced after 48 h, and to a much lesser extent
in K562 cells (Figure 8c,d). HL-60 cells show increased PARP cleavage upon combination
of YAK540 or TMP269 with BTZ compared to BTZ alone after 24 h (Figure 7a). After
48 h, PARP cleavage was observed under all conditions (Figure 7b). K562 cells show faint
PARP cleavage bands after BTZ and BTZ/class Ila HDACI treatment after 48 h (Figure 7d).
In MONO-MAC-6 cells after 48 h, PARP cleavage is clearly stronger after combination
treatment YAK540 plus BTZ compared to BTZ alone. Interestingly, TMP269 plus BTZ
demonstrates no stronger band than BTZ alone (Figure 7f). Phosphorylation of H2AX
(vy-H2AX) indicating DNA double strand breaks was only weakly detectable in HL-60 and
MONO-MAC-6 cells after 48 h in treatments containing BTZ (Figure 7b,{). In the K562 cells,
v-H2AX was not observed. Proapoptotic proteins BAD and APAF-1 are mostly weakly
expressed in all three cell lines with basically no difference between the various treatments.
Survivin expression was increased by BTZ in K562 cells (Figure 7c,d) and slightly increased
by class Ila HDACIs in HL-60 and MONO-MAC-6 (Figure 7a,b,f). Bcl-2 expression was only
observed in MONO-MAC-6 cells und similar under all treatment conditions (Figure 7ef).

Most prominent changes were observed in the expression of p21 after 24 h treatment
(Figure 7a,ce). BTZ induced a small increase in p21 expression which was markedly
enhanced by class Ila HDACISs. Interestingly, in HL-60 and K-562 cells, only YAK540 but
not TMP269 increased p21 expression compared to BTZ.
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2.6. Selectivity of Class 1la HDACI in Combination with BTZ for Leukemia vs. Non-cancer Cell

ICs values of YAK540, TMP269, and BTZ for the non-cancer cell line HEK293 are displayed
in Table 4. Corresponding concentration-response-curves are presented in Figure S1.

Table 4. Cytotoxic activity (MTT, 72 h) of BTZ, YAK540, TMP269. Data shown are normalized to
vehicle control and the mean of at least three independent experiments each carried out in triplicates.

Bortezomib YAK540 TMP269
Cell Line IC50 pIC50 + SEM IC50 pIC5() +SEM IC50 PIC50 + SEM
[nM] [uM] [uM]
HEK293 11.8 7.93 £ 0.014 > 100 32.8 4.49 4 0.025

Then, the combination of class Ila HDACIs and BTZ was tested at HEK293 and for
comparison at HL-60 cells. Results are displayed in Figure 9.
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Figure 9. Cytotoxicity of combination treatment for 72 h incubation of Class Ila HDACIs and BTZ.
Control is untreated cells and corresponds to 0% cytotoxicity. Data shown for HL-60 and HEK293
cells. Presented data is the mean + SD, n > 3. Statistical analysis was conducted by t-test with
significance level: ns (p > 0.05); * (p < 0.05); ** (p < 0.01); ** (p < 0.001); **** (p < 0.0001).

Equitoxic concentrations of TMP269 and YAK540 were used based on the ICs( values at
HEK?293 (Table 4). Since the IC50 of YAK540 is > 100 uM, the IC50 of YAK540 is at least 34-fold
higher than the IC50 of TMP269 which was estimated as 32.8 uM (Table 4). Thus, concentrations
used were: 2.5 and 5 uM for TMP269 and 10 and 20 uM for YAK540. The combination of class
ITa HDACTs with BTZ was significantly less toxic in the non-cancer cell line HEK293 than in
HL-60 for all concentrations tested. As an example, the cytotoxicity of 12 nM BTZ plus 10 uM
YAKS540 was 44.7% in HEK293 compared to 84.7% in HL-60. Thus, roughly a 2-fold selectivity
for leukemia versus HEK293 was observed for the combination treatment.

3. Discussion

Sufficient treatment of AML is still an unmet medical need. Combination trials of
BTZ with the standard therapy consisting of cytarabine, daunorubicin and etoposide
in newly diagnosed pediatric AML patients showed the greatest beneficial effect in a
patientsubgroup with reduced phosphorylation of heat shock factor 1 at serine32® (low
HSF1-pSer®?°) as well as low expression of RelA-pSer®3. A smaller beneficial effect was
demonstrated in subgroups with reduced expression of RelA-pSer®* only or reduced
expression of HSF1-pSer®?® only [28,29]. In a subsequent work, the findings regarding
HSF1-pSer®?® were confirmed using in vitro data [29]. No improvement in overall survival
and event-free survival was detected considering the entire cohort of the study indicating

62



Int. . Mol. Sci. 2022, 23, 13398

15 of 21

that innovative strategies are urgently needed for all leukemias, especially AML patients.
Novel strategies have included HDACI as combination partners of various cytostatic
agents, among them proteasome inhibitors such as BTZ [30]. Whereas so far mainly pan-
HDACT such as vorinostat have been used as combination partners, class Ila HDACIs have
less been investigated [30]. BTZ is approved for the treatment of multiple myeloma, its
use is however limited by severe side effects [5,8,9]. Therefore, strategies to increase the
efficacy of proteasome inhibitors and thus to reduce their required dose and consequently
their toxic side effects are highly desirable. Switching to ixazomib could reduce toxicity
through an improved safety profile, however ixazomib is significantly less potent than
BTZ, thus reducing the efficacy of the therapy [10-13]. Therefore, we dedicated our study
to the combination of HDACI with BTZ to investigate whether a synergistic effect would
allow a dose reduction of BTZ maintaining the efficacy against leukemias but reducing
toxic side effects. Since pan-HDACI and class I HDACI also have severe side effects, we
focused in this paper on class Ila HDACI known for their reduced toxicity compared to
pan-HDACI [20]. Previous studies have investigated carfilzomib and TMP269, one of the
first TFMO-based class Ila HDACI (Figure 1) [5,14,21]. TMP269 has however the problem
of limited water solubility [17,31]. We have thus developed YAK540, an improved TFMO-
based class Ila HDACI, accessible with a simple straightforward synthesis (Schemes 1 and 2)
and improved water solubility compared to TMP269. We then compared the anti-leukemia
activity of YAK540 in combination with BTZ in comparison to TMP269. Most interestingly,
YAKS540 has superior effects over TMP269 although inhibition data at recombinant HDAC
enzymes are comparable for these two compounds: 1C5y at HDAC4 is 114 nM for YAK540
and 157 nM for TMP269 (Table 1). Superior effects of YAK540 include an almost 200-fold
higher cellular HDAC activity compared to TMP269 and a high selectivity for class Ila
HDAC enzymes over class I/1Ib enzymes (108fold, Figure 2). Furthermore, YAK540 is
4-7.7 fold less cytotoxic at leukemia and non-cancer cells (Tables 2 and 4) but still increases
caspase activation and apoptosis (measured as subGl fraction) in a synergistic manner
at basically the same concentration as used for TMP269 (5 pM TMP269, 5.7 uM YAKS540;
Figures 4 and 5). YAK540 seems more efficacious than TMP269 as YAKS540 is synergistic
even at low BTZ concentrations (3.8 nM) at which TMP269 shows no over-additive effects
(Figures 4 and 5). The toxicity mechanism of caspase3/7-mediated apoptosis induction
is in accordance to literature data where co-incubation of carfilzomib and TMP269 was
studied [14].

Chou-Talalay analysis, the gold standard of synergy analysis, was performed in 4 leukemia
cell lines using MTT assay. YAK540 and TMP269 were highly synergistic as noticed by CI values
below 0.5 (Table 3) and graphical display as blue surface using the Bliss model in Figure 6.
Synergy was stronger in 2 of the 4 cell lines (HL-60, MONO-MAC-6; Figure 6a,b,e,f) for YAK540
than for TMP269. Strong synergy for YAK540 was already detected at 10 uM, a concentration
that still retains class Ila HDAC preference as seen in enzyme assays and cellular HDAC assays
(Table 1, Figure 2). Considering the clearly lower cellular toxicity of YAK540 compared to
TMP269 (Tables 2 and 4), YAK540 treatment could result in fewer side effects than would be
expected from the more toxic TMP269.

Toxicity of class Ila HDACI is rather low [20]. YAK540 showed ICsj values > 100 uM
(except MONO-MAC-6, where an ICs of 91.4 M was estimated) in leukemia and non-cancer
HEK?293 cells (Tables 2 and 4) and is thus clearly less toxic than TMP269. Still, TMP269 was
1.4-2.5 less toxic in HEK293 cells than in the leukemia cells (Tables 2 and 4), confirming
generally low toxicity of class Ila HDACIs. Further, the combination of class Ila HDACI with
BTZ was clearly less toxic in non-cancer HEK293 cells than in HL-60 as proven over a wide
concentration range (Figure 9) although ICsj values of BTZ were similar in leukemia and
HEK293 cells. YAKS540 is thus clearly advantageous due to lower toxicity than TMP269 and
selective toxicity in combination with BTZ for leukemia over non-cancer cells.

A further advantage of YAK540 is the induction of p21 in combination with BTZ com-
pared to the combination of TMP269 and BTZ (Figure 8, except MONO-MAC-6 cells). Our
results also supported an advantage for YAK540 over TMP269 due to stronger apoptosis
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and caspase activation (Figures 4 and 5) which may be based on the detected increased p21
induction upon YAK540/BTZ compared to TMP269/BTZ leading to cell cycle arrest and
subsequent apoptosis. Data on PARP cleavage (Figure 8) confirmed these results.

A similar effect on p21 expression has been described for the pan-HDAC inhibitor
vorinostat [32]. Expression of p21 was similar in our PCR and western blot data. For other
genes/proteins, such correlation between mRNA and protein data could not be confirmed.
Still, class Ila HDACI treatment leads to major PCR-detectable changes in expression of
pro- and antiapoptotic genes (Figures 7 and 8). Still, p21 seems to be the key regulator for
the synergistic effect of YAK540 and BTZ in caspase-mediated apoptosis.

In summary, we have introduced the improved class Ila HDACI YAK540 with advan-
tages over the first TFMO-based class Ila HDACI TMP269. Improved activity (synergy) of
YAKS540 and selective toxicity for leukemia versus non-cancer cells may allow to reduce the
therapeutic dose of BTZ in combination with YAK540 (class Ila HDACI) retaining or yet
improving therapeutic efficacy while reducing severe patient-associated toxicity of BTZ.
Clinical data have shown a cmax value of 580 nM for BTZ after intravenous administra-
tion [33]. Regarding ICsq values of BTZ estimated in this study (up to 21 nM, Table 2), a
dose-reduction of BTZ while maintaining therapeutic efficacy through combination with
low toxic YAKS540 (class Ila HDACI) is a hypothesis worth being tested in further stud-
ies, including animal and clinical studies, to improve multiple myeloma, leukemia and
especially AML treatment. Our study reveals synergism between class Ila HDACI (here
YAK540) and proteasome inhibitors (here BIZ). This has the potential to improve future
treatment of multiple myeloma and/or leukemias like AML using proteasome inhibitors in
combination with novel low toxic class Ila HDACI (e.g., YAK540) whereas today the use of
proteasome inhibitors often has to be stopped due to severe side effects. Future animal and
later clinical studies are needed to investigate the therapeutic benefit of class Ila HDACI in
combination with proteasome inhibitors, clinical synergy, and possible dose reduction of
proteasome inhibitors due to synergy to reduce severe side effects.

4. Materials and Methods
4.1. Materials

The culture medium RPMI 1640 and DMEM, Penicillin/streptomycin (pen/strep)
(10,000 U/mL; 10 mg/mL) and trypsin-EDTA (0.05% Trypsin, 0.02% EDTA in Phosphate
Buffer Saline) were related from PAN-Biotech (Aidenbach, Germany). Bortezomib and
TMP269 were ordered from AdooQ (AdooQ Bioscience, Irvine, California, USA). Both
compounds were dissolved in DMSO at 10 mM. Further dilutions were made with the
appropriate culture medium. A maximum concentration of 1% DMSO was used in all
experiments.

4.2. Cell Lines and Cell culture

The human promyeloblast leukemia cell line HL-60, the human lymphoblast leukemia
Cell line K562 and the monocytic leukemia Cell line MONO-MAC-6 and the human monocytic
leukemia Cell line THP-1 were kindly provided by Helmut Hanenberg, Department of
Otorhinolaryngology and Head /Neck Surgery, Heinrich Heine University, 40,225 Diisseldorf,
Germany. All leukemia cell lines were cultured with RPMI 1640 spiked with 120 IU/mL
penicillin and 120 pg/mL streptomycin and 10% heat inactivated fetal calf serum at 37 °C and
5% CO,. The non-cancer cell line HEK293 was acquired by DSMZ (Braunschweig, Germany).
The cells were cultured with DMEM mixed with 120 IU/mL penicillin and 120 pg/mL
streptomycin and 10% heat inactivated fetal calf serum at 37 °C and 5% CO,.

4.3. MTT Cell Viability Assay

Cell viability during treatment with BTZ and the class Ila inhibitors YAK540 and
TMP269, respectively, and concentration-response curves were determined by MTT assay
with minor modifications as previously described [34,35]. Briefly, cells were incubated
with the compounds for 72 h. The following cell numbers were plated: HL-60 25.000 c/w,
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K562 35.000 c/w, MONO-MAC-6 30.000 ¢/w, and THP-1 15.000 c¢/w. After 72 h, 25 uLL
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Serva, Heidelberg,
Germany) solution (5 mg/mL in phosphate buffer saline) was added. The formed formazan
was dissolved by pipetting up and down after addition of 150 uL isopropanol/concentrated
hydrochloric acid (50 mL/165 uL). Subsequently, the absorbance option was measured
at 595 nm and 690 nm on the microplate reader ThermoFisher Multiskan FC Microplate
Photometer (Thermo Scientific, Wesel, Germany).

4.4. Enzyme HDAC Inhibition Assay

The human recombinant enzymes were ordered from Reaction Biology Corp (Malvern,
PA, USA). To determine the inhibitory activity of the enzymes HDAC 2 (cat. no. KDA-21-277),
HDAC 4 (cat. nr. KDA-21-279), HDAC 6 (cat. no. KDA-21-213), and HDAC 8 (cat. no. KDA-21-
481), 20 ng each of HDAC 2 and 8, 17.5 ng of HDAC 6, and 2 ng of HDAC 4 were used per well.
After pipetting 10 pL of increasing concentrations of YAK540 and TMP269 to a 96-well plate
(Corning, Kaiserslautern, Germany), recombinant enzymes diluted in assay buffer (50 mM Tris-
HCI, pH 8.0, 137 mM KCl, 1 mM MgCl,, and 1 mg/mL BSA) were added. After five minutes
of incubation, the reaction was started with 10 pL of a 30 M solution of Boc-Lys(Ac)-AMC
(Bachem, Bubendorf, Switzerland) for HDAC 2 or 15 uM solution of Boc-Lys(Ac)-AMC for
HDAC 6 or a 10 uM solution of Boc-Lys-(Tfa)-AMC (Bachem, Bubendorf, Switzerland) for
HDAC 4 or a 6 uM solution of Boc-Lys-(Tfa)-AMC for HDAC 8. After 90 min, the reaction was
stopped by adding 100 uL of stop buffer (16 mg/mL trypsin and 4 uM vorinostat for HDAC 2,
2 uM CHDI00390576 for HDAC 4, 4 uM tubastatin A for HDAC 6 and 4 uM panobinostat for
HDAC 8 in 50 mM Tris-HCl, pH 8.0 and 100 mM NaCl). After an additional 15 min, fluorescence
intensity was measured at an excitation wavelength of 355 nm and an emission wavelength of
460 nm in the NOVOstar microplate reader (BMG LabTech, Offenburg, Germany).

4.5. Whole-Cell HDAC Inhibition Assay

The cellular HDAC assay is based on the publications by Heltweg and Jung [36],
Ciossek et al. [37] and Bonfils et al. [38] Minor modifications were still made as described
in [39]. In 96-well plates (Corning, Kaiserslautern, Germany), 25,000 ¢/w THP-1 were
seeded in 90 pL culture medium. After 24 h, increasing concentrations of YAK540 and
TMP269 were added and incubated for an additional 18 h. Then, the reaction was started by
adding 10 pL of 3 mM Boc-Lys(Ac)-AMC or 1 mM Boc-Lys(Tfa)-AMC (Bachem, Bubendorf,
Switzerland) to achieve a final concentration of 0.3 mM Boc-Lys(Ac)-AMC or 0.1 mM
Boc-Lys(Tfa)-AMC, respectively. After three hours of incubation under culture conditions,
100 uL/well stop buffer (25 mM Tris-HCI, pH 8.0, 127 mM KCl, 1 mM MgCl2, 1% NP40,
2 mg/mL trypsin, 10 uM panobinostat) was added. After another three hours under culture
conditions, fluorescence intensity was measured at an excitation wavelength of 320 nm
and an emission wavelength of 520 nm in the NOVOstar microplate reader (BMG LabTech,
Offenburg, Germany).

4.6. Measurement of Apoptotic Nuclei

THP-1 cells were seeded at a density of 10.000 c/w in 24-well plates (Sarstedt, Niirn-
brecht, Germany). Cells were treated with BTZ and/or HDACI for the indicated time.
Supernatant was removed after a centrifugation step and the cells were lysed in 500 uL
hypotonic lysis buffer (0.1% TritonX-100, 100 pg/mL propidium iodide) at 4 °C in the dark
overnight. Triton X-100 was obtained from AppliChem (Darmstadt, Germany). Propidium
iodide was delivered by Santa Cruz Biotechnology (Heidelberg, Germany). The percentage
of apoptotic nuclei with DNA content in sub-G1 was analyzed by flow cytometry using the
CyFlow instrument (Partec, Norderstedt, Germany).

4.7. Activation of Caspase 3/7

Compound-induced activation of caspase 3/7 was analyzed using the CellEvent
Caspase 3/7 green detection reagent (Thermo Scientific, Wesel, Germany) according to the
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manufacturer’s instructions. Briefly, THP-1 cells were seeded in 96-well-plates (Corning,
Kaiserslautern, Germany) at a density of 10.000 c/w. Cells were treated with BTZ and/or
HDACI for the indicated time. Then, a solution of CellEvent Caspase 3/7 green detection
reagent in cell culture medium supplemented with 5% heat inactivated FCS for a final assay
concentration of 10 uM was added. Cells were incubated for 30 min at 37 °C under cell
culture conditions before imaging by using the Thermo Fischer ArrayScan XTI high content
screening (HCS) system with a 10 x magnification (Thermo Scientific, Wesel, Germany).
Hoechst 33,342 was used for nuclei staining at a concentration of 10 mg/mL in water
(Sigma-Aldrich, Steinheim, Germany).

4.8. Immunoblotting

Protein extraction and Western blot analysis were performed as previously described
with minor modifications [34]. Cells were incubated for 24 h or 48 h with the concen-
trations listed. Cells were centrifuged after the incubation period and the medium was
aspirated. Cells were washed with phosphate buffer saline and centrifuged again. After
re-aspiration, RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 150 mM sodium chloride, 2 mM EDTA, spiked with protease and phosphatase
inhibitor (Pierce protease and phosphatase inhibitor mini tablets, Thermo Scientific, We-
sel, Germany)) was added and the pellet was lysed for 30 min at 4 °C. Then the protein
preparations were boiled at 95 °C with 2x Laemmli buffer containing 3-mercaptoethanol
for 3 min. Pierce BCA protein assay was used to determine the total protein content in
the protein preparations (Thermo Scientific, Rockford, IL, USA). Equal amounts of protein
(40 pg, except for mentioned variations) were separated by SDS-PAGE and transferred to a
polyvinylidene fluoride membrane (Merck Millipore, Darmstadt, Germany). PageRuler
Prestained Ladder, 10 to 180 kDa (Thermo Scientific, Wesel, Germany) was used as a size
comparison marker. Blots were incubated with the primary antibodies (supplemental
Table S2). The secondary antibodies conjugated to HRP used in the Western blot were
supplied by R&D Systems (Minneapolis, MN, USA). Proteins of interest were visualized
using Luminol reagent (Santa Cruz Biotechnology, Heidelberg, Germany) on Intas Imager
(Intas, Gottingen, Germany).

4.9. RT-PCR

Cells were incubated with the intentional concentrations of BTZ, TMP269, and YAK540
for 48 h. RNA was then isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany).
Subsequently, the RNA was transcribed into cDNA using the High-Capacity cDNA Re-
verse Transcription Kit (Thermo Scientific, Wesel, Germany). For RT-PCR, GoTaq qPCR
Master Mix (Promega, Fitchburg, WI, USA) and a CFX96 Real-Time System (BIO-RAD,
Hercules, CA, USA) were used. The relative changes in gene expression were normal-
ized to the control genes GUSB (beta-glucuronidase), TBP (TATA binding protein), and
HPRT1 (hypoxanthine-guanine phosphoribosyltransferase) by Vandesompele method [23].
Primers were designed using Primer-BLAST (NIH, Bethesda, Maryland, USA) and had an
efficiency between 80% and 115% (Table 5). Efficiency was determined using an isolated
template of HeLa cells.
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Table 5. Primer sequences for RT-PCR.

Gene Primer Forward Primer Reverse
APAF1 AGTGGAATAACTTCGTATGTAAGGA AAACAACTGGCCTCTGTGGT
BAD TTGTGGACTCCTTTAAGAAGG CACCAGGACTGGAAGACTCG
BAK TCATCGGGGACGACATCAAC CAAACAGGCTGGTGGCAATC
BCL2 GATAACGGAGGCTGGGATGC TCACTTGTGGCCCAGATAGG
Survivin TGAGAACGAGCCAGACTTGG TGTTCCTCTATGGGGTCGTCA
FOXO1 ATGTGTTGCCCAACCAAAGC AGTGTAACCTGCTCACTAACCC
FOXO3a AAGGATCACTGAGGAAGGG GTGTCAGTTTGAGGGTCTGC
GUSB ACCTCCAAGTATCCCAAGGGT GTCTTGCTCCACGCTGGT
HDAC4 TTGGATGTCACAGACTCCGC CCTTCTCGTGCCACAAGTCT
HPRT1 CCTGGCGTCGTGATTAGTGA CGAGCAAGACGTTCAGTCCT
MCL1 GTTAAACAAAGAGGCTGGGATGG AGCAGCACATTCCTGATGCC
PTEN ACTTGCAATCCTCAGTTTGTGG TCGTGTGGGTCCTGAATTGG
TBP GTGACCCAGCATCACTGTTTC GAGCATCTCCAGCACACTCT
p53 AGTCAGATCCTAGCGTCG TCAGGAAGTAGTTTCCATAGG
Bel-xL CAGTAAAGCAAGCGCTGAGG CCACAAAAGTATCCTGTTCAAAGC
Bim AGACAGAGCCACAAGCTTCC CAATACGCCGCAACTCTTGG
p21 TGCCGAAGTCAGTTCCTTGT GTTCTGACATGGCGCCTCC
XIAP TTGGAAGCCCAGTGAAGACC CAGATATTTGCACCCTGGATACC

5. Conclusions

We have developed the improved TEMO-based class Ila selective HDACI YAK540 and
tested this inhibitor in combination with BTZ for synergy in comparison to the first generation
TEMO class Ila HDACI TMP269 to investigate the basis for improved treatment of leukemia,
particularly AML. Advantages of YAK540 over TMP269 are simple, straight-forward synthesis;
improved solubility; 4-fold less toxic in non-cancer HEK293 cells; 200-fold stronger cellular
HDAC activity but yet similar HDAC enzyme activity and class Ila selectivity; more efficacious
in inducing caspase-mediated apoptosis; stronger synergy in 2 of 4 examined leukemia cell
lines; stronger induction of p21; similar cytotoxic selectivity for leukemia versus HEK293
cells in combination with BTZ. The strong synergy of YAK540 with BTZ may allow reducing
currently clinically used doses of BTZ limiting the use of proteasome inhibitors. Synergistic
combination treatment of a class Ila HDACI and a proteasome inhibitor would allow reducing
severe toxicity of proteasome inhibitors but retaining clinical anticancer efficacy. Based on
our promising results, we suggest further investigation of YAK540 in combination with
proteasome inhibitors in leukemia, particularly AML.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms232113398 /s1, Figure S1: Concentration-response-curves
HEK?293; The uncropped western blots are presented in the supplement (Figures S2-522); Figure 523:
Caspase 3/7 fluorescent imaging pictures Table S1: The solvent gradient table for analytic HPLC
analysis; Table S2: Listing of primary antibodies for the western blot
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The novel Class I1a Selective Histone Deacetylase
Inhibitor YAK540 is synergistic with Bortezomib in
Leukemia Cell Lines

Supplemental Information

Experimental data

General methods: All chemicals and solvents were purchased from commercial suppliers (Sigma
Aldrich, Alfa Aesar, Fluorochem, TCI, abcr and Acros Organics) and used without further purification.
All anhydrous reactions were carried out in flame-dried Schlenk-flasks and under argon atmosphere.
Dry solvents were used directly from Seal® bottles from Acros Organics. Analytic Thin Layer
Chromatography (TLC) was carried out with Macherey Nagel precoated silica gel plates (ALUGRAM®
Xtra SIL G/UVas). Detection was achieved with ultraviolet irradiation (254 nm) and/or staining with
potassium permanganate solution (9 g KMnOs, 60 g K2COs, 15 mL of a 5% aqueous NaOH-solution,
and 900 mL demineralised water). Flash column chromatography was performed with
CombiFlashRf200 (TeleDynelsco) with the solvent mixtures specified in the corresponding procedure.
Physical data: Proton ("H) and carbon (1¥C) NMR spectra were recorded on Bruker Avance III — 300,
Bruker Avance DRX — 500 or Bruker Avance III — 600. Spectra were referenced to the residual non-
deuterated solvent signal ("H-NMR: DMSO-ds (2.50 ppm), ¥*C-NMR: DMSO-ds (39.52 ppm); '"H-NMR:
CDClIs (7.26 ppm), 3C-NMR: CDCIs (77.16 ppm)). Chemical shifts are quoted in parts per million (ppm).
Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), quartet (q), or multiplet (m). Coupling
constants, /, are measured in Hz. Proton (*H) and carbon (**C) NMR spectra were recorded by the NMR-
Divisions of the Department of Chemistry (Heinrich Heine University Duesseldorf). Electrospray
Ionisation (ESI) mass spectra were carried out by the Mass spectrometry-Division of the Heinrich Heine
University Duesseldorf, using Bruker Daltonics UHR-QTOF maXis 4G (Bruker Daltonics). APCI-MS
was carried out using Advion expression CMS spectrometer. Melting points (mp.) were determined
using a Biichi M-565 melting point apparatus and are uncorrected. Analytical HPLC analysis were
carried out on a Knauer HPLC system comprising an Azura P 6.1L pump, an Optimas 800 autosampler,
a Fast Scanning Spectro-Photometer K-2600 and a Knauer Reversed Phase column (SN: FK36). UV
absorption was detected at 254 nm. The solvent gradient table is shown below (Table S1). The purity of
all final compounds was 95% or higher.

Table S1. The solvent gradient table for analytic HPLC analysis.

Time / min Water + 0.1% TFA ACN +0.1% TFA
Initial 90 10
0.50 90 10
20.0 0 100
30.0 0 100
31.0 90 10
40.0 90 10

Synthesis of 2-(2-(piperidin-1-yl)ethoxy)isoindoline-1,3-dione (2)

Following the procedure of Asfaha et al.,®! 1.00 eq of the respective halide derivative 1 and 1.20 eq N-
hydroxyphtalimide (NHPI) were dissolved in acetonitrile (4 mL/mmol). After the addition of 2.00 eq
triethylamine, the resulting solution was refluxed for 12 h. The solvent was evaporated under reduced
pressure and the residue was diluted with EtOAc, washed with saturated NaHCO:s solution (7x 50 mL),
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dried over Na:SOs and filtered. The crude product was purified by flash chromatography (n
hexane/EtOAc/0.1% NEts) to afford 2. Yellow solid, yield: 52%, mp: 91.1 °C. '"H NMR (300 MHz, DMSO-
d6) 0 =1.18 - 1.31 (m, 6H), 2.27 (d, ] = 4.6 Hz, 4H), 2.57 — 2.68 (m, 2H), 4.19 — 4.28 (m, 2H), 7.86 (s, 4H)
ppm. *C NMR (75 MHz, DMSO-dé6) o = 23.67, 25.23, 53.90, 57.03, 73.48, 123.01, 128.66, 134.56, 163.00
ppm.

HPLC analysis: Rt = 6.291 min, 92%. HRMS (ESI+) = calcd. for CisH2sN204 [M+H]* = 307.1652, found:
307.1653.

Synthesis of O-(2-(piperidin-1-yl)ethyl)hydroxylamine (3)

To a solution of the respective NHPI-derivative 2 (1.00 eq) in CH2Clz (20 mL/mmol), 2.00 eq hydrazine
monohydrate was added dropwise. The reaction mixture was stirred overnight at rt. The resulting
precipitate was filtered, and the organic layer was washed with saturated NaHCO:s solution (3x 10 mL).
After drying over Na:SOsand filtration, the solvent was removed in vacuo providing the hydroxylamine
3. The hydroxylamine 3 was then used directly for the next step without any further purification.

Synthesis of 4 -(N'-hydroxycarbamimidoyl)benzoic acid: Following the procedure of Lobera et al.,[!
1.00 eq 4-cyanobenzoic acid and 0.4 mol% 8-hydroxyquinoline were dissolved in EtOH (10 mL/mmol).
To this reaction mixture 2.00 eq hydroxylamine hydrochloride in water (2.0 mL/mmol) and 1.60 eq
potassium carbonate in water (1 mL/mmol) were added. The mixture was stirred at reflux for 6 h. The
solvent was then removed under reduced pressure. The residue was diluted with water and the
aqueous phase was acidified to pH = 3. The formed precipitate was then filtered, washed with water
and acetone to furnish the corresponding amidoxime. White solid, yield: 86%. All spectroscopic data
were in agreement with the literature. 1!l

Synthesis of 4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (4): A solution of corresponding
amidoxime (1.00 eq) in anhydrous toluene (1 mmol/mL) was cooled to 0 °C and 3.00 eq trifluoroacetic
anhydride was added dropwise. The reaction mixture was slowly allowed to warm to rt and then
refluxed further for 8 h. The solvent was removed in vacuo, and the crude solid was diluted with ethyl
acetate. The organic layer was washed with brine (3x25 mL), dried over Na2SO;, filtered and the solvent
was then removed under reduced pressure. The crude product was purified by recrystallisation (ethyl
acetate/ n-hexane) to yield the desired product 4. White solid, yield: 60%, mp: 251 °C. '"H NMR (300
MHz, DMSO-d6) d = 8.08 — 8.24 (m, 4H), 13.38 (s, 1H) ppm. *C NMR (75 MHz, DMSO) 6 = 115.65 (q),
127.56, 128.04, 130.20, 134.20, 165.47, 165.24 (q), 167.86 ppm. HPLC: tr = 12.483 min, AUC = 95.8%.

Synthesis of YAK 540

For the synthesis of YAK 540, 1.00 eq of the corresponding carboxylic acid 4 was dissolved in dry DMF
(0.1 mmol/mL) and 1.00 eq HATU and 2.00 eq DIPEA were added. After stirring for 15 min at rt, the
respective hydroxylamine 3 (1.00 eq) was then added and the resulting mixture was stirred for further
16h at rt. The solvent was removed in vacuo and the residue was diluted with EtOAc. The organic layer
was washed with saturated NaHCOs (3x 50 mL), brine (1x 50 mL), dried over Na2SOs and filtered. After
removing the solvent, the crude product was purified as stated. The crude product was purified by
flash chromatography (CH2Cl2/30% MeOH in CH2Clz/ 0.1% NEts) to furnish YAK 540. Yellowish solid.
yield: 54%, mp.: 131 °C.

'H NMR (300 MHz, DMSO-ds) 8 =1.41 (q, ] = 6.0 Hz, 2H), 1.55 (p, ] = 5.5 Hz, 4H), 2.57 (t, ] = 5.3 Hz, 4H),
2.71 (t, ] =5.5Hz, 2H), 4.06 (t, | = 5.5 Hz, 2H), 7.95 - 8.01 (m, 2H), 8.12 — 8.20 (m, 2H) ppm. 3C NMR (75
MHz, DMSO-de) d = 23.39, 24.95, 53.82, 56.02, 72.27,115.70 (d, ] =273.2 Hz), 126 .91, 127.47,128.18, 135.88,
163.10, 165.18 (d, ] =43.7 Hz), 167.86 ppm. HPLC analysis: Rt =10.321 min, 96.2%. HRMS (ESI+) = calcd.
for Ci7H20FsN4Os [M+H]* = 385.1482, found: 385.1482.
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Figure S1. (a)—(c) Concentration-response-curves of HEK293. The data shown are from an n > 8 from at least 3

independent experiments.

Western Blot:

Table S2. Listing of primary antibodies for the western blot

Protein of interest expected size (kDa) Primary antibody (company, Catalog nr.)
Survivin 16 R&D systems, AF886

APAF-1 130-140 R&D systems, MAB868

PARP 116 R&D systems, AF-600-NA

HDAC 4 140 R&D systems, AF6205

Beta Aktin 45 Cell Signaling Technologie, 13E5

BAD 22 R&D systems, AF819

p21 18 Cell Signaling Technology #2947
Phospho-Histone H2AX 15 R&D systems, AF2288

Bcl-2 25 R&D systems, AF810
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Uncropped western blots:
HL-60 General Order of samples (24 h, 48 h incubation):

1. control

2. 10 nM bortezomib

3. 10 uM YAK540

4. 10 nM bortezomib + 10 uM YAK540
5. 5 uM TMP269

6. 10 nM bortezomib +5 uM TMP269

8 min mit leiter tif

]

24-MAR-2022

Shutter Time: & min
Binning: 1x1
Scan Mode:  single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2022-03-24 12:15:59 Range: 1342 - 2556, Gamma: 1.000

Figure S2. Uncropped western blot, HL-60, blot shows [3-Aktin and p21, 24 h incubation.
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8min in.tif 31-AUG-2021

not used in the
publication

Shutter Time: & min
Binning: 1x1
Scan Mode: single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-08-31 16:36:15 Range: 1354 - 3300, Gamma: 1.000

Figure S3. Uncropped western blot HL-60 blot at top shwos PARP, 24 h incubation.
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single

not used in the

publication :

Shutter Time: 8 min

Binning: 1x1

Scan Mode: single

Scan Number: -

Scan Date:  2021-08-31 15:15:49

31-AUG-2021

g el — —

Palette: inverted Grayscale
Range: 1358 - 2269, Gamma: 1.000

Figure S4. Uncropped western blot, HL-60, right blot shows at top HDAC 4, 24 h incubation.
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& min.tif 16-NOV-2021

S s ans aED aun SES

T G S — — —

not used in the

Shutter Time: & min publication
Binning: 1x1
Scan Mode: single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-11-16 13:12:50 Range: 1342 - 2852, Gamma: 1.000

Figure S5. Uncropped western blot, HL-60, blot top left shows APAF-1 and Survivin, right blot illustrate Bad, 24
h incubation.
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8min in mit leiter tif 2-SEP-2021

Shutter Time: & min
Binning: 1x1
Scan Mode:  single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-09-02 14:31:08 Range: 1370 - 3310, Gamma: 1.000

Figure S6. Uncropped western blot, HL-60, blot at top shows [3-Actin and y-H2AX, the blot below illustrate PARP,
48 h incubation.
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8 min in mit leiter tif 1-SEP-2021

Shutter Time: 8 min

Binning: 1x1

Scan Mode:  single

Scan Number: -

Scan Date:  2021-09-01 15:40:25

Palette: inverted Grayscale
Range: 1342 - 2419, Gamma: 1.000

Figure S7. Uncropped western blot, HL-60, blot at top shows HDAC 4, blot below illustrate Bad, 48 h incubation.
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8min in

mit leiter tif 1-SEP-2021

not used in the
publication

Shutter Time: & min

Binning: 1x1

Scan Mode: single

Scan Number: - Palette: inverted Grayscale

Scan Date:  2021-09-01 14:33:24 Range: 1346 - 2960, Gamma: 1.000

Figure S8. Uncropped western blot, HL-60 lower blot shows APAF-1 and Survivin, 48 h incubation.

K562 General Order of samples (24 h, 48 h incubation):

AN

Control

25 nM bortezomib

10 pM YAKS540

10 uM YAKS540 + 10 nM bortezomib
5 uM TMP269

25 nM bortezomib + 5 uM TMP269
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& min.tif 15-MAR-2022

Sl P -

Shutter Time: & min
Binning: 1x1
Scan Mode:  single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2022-03-15 15:09:56 Range: 1353 - 2922, Gamma: 1.000

Figure S9. Uncropped western blot, K562, the blot shows p-Actin and p21, 24 h incubation.
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8min mit leiter.tif 5-0CT-2021

©—
I—
=]

Shutter Time: & min
Binning: 1x1
Scan Mode:  single
Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-10-05 13:04:07 Range: 1349 - 2270, Gamma: 1.000

Figure S10. Uncropped western blot, K562 blot on the top left shows APAF-1, the blot below illustrate HDAC 4
and Bcl-2, the blot on the right side displays PARP, 24 h incubation.
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8min mit leiter.tif 5-0CT-2021

S Aas SES GED S

(i
not usedir\the.
" publication
-
Shutter Time: & min
Binning: 1x1
Scan Mode: single
Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-10-05 14:16:21 Range: 1359 - 2614, Gamma: 1.000

Figure S11. Uncropped western blot, K562, left blot shows Bad, the blot on top right illustrate y-H2AX, 24 h
incubation.
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18-NOV-2021

8min.tif

not used in the
publication

not used in the
not used in the
publication

publication

Shutter Time: 8 min
Binning: 1x1

Scan Mode: single
Scan Number: - Palette: inverted Grayscale

Scan Date:  2021-11-18 14:08:22 Range: 1366 - 3044, Gamma: 1.000

Figure S12. Uncropped western blot, K562, blot top left shows Survivin, 24 h incubation.
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8min.tif 6-0CT-2021

= )
} —
—
[£5ncl
|
Shutter Time: & min
Binning: 1x1
Scan Mode:  single
Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-10-06 16:32:45 Range: 1350 - 3016, Gamma: 1.000

Figure S13. Uncropped western blot, K562, blot on the left side shows PARP, blot top right illustrate APAF-1 and
B-Actin and Survivin, the blot below displays HDAC 4 and Bcl-2, 48 h incubation.
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8min mit leiter.tif 6-0OCT-2021

not used in the
publication

= S G A

- = i St not used in the

publication

Shutter Time: 8 min

Binning: 1x1

Scan Mode: single

Scan Number: - Palette: inverted Grayscale

Scan Date:  2021-10-06 17:37:41 Range: 1340 - 2383, Gamma: 1.000

Figure S14. Uncropped western blot, K562, blot left side shows Bad, 48 h incubation.

MONO-MAC-6 General Order of samples (24 h, 48 h coincubation):

Control

10 nM bortezomib

10 uM Yak540

10 nM bortezomib + 10 uM YAKS540
5 uM TMP269

10 nM bortezomib + 5 uM TMP269

oSGl wWh =
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8 min mit leiter tif 22-MAR-2022

Shutter Time: & min
Binning: 1x1
Scan Mode:  single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2022-03-22 12:29:26 Range: 1346 - 2714, Gamma: 1.000

Figure S15. Uncropped western blot, MONO-MAC-6, blot shows (3-Actin and p21, 24 h incubation.
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8min in mit leiter tif 7-SEP-2021

not used in the *
. publication

Shutter Time: 8 min

Binning: 1x1

Scan Mode: single

Scan Number: - Palette: inverted Grayscale

Scan Date:  2021-09-07 17:09:05 Range: 1372 - 2758, Gamma: 1.000

Figure S16. Uncropped western blot, MONO-MAC-6, blot at top shows PARP, 24 h incubation.
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8min in mit leiter tif 7-SEP-2021

Shutter Time: & min
Binning: 1x1
Scan Mode:  single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-09-07 15:58:54 Range: 1367 - 2768, Gamma: 1.000

Figure S17. Uncropped western blot, MONO-MAC-6, blot at top shows Survivin, blot below illustrate HDAC 4
and Bcl-2, 24 h incubation.
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8min in mit leiter tif

Shutter Time: 8 min

Binning: 1x1

Scan Mode: single

Scan Number: -

Scan Date:  2021-09-08 13:12:21

not used in the
publication

Palette: inverted Grayscale
Range: 1362 - 2372, Gamma: 1.000

Figure S18. Uncropped western blot, MONO-MAC-6, lower blot shows Bad, 24 h incubation.
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8min.tif 17-NOV-2021

“any, S GEE> GEED SEEP T

not used in the

publication

not used in the
publication

Shutter Time: & min
Binning: 1x1
Scan Mode: single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-11-17 14:15:12 Range: 1352 - 3568, Gamma: 1.000

Figure S19. Uncropped western blot, MONO-MAC-6, blot top left shows APAF-1, 24 h icubation; blot top right
illustrate 3-Actin, 48 h incubation.
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8min in mit leiter tif 9-SEP-2021

— N e S

—
Shutter Time: & min
Binning: 1x1
Scan Mode:  single
Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-09-09 15:52:15 Range: 1358 - 3381, Gamma: 1.000

Figure S20. Uncropped western blot, MONO-MAC-6, blot at top shows PARP, blot below illustrate y-H2AX, 48 h
incubation.
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8 min mit leiter tif 8-SEP-2021

Shutter Time: & min
Binning: 1x1
Scan Mode:  single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-09-08 14:16:51 Range: 1359 - 2678, Gamma: 1.000

Figure S21. Uncropped western blot, MONO-MAC-6, blot at top shows APAF-1 and Survivin, blot below displays
HDAC 4 and Bcl-2, 48 h incubation.
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8min mit leiter.tif 9-SEP-2021

notused in the
publication

Shutter Time: & min
Binning: 1x1
Scan Mode: single

Scan Number: - Palette: inverted Grayscale
Scan Date:  2021-09-09 14:38:14 Range: 1366 - 2834, Gamma: 1.000

Figure S22. Uncropped western blot, MONO-MAC-6, blot below shows Bad, 48 h incubation.
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Caspase 3/7 fluorescent imaging pictures

vehicle 79 nM BTZ

vehicle

5.7 uM YAK540

5 uM TMP269

Figure S23. Representative fluorescent imaging pictures (Thermofisher Arrayscan XTI) are shown for vehicle
control, treatment with 7.9 nM BTZ, 5 uM TMP269, 5.7 pM YAKS540, respectively, and combination treatments of
BTZ with TMP269 or YAK540 in THP-1 cells. Nuclei were stained using Hoechst 33342 (blue), cells showing
caspase 3/7 activation are shown in green.
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3.2 Publication II

5-(Trifluoromethyl)-1,2,4-oxadiazole (TFMO)-based highly selective
class IIa HDAC inhibitors exhibit synergistic anticancer activity in
combination with bortezomib

Yodita Asfaha*!, Lukas M. Bollmann®!, Alexander ]J. Skerhut*!, Fabian Fischer?, Nadine
Horstick?, Dennis Roth?, Maria Wecker?, Christian Mammen¢, Sander H.]J. Smitsd,

Georg Fluegen®, Matthias U. Kassack*?, Thomas Kurz2

@ Institute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University
Diisseldorf, Universitatsstrafie 1, 40225, Diisseldorf, Germany

® Department of Surgery (A), Medical Faculty, University Hospital of the Heinrich
Heine University Diisseldorf, Moorenstr. 5, 40225, Diisseldorf, Germany

<Institute of Biochemistry I, Heinrich Heine University Diisseldorf, Universitétsstrafle
1, 40225, Diisseldorf, Germany

4 Center for Structural Studies, Heinrich Heine University Diisseldorf,
UniversitdtsstraSe 1, 40225, Diisseldorf, Germany

published in: European Journal of Medicinal Chemistry, 10. November 2023
DOI: 10.1016/j.ejmech.2023.115907.

The following content is derived from the aforementioned publication, entitled "5-
(Trifluoromethyl)-1,2,4-oxadiazole (TFMO)-based highly selective class Ila HDAC
inhibitors exhibit synergistic anticancer activity in combination with bortezomib." It is
important to note that word-by-word citations are not explicitly highlighted in this
section.

Authors Contribution

First authorship was shared by Y.A.,, LM.B.,, and A.J.S. Y.A.,, LM.B,, A.].S.,, N.-H,, F.F.,
D.R., M.W.,, and C.M. performed the experiments or synthesized the compounds. Y.A.
and L.M.B. were responsible for writing the original draft. Visualization of the data
was performed by L.M.B. M.U.K. and T K. revised and edited the manuscript and also
carried out the supervision. M.UK,, T.K., and G.F. provided resources. Funding
acquisition was conducted by M.UK,, TK,, S.S., and G.F.

Background

This subsequent study was conducted building upon the findings of the earlier
investigation of YAKS540 [210]. The investigation entailed the synthesis and
characterization of a series of 5-(trifluoromethyl)-1,2,4-oxadiazole (TFMO)-based
amides and alkoxyamides. Anticancer activity was evaluated using the THP-1 cell line.
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Further mechanistic studies were performed with the combination of the most
promising drug FFK24 and BTZ.

Results

The most active class Ila inhibitor FFK24 showed nanomolar inhibition of the class Ila
enzymes 4, 5, 7 (ICso HDAC4: 12 nM) and high selectivity (selectivity index >318 for
HDAC4) over non-class Ila HDACs (Figure 20a). The inhibitory effect of FFK24 on
cellular HDAC activity was observed to occur within the double-digit nanomolar

range.

ﬁN
—/ KNH N‘O
FFK24

HDACI: 4.02 uM
HDAC2: 6.13 uM
HDAC3:3.82 uM
HDAC4: 0.012 uM
HDACS5: 0.019 uM
HDAC6: 5.79 uM
HDAC7: 0.046 uM
HDACS: 4.26 uM

(@)

Synergy

Cell survival,

% of untreated control
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(©) (d)
Figure 20. The most meaningful results of the combination of FFK24 and BTZ in THP-1 cells. (a) Structure of FFK24
and it's HDAC enzyme inhibition activity. (b) Synergy levels calculated applying the Bliss model. (c) Effects of
FFK24 and BTZ on caspase-mediated apoptosis. (d) p21 expression analyzed by Western blot. Figures taken and
modified from [211].

Applying the Chou-Talalay-method and Bliss model, we found an increased
synergistic cytotoxic effect of FFK24 in combination with BTZ in THP1 cells (Figure
15b). Further, we observed an increased caspase-induced apoptosis (Figure 20c). As
demonstrated in Figure 20d, the combination of FFK24 and BTZ exhibited a stronger
p21 expression than the reference compound TMP269. In the in vivo chorioallantoic
membrane model, FFK24 significantly increased the growth inhibition of the head-
neck cancer cell line Cal27 with HDAC4 overexpression.
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Conclusion

The class Ila HDACi FFK24 outperforms the previously described class Ila HDACi
YAKS540 in terms of anti-cancer activity. The following observations were made:

e FFK24 is highly selective for class Ila HDACs (at least 142-fold)

e FFK24 shows a strong synergistic effect in combination with BTZ in the
leukemia cell line THP-1

e FFK24 outperforms the class Ila HDACi TMP269 and YAK540 by displaying
increased caspase-mediated apoptosis and enhanced p21 expression in
combination with BTZ in THP-1 compared to TMP269 and YAK540

Thus, FFK24 may represent a novel better option compared to pan-, class I HDACi or
YAK540 in anticancer combination treatments in leukemia. Further studies are
warranted to prove the superior anticancer effects of FFK24 in combination with BTZ.
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ARTICLE INFO ABSTRACT

Keywords:
Selective class Ila HDAC inhibitors
Proteasome inhibitors

Clinically used pan and class I HDACi cause severe side effects, whereas class Ila HDACi are less cytotoxic. Here,
we present the synthesis and anticancer effects of a series of 5-(trifluoromethyl)-1,2,4-oxadiazole (TFMO)-based
amides and alkoxyamides derived from the previously reported class Ila HDACi YAK540. The most active class
IIa inhibitor 1a showed nanomolar inhibition of the class Ila enzymes 4, 5, 7 (ICso HDAC4: 12 nM) and high
selectivity (selectivity index >318 for HDAC4) over non-class Ila HDACs. Instead of a hydroxamic acid group, 1a
has a trifluoromethyloxadiazolyl (TFMO) moiety as a non-chelating Zinc-binding group (ZBG). Applying the
Chou-Talalay-method we found an increased synergistic cytotoxic effect of 1a in combination with bortezomib in
THP1 cells. 1a in combination with bortezomib enhanced expression of p21 leading to increased caspase-induced
apoptosis. Eventually, growth inhibition by 1a of the head-neck cancer cell line Cal27 was increased upon
HDAC4 overexpression in Cal27 in cell culture and using the in vivo chorioallantoic membrane model. The class
Ila HDACi 1a outperforms previously described HDAC class Ila inhibitor YAK540 regarding anticancer effects
and may constitute a novel option compared to pan and class I HDACI in anticancer combination treatments.

Bortezomib
Synergistic anti-cancer activity
Combination therapy

1. Introduction been conclusively identified [2-5]. Possibly the “catalytic domain”

serves as a recognition domain for binding to N-e-acetyl lysine residues

The histone deacetylase (HDAC) protein family acts as eraser of
epigenetic marks, thereby regulating transcription. The 11 human zinc-
dependent HDACs are subdivided into three classes based their sequence
homologies to yeast deacetylases: class I (HDACs 1-3, 8), class II (Ila:
HDAGC:s 4, 5, 7, 9; IIb: HDACs 6, 10), and class IV (HDAC 11) [1-3].

An important difference compared to class I HDACs and HDACS is
the weak deacetylation activity of class Ila HDACs due to the replace-
ment of the catalytically essential tyrosine residue by a histidine residue
in the active site of class ITa HDACs. In contrast to class I HDAC enzymes,
class Ila HDACs are significantly larger (120-135 kDa) enzymes.
Furthermore, no natural substrate of the class Ila HDAC enzymes has
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E-mail address: thomas.kurz@hhu.de (T. Kurz).
1 These authors contributed equally to this work (YA; LMB; AJS).
2 These authors share corresponding authorship (MUK, TK).

https://doi.org/10.1016/j.ejmech.2023.115907

of proteins to regulate protein-protein interactions and protein
signaling. The class Ila enzymes shuttle between the nucleus and the
cytoplasm. In the nucleus, they are associated in multi enzyme com-
plexes with other transcription factors and class I HDACs [4]. Within
these complexes they use the deacetylase activity of other HDAC en-
zymes to modulate epigenetic effects [6]. To date, several potent and
selective class IIa HDAC inhibitors (HDACis) have been described [4,
7-11].First, the CHDI foundation described benzhydryl- and
cyclopropane-based hydroxamic acids as HDAC4 inhibitors occupying
the lower selectivity pocket of class Ila HDACs with their phenyl-linker
moieties leading to ICsg values for HDAC 4 inhibition as low as 10 nM
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Fig. 1. A: Chemical structure of TMP 269 and pharmacophore model for class Ila HDAC inhibitors (HDACis). B: Chemical structures of selective class Ila HDACis. C:
Chemical structures of the para-substituted TFMO-inhibitors described in this publication. LP = lower pocket targeting group, CU = connecting unit, ZBG = zinc-

binding group.

[10,11]. These inhibitors still comprise the in certain cases disadvan-
tageous hydroxamic acid group. In 2013, Lobera et al. described the
5-(trifluoromethyl)-1,2,4-oxadiazole (TFMO)-group as a novel selec-
tivity directing zinc-binding group (ZBG) for the development of selec-
tive class Ila HDACi (Fig. 1) [7,12].

A crystallographic analysis demonstrated that the TFMO group
serves as a non-chelating ZBG via interactions of one fluorine atom and
the 1,2,4-oxadiazole oxygen with the zinc ion in the catalytic center of
HDAC7 [7]. Compound TMP269 in this series, showed an ICsy for
HDAC4 of 157 nM (Fig. 1.) and had a rather poor solubility. Further
optimizations by other groups led to compound 12 (ICso for HDAC 4: 10
nM; [9]) and to NT160 (ICso HDAC 4: 0.08 nM; [8]) with improved
pharmacokinetics and solubility due to the tertiary amine structures.
Several TFMO-based inhibitors were evaluated for diagnosis and treat-
ment in Huntington’s disease and have not been tested as anticancer
agents. However, there is still scope for further exploitation of TFMO
derivatives as class Ila HDACis, particularly for the development as
anticancer agents in combination therapies.

In many cases cancer development, progression and chemoresistance
are associated with epigenetic dysregulation, particularly with an
imbalance of histone acetyl transferases and histone deacetylases.

Ongoing clinical studies are investigating the chemosensitizing effects of
HDACI in combination with different types of anti-cancer drugs [13].
Currently approved HDACis are the broad (pan)-HDACi vorinostat,
belinostat, panobinostat, and romidepsin for the treatment of hemato-
logical malignancies. Tucidinostat (chidamide, class I HDACI) is only
approved in China for the treatment of hematological malignancies and
breast cancer [5,14-19]. All approved HDACi cause significant adverse
effects such as diarrhea, nausea, anorexia, cardiac toxicity and throm-
bocytopenia [20].

In contrast to pan and class I HDACI, class Ila HDACi are less cyto-
toxic and may therefore be advantageous, particularly in combination
with highly cytotoxic anti-cancer drugs. A promising novel approach is
the combination of class Ila HDACis with proteasome inhibitors (PIs)
[21]. Class IIa HDACi enhanced cell death in multiple myeloma and
induced cell cycle arrest in pancreatic cancer in combination with PIs
[22,23]. Further, we recently demonstrated synergism between the
novel TFMO-based class Ila HDACi YAK540 and bortezomib (BTZ) in
leukemia cell lines [21]. This is of particular interest since a synergism of
highly toxic BTZ and low-toxic class Ila HDACi may allow to reduce the
dose of BTZ and thus reduce its severe side effects such as neuropathy
and hematotoxicity [24,25]. In addition, we recently showed that the
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Scheme 1. Synthesis of para-substituted TFMO-based HDACi 1a-i.

combination of BTZ and CHDI0039, a selective and potent hydroxamate
class ITa HDACIi [26], is also synergistic in head and neck squamous cell
cancer (HNSCC), thus allowing an alternative treatment option if
HNSCC has acquired resistance against platinum compounds [27]. In
this work, we describe the development of a series of TFMO-based class
IIa HDACI and their chemosensitizing effects in combination with the PI
BTZ in the human monocytic leukemia cell line THP-1 and HNSCC cell
line Cal27.

2. Results and discussion
2.1. Synthesis of para-substituted TFMO-based HDACi

New para-substituted TFMO-based HDACis were designed using
structural features from TMP269 and YAK540 as shown in Fig. 1. The
para-substituted TFMO-derivatives 1a-b and 1f-i were firstly reported
by Hebach et al. and Wieja et al. [12,28]. The para-substituted
TFMO-based amides 1a-i were prepared via an optimized
HATU-mediated acylation of commercially available amines with car-
boxylic acid 5, in moderate to good yields (Scheme 1).

The TFMO-based alkoxyamides 2a-c were synthesized according to
Bollmann et al. [21], via a HATU-mediated coupling of carboxylic acid 5
with the O-substituted hydroxylamines 12a-c (see SI), in moderate to

3
100

good yields yields (Scheme 2).

2.2. Investigation of HDAC inhibitory effect

First, the ICs( values of the compounds at HDAC enzymes 2, 4, 6, and
8 were determined. HDAC2 and 8 are representatives of class I HDACs,
HDACH4 is a representative of class IIa, and HDACS6 is a representative of
class IIb (Table 1).

Compound 1a showed an ICsq of 12 nM against HDAC4 and the best
overall selectivity among the TFMO-based amides and reference com-
pound 2b (YAK540) for HDAC 4 over HDAC 2 (524-fold), HDAC 6 (495-
fold), or HDAC 8 (364-fold). 1b exhibited an ICsy value of 24.5 nM
against HDAC 4 together with high selectivity over HDAC 2 (332-fold)
and HDAC 8 (>4081-fold), but clearly less over HDAC 6 (83-fold). The
alkoxyamides 2a-c were slightly less active and inhibited HDAC 4 with
ICsp values from 114 to 141 nM. In the alkoxyamide series, 2a revealed
high selectivity for HDAC 4 (>847-fold) over HDAC 2, 6, and 8,
respectively. 2c had a similar selectivity for HDAC 4 over HDAC 2, 6,
and 8 as the reference compound 2b (YAK540).

Elongation of the alkyl chain (1¢) as well as methylation of the amide
moiety (1d) diminished the HDAC 4 enzyme inhibitory potency as well
as the selectivity indices towards the other investigated HDAC enzymes.
In general, the introduction of more bulky aromatic cap groups (1e, 1i)
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Table 1

HDAC enzyme inhibitory activity. Shown are ICs values in pM =+ SD and selectivity indices for HDAC4.

Cpd. HDAC2 ICsg HDAC2 selectivity Index HDAC4 ICs HDACS6 ICsq HDACS selectivity Index HDACS ICsg HDACS selectivity Index
amides la 6.13 +1.14 524 0.012 + 0.001 5.79 +1.20 495 4.26 + 0.39 364

1b 8.13 £+ 0.56 332 0.025 +£0.002  2.03 £ 0.19 83 >100 >4081

1c 25.4 +1.7 183 0.139 £0.010  5.61 +£0.91 40 6.72 + 0.62 48

1d 34.8 +£29 250 0.198 + 0.018 16.9 + 3.6 85 10.8 + 1.0 55

le >100 >139 0.690 + 0.067 >100 >139 >100 >139

1f >100 >158 0.750 + 0.026 19.6 + 2.7 31 71.8 £15.1 114

1g >100 >108 0.940 + 0.086 >100 >108 >100 >108

1h 80.0 £ 5.5 68 1.18 + 0.03 55.4 +14.1 47 16.1 £ 1.1 14

1i >100 18 5.54 + 2.78 >100 18 >100 18
Alkoxy-amides 2a >100 >847 0.118 + 0.011 >100 >847 >100 >847

2c 9.77 + 2.73 86 0.141 + 0.010 18.1 + 3.0 128 7.13 +1.81 51
ref. #2b 30.2 265 0.114 11.4 100 9.39 82

Data shown are at least two independent experiments, each carried out in duplicates. Selectivity indices were calculated from the ICsq values for the respective HDAC
enzyme and the ICso value for HDAC4. # Data of 2b (YAK540) is taken from literature [21].

and the exchange of the amide moiety through an alkoxyamide moiety
yielded less active but still preferential HDAC 4 inhibitors.

Subsequently, cellular HDAC inhibition was investigated to also
prove the cellular activity of the compounds. (Table 2). Two specific
substrates allow the differentiation between class Ila HDACs/HDAC 8
(substrate Boc-Lys-(TFa)-AMC) and class I HDACs/IIb HDACs (substrate
Boc-Lys-(Ac)-AMC) [29,30].

The series of amides showed nanomolar to micromolar inhibition of
cellular class IIa HDACs except for 1i, whereas inhibition of cellular class
I/1Ib HDACs was at least 10-fold lower for most compounds. Compound
1a showed the highest cellular class Ila HDAC inhibition (ICso: 0.077
pM) and a cellular selectivity for class Ila of 142-fold. Replacing the
diethylamino group in 1a by a phenyl group in 1b resulted in a similar
HDAC enzyme inhibition profile (Table 1) and a moderately (7-fold)
reduced cellular class Ila HDAC inhibition (ICs¢: 0.54 pM) with similar
selectivity for class Ila over class I/IIb HDACs as 1a (selectivity factor:
53). Alkoxyamide derivatives 2a and 2c revealed no cellular activity at
class I/1Ib HDACs (ICsp > 100 pM) and poor (2a) or sub micromolar
inhibition (2c) at class IITa HDACs/HDAC 8. 2c is comparable in cellular
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potency to the reference 2b (YAK540).

Fig. 2 summarizes the concentration-response-curves of la, 2b
(YAK540) and vorinostat of the cellular HDAC assays for class Ila
HDACs/HDAC 8 (grey lines) and class I/class IIb HDACs (blue curves).

These concentration-response-curves visualize that la and 2b
(YAK540) have a higher cellular activity for class Ila HDACs/HDAC 8
than for class I HDAC enzymes. The broad (pan) HDACi vorinostat,
which presents a significantly lower cellular activity than 1a and 2b
(YAK540) for class Ila HDACs/HDACS, serves as a comparison.

Based on selectivity for HDAC 4, potency and cellular activity,
compounds 1a, 1b, 2a, and 2c were selected for more comprehensive
HDAC enzyme profiling. The results of the HDAC enzyme assays are
presented in Table 3.

The ICs( values obtained for the inhibition of the HDAC isoenzymes 5
and 7 by the most active HDACis (1a, 1b, 2a-c) confirmed the excellent
potency and selectivity towards Ila enzymes. (Tables 1 and 3). Structural
requirements for the highly effective inhibition of class Ila HDACs are a
TFMO ZBG, an amide CU in the para position of the phenyl linker, and a
basic tertiary amine moiety in the cap group. An alkoxyamide CU leads
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Table 2
Cellular HDAC inhibitory effect.
Cpd. Inhibition of class I/1Ib Inhibition of class Ila HDACs
HDACs and HDAC 8
% Inhibitionby  ICsg % Inhibitionby  ICsg
100 pM [pM] £+ 100 pM [pM] +
SD SD
amides la 93 10.9 + 100 0.077 £
1.4 0.005
1b 78 29.1 + 117 0.540 +
4.7 0.025
1c 73 13.7 £ 102 1.17 +
1.6 0.14
1d 65 14.0 + 98 1.27 +
4.9 0.17
le 64 ND 97 14.5 +
2.3
1f 31 >100 118 6.39 +
1.23
1g 25 >100 103 5.51 +
0.99
1h 23 >100 103 5.51 £
0.98
1i 0 >100 18 >100
Alkoxy- 2a 0 >100 76 38.1 £
amides 14.3
2c 41 >100 100 0.429 +
0.059
ref. #2b 70 64.2 + 101 0.590 +
8.0 0.066

Data shown are normalized to vehicle control and the mean of at least two in-
dependent experiments each carried out in duplicates. # The values of 2b
(YAK540) were taken from literature [21]. ND: not determined.

to a slight reduction in class Ila HDAC inhibition. The optimal distance
between the amide and the amine nitrogen is two methylene groups.
Among all investigated compounds, the selective class Ila inhibitor 1a is
the most active HDAC 4, 5, 7 inhibitor of this study. 1a exhibits ICsq
values in the low nanomolar range along with exquisite selectivity over
almost all other HDACs and the most pronounced cellular activity.

The catalytic domain of HDAC 4 was recombinantly expressed and
purified. This HDAC version lacks the GST-tag present within the
commercially obtained HDAC 4 protein. The ICs of the frontrunner 1a
was 0.017 pM (HDAC 4 enzyme from our groups, Fig. 3) which is almost
identical to the results with commercial HDAC 4 enzyme (0.012 pM,
Table 1), thus assuming that the GST tag does not interfere with the
catalytic core of HDAC 4.

2.3. Investigation of cytoxic effect and synergism with bortezomib on
THP-1 cell line

Cytotoxicity was tested at the human acute monocytic leukemia cell
line THP-1. The results are presented in Table 4.

Most compounds exhibited very low cytotoxicity (~100 pM or >
100 pM, Table 4). Compared to pan and class I inhibitors, the selective
class Ila inhibitor 1a revealed relatively low cytotoxicity against THP-1
cells (ICsg) consistent with the cytotoxicity of TMP269.

Notably, the cytotoxicity of 2b (YAK540) is lower than the cyto-
toxicity of 1a and TMP269. 1a is an about 10-fold more potent inhibitor
of HDAC 4, 5-fold more potent at HDAC 5 and equal at HDAC 7 (Table 3)
compared to TMP269 but has similar cytotoxic effects (Table 4).

Next, 1a was investigated in combination with BTZ. BTZ displayed a
strong cytotoxic effect (ICso of 6.28 nM) at THP-1 cells (Fig. S1). Syn-
ergism of 1a in combination with BTZ was studied by Chou-Talalay
analysis [32]. THP-1 cells were co-incubated with BTZ and 1a or 2b
(YAK540) and combination index values were calculated (Table 5). A
graphical illustration of the synergy of 1a or 2b (YAK540) with BTZ
based on the Bliss model is presented in Fig. 4.
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1a had a strong synergistic effect in combination with BTZ as can be
seen by CI values even lower than 0.5. The synergistic effect observed
with 1a occurs already at lower concentrations of BTZ than with 2b
(YAK540). Overall, the CI values for the combination of 1a and BTZ are
lower than those of 2b (YAK540) with BTZ. The stronger synergistic
effect of 1a with BTZ compared to 2b (YAK540) with BTZ is also directly
evident in Fig. 4 and supports previous results.

2.4. Investigation of apoptosis induction and caspase activation

Next, we studied whether the synergistic cytotoxic effect of 1a and
BTZ was mediated by caspase-induced apoptosis. THP-1 cells were
treated with HDACis (1a, 2b (YAK540), TMP269) and BTZ for 48 h and
then analyzed for subG1 fraction by flow cytometry. The results of the
subG1 analysis are shown in Fig. 5.

HDACI alone induce little subG1 nuclei in contrast to BTZ alone
(Fig. 5). HDACi in combination with BTZ however induced significantly
increased subG1 compared to BTZ alone. 1a had the highest increase of
subGl1 fraction in combination with BTZ and a significant increase of
subG1 fraction in comparison with the combination of 2b (YAK540)/
TMP269 and BTZ. Fig. 6 illustrates the synergistic effect. Black bars
represent the sum of the single treatments, i.e. HDACi alone plus BTZ
alone. White bars show the effects of the combination treatments, i.e.
effect of HDACi plus BTZ.

All HDACI in combination with BTZ have a significant synergistic
effect on the induction of subG1 nuclei. Notably, the synergistic effect of
la plus BTZ is much larger than for TMP269 or 2b (YAK540). In
conclusion, the synergistic cytotoxicity of the combination of the PI BTZ
and class ITa HDACi induces caspase-mediated apoptosis.

Then, we investigated compound-mediated caspase activation
(Fig. 7).

Single treatments with HDACi showed no or very little caspase
activation in contrast to BTZ alone. Upon combination of BTZ with 1a,
2b (YAKS540), or TMP269, caspase 3/7 activation increased significantly
compared to BTZ alone (Fig. 7).

BTZ in combination with 1a, 2b (YAK540), or TMP269, respectively,
displays significant synergistic caspase activation as shown in Fig. 8.
Black bars represent the sum of the single treatments, i.e. effect of
HDACI alone plus effect of BTZ alone. White bars display the effects of
the combination treatments, i.e. effect of HDACi plus BTZ. All combi-
nation treatments show significantly more caspase activation than the
sum of the single treatments (Fig. 8).

It should be noted that 1a has the greatest synergistic effect of the
HDACI investigated, indicating that 1a is superior to 2b (YAK540) and
TMP269 in activating caspase 3/7 at similar concentrations in combi-
nation with BTZ. In summary, 1a is the most potent compound of our
series of class Ila HDACI that in combination with BTZ leads to syner-
gistically enhanced caspase 3/7-mediated apoptosis in THP-1 cells.

2.5. Investigation of 1a in Cal27 cells with high HDAC4 expression in
vitro and in vivo

A genetically engineered Cal27 clone with increased HDAC 4
expression, named Cal27_HDAC4, was found to be more susceptible to
the class Ila HDACi CHDIO039 than the corresponding vector control
Cal27_VC [13]. Here, we wanted to test if the same holds true for our
TFMO-based frontrunner 1a. Fig. 9 shows the cytotoxic effect of 1a, 2b
(YAK540) and BTZ, respectively, at Cal27_ HDAC4 (blue graph) and
Cal27_VC (black graph). ICso-values and statistical comparison are given
in Table 6.

BTZ, although mainly used for the treatment of haematological tu-
mors, has a high potency in the single digit nanomolar range in Cal27
cells (Table 6) and is slightly (1.6-fold) but significantly more potent in
Cal27_HDAC4 than in Cal27_VC. The ICsq values for 2b (YAK540) are
around 70 pM in both cell lines. Probably due to the low cytotoxic effect
of 2b (YAK540), there are no differences observable between
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Fig. 2. Cellular histone deacetylase (HDAC) activity assay of (a) 1a, (b) 2b (YAK540) and (c) vorinostat. Cells were treated with increasing concentrations for 24 h.
Data shown are normalized to vehicle control and the mean of at least two independent experiments each carried out in at least duplicates. # Data were taken

from Ref. [21].

Table 3
HDAC enzyme inhibitory activity profile of frontrunner compounds.
ICso [#M]
Class I HDACs Class ITa HDACs Class IIb HDAC Class IV HDAC
Cpd. 1 2 3 8 4 5 7 6 11
la 4.02 6.13 3.82 4.26 0.012 0.019 0.046 5.79 66.0
1b 14.6 8.13 6.86 >100 0.025 0.154 0.096 2.03 >100
2a >100 >100 >100 >100 0.118 1.09 1.97 >100 >100
#2b 20.7 30.2 15.0 9.39 0.114 0.268 0.284 11.4 >100
2c 2.21 9.77 2.36 7.13 0.141 0.151 0.263 18.1 >100
TMP269 >100 >100# >100 4.2# 0.157# 0.097 0.043 8.2# >100
#vorino-stat 0.111 0.146 0.01 11.9 42.2 ND ND 0.102 ND

Data presented are the mean of at least two experiments performed in duplicates. SD is <15 % of the mean. # Some data of 2b (YAK540) and TMP269 is taken from

Refs. [21,30]; vorinostat data is taken from Ref. [31], ND is not determined.

Cal27_ HDAC4 and Cal27_VC. 1a is clearly more potent than 2b
(YAK540) and displays 2.6-fold higher potency in Cal27 HDAC4
compared to Cal27_VC (Table 6). Next, synergism studies of 1a with BTZ
in Cal27_HDAC4 and Cal27_VC according to Chou-Talalay were per-
formed [32]. Combination indices (CI) were calculated and are dis-
played in Table 7.

Results demonstrate a synergistic effect for 1a in combination with
BTZ in Cal27_HDAC4 but not in Cal27_VC cells in the used concentration
range. High HDAC 4 expression thus seems necessary to obtain a syn-
ergistic effect of 1a with BTZ. This was not the case with CHDIO039
[35]. The reason for the discrepancy of 1a and CHDIO039 could be the
differences in their behaviour to inhibit cell growth in Cal27_HDAC4 and
Cal27_VC cells. Whereas CHDIO039 was almost equipotent in VC and

HDAC 4 clones of Cal27 (9.69 uM versus 12.8 uM; [35]), 1a was 2.6-fold
more potent in HDAC 4 versus VC clones (Table 6). To assess the in vivo
potency and to confirm increased potency of 1a in cells with increased
HDAC4 expression, 1a was investigated in Cal27_VC and Cal27_HDAC4
cells in the chorio-allantoic membrane assay (CAM-assay) (Fig. 10).

In this in-vivo model, where the Cal27_HDAC4 cells were added to the
extraembryonic membrane of the developing chicken embryo, prolif-
eration from the VC and HDAC 4 clones was comparable. Treatment
with 5 pM 1a reduced proliferation in both clones but to a larger extent
and significantly only in the HDAC 4 clone. CAM data thus confirm that
1a is more effective in reducing proliferation in cells with increased
HDAC 4 expression. These data are in agreement with data from Schrenk
et al. found with CHDIO039 [35].
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Fig. 3. Concentration-response-curves of 1a at recombinant HDAC4 enzyme.
Data shown one representative experiment with n > 2.

Table 4
Cytotoxic effect of the compounds.
Compound Relative cytotoxicity at 100 pM  ICso [pM] +
compound SD

amides la 80 9.24 + 0.841
1b 34 >100
lc 47 ~100
1d 31 >100
le 49 ~100
1f 33 >100
1g 49 ~100
1h 39 >100
1i 63 47.3 +£7.57

Alkoxy- 2a 47 ~100

amides 2c 47 ~100

references 2b 45 ~100
#TMP269 100 13.0 £ 1.04
vorinostat 97 0.18 +0.013
panobinostat 96 0.001 +

0.00002

Data shown are the mean of pooled data from at least two experiments on THP-1
cells, each carried out in at least duplicates. If the cytotoxic effect was >50 %,
ICsq values where obtained. # Data taken from Ref. [21].

2.6. Effects of 1a on the expression of p21

Eventually, we investigated if caspase-mediated apoptosis and
cytotoxicity by 1a and BTZ occurred in parallel with increased expres-
sion of p21, the master protein inducing cell cycle arrest often down-
regulated in chemoresistant cancers. QPCR and western blot were
performed to test for expression of p21 in THP-1 cells after treatment
with 1a or TMP269 in the absence or presence of BTZ. The results are
presented in Figs. 11 and 12.

The highest increase in p21 expression is found for the combination
of 1a with BTZ (14-fold), followed by the combination of TMP269 plus
BTZ and the single treatment with 1a (both 7-fold). Single treatments

Table 5
Synergism studies on THP-1 cell line.

European Journal of Medicinal Chemistry 263 (2024) 115907

with BTZ or TMP269 increased p21 expression to a lower extent: BTZ
2.5-fold, TMP269 4.3-fold. This suggests that the combination of class
Ila HDACi and BTZ increases p21 gene expression to a higher extent than
the class ITa HDACi alone. Further, 1a is more potent in raising p21 gene
expression than TMP269. The Western blot analysis confirmed the QPCR
results (Fig. 12).

Strongest expression of p21 occurred for the combination of 1a and
BTZ. The combination of TMP269 and BTZ gave a p21 expression similar
to treatment with 1a only, and TMP269 alone showed only a slight in-
crease in p21 expression. The stronger induction of p21 expression by 1a
plus BTZ compared to TMP269 plus BTZ may explain the strong syner-
gistic effect of 1a plus BTZ observed in caspase-mediated apoptosis
(Figs. 7 and 8) and in Chou-Talalay analyses (Table 5 in comparison to
literature [21]). In summary, we could demonstrate that the consecutive
chain of p21 expression, caspase activation, apoptosis induction and
eventually increased cell death (cytotoxicity) is increased at all stages by
the combination of BTZ and the class Ila HDACi 1a compared to single
treatments or the sum of single treatments accounting for synergism
between BTZ and 1a.

3. Conclusion

We have synthesized and biologically characterized a series of new
non-hydroxamate, TFMO-based selective class Ila HDACi. Compared to
pan and class I inhibitors, the selective class Ila inhibitor 1a exhibited
low cytotoxicity against THP-1 cells (ICso: 9.24 pM). Compound la
exhibits high class Ila inhibitory potency (ICso HDAC 4: 12 nM), sig-
nificant cellular HDAC inhibition (ICso: 77 nM for class Ila HDACs), high
selectivity for class Ila HDACs (e.g. selectivity factor >318 for HDAC 4
over class I HDACs), strong synergy in combination with the PI BTZ
(Chou-Talalay analysis) in the acute myeloid leukemia cell line THP-1,
and exceeds the potency and synergy of the recently published com-
pound 2b (YAK540) [21]. In addition, particularly in combination with
BTZ, 1a increases expression of p21 and leads in a synergistic manner to
caspase-mediated apoptosis. Notably, 1a also inhibits proliferation of
the solid cancer cell line Cal27_HDAC4 with increased HDAC 4 expres-
sion in the CAM model and is synergistic with BTZ in Cal27_HDAC4
cells. The potent and selective class Ila HDACi 1a may thus extend the
therapeutic potential of PIs to solid cancers as novel combination
therapy.

4. Materials and methods
4.1. Materials

The culture medium RPMI 1640 and DMEM, Penicillin/streptomycin
(pen/strep) (10,000 U/mL; 10 mg/mL) and trypsin-EDTA (0.05%
Trypsin, 0.02% EDTA in Phosphate Buffer Saline) were delivered by
PAN-Biotech (Aidenbach, Germany). TMP269 and bortezomib were
ordered from AdooQ (AdooQ Bioscience, Irvine, California, USA). All
compounds were dissolved in DMSO at 10 mM. Further dilutions were
made with the appropriate culture medium. A maximum concentration
of 1% DMSO was used in all experiments.

1a [pM] 2b (YAK540) # [uM]
2.5 5 15 20 25 30 35
BTZ [nM] 4 0.291 0.349 BTZ [nM] 5 1.42 1.74 1.35 1.47 1.34
6 0.498 0.456 10 0.62 0.81 0.67 0.73 0.73
8 0.441 0.431 15 0.79 1.11 0.61 0.73 0.59
10 0.377 0.371

72 h MTT-assay co-incubation of 1a or 2b (YAK540) and bortezomib (BTZ) in THP-1. Data presented are combination indices (CI) calculated by CompuSyn 1.0 based
on Chou-Talalay method [32]. CI > 1.1 indicates antagonsim, 0.9 < CI < 1.1 indicates an additive effect and CI < 0.9 indicates synergism. Values of 1a were calculated
from n > 8. Data were obtained from 72h co-incubated MTT assay. # CI - values of 2b (YAK540) were taken from literature [21].
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class ITa HDACIs (a) 1a and (b) 2b (YAK540) for 72 h in THP-1 cell line. Data shown are from at least two independent experiments each carried out at least in

duplicates. # Data taken from Ref. [21].
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Fig. 5. Apoptosis induction by combination treatment of 1a, 2b (YAK540) or TMP269 and BTZ. THP-1 cells were co-incubated for the 48 h. The fraction of apoptotic
cells was analyzed by measuring the subG1-nuclei and the cell count by flow cytometry analysis. The presented data are the mean + SD calculated as the ratio of the
highest BTZ concentration of each treatment and n > 2 with at least three replicates. Statistical analysis was performed using t-test. Level of significance: * (p < 0,05);

** (p < 0,01); *** (p < 0,001). # Some data were taken from Ref. [21].

4.2. Cell lines and cell culture

The human monocytic leukemia Cell line THP-1 was kindly provided
by Helmut Hanenberg, Department of Otorhinolaryngology and Head/
Neck Surgery, Heinrich Heine University, 40225 Diisseldorf, Germany.
The cell line Cal27 was delivered by German Collection of Microor-
ganisms and Cell Cultures (DSMZ, Braunschweig, Germany). The cor-
responding cisplatin-resistant (CisR) cell line Cal27 cisR was generated
as previously described [37]. THP-1 cells were cultured with RPMI 1640
and the Cal27 cells were cultured with DMEM, both culture medias
spiked with 120 IU/mL penicillin and 120 pg/mL streptomycin and 10%
heat inactivated fetal calf serum at 37 °C and 5% CO».

4.3. MTT cell viability assay

Cell viability during the compound screening, the treatment with the
BTZ and the class Ila HDACis in the synergism studies and

8
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concentration-response-curves were determined by MTT-assay with
minor modifications as previously described [38,39]. Briefly, cells were
incubated with the compounds for 72 h. After 72 h, 25 pL MTT (3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Serva, Hei-
delberg, Germany) solution (5 mg/mL in phosphate buffer saline) was
added. After formazan formation in THP-1 cells, 150 pL iso-
propanol/concentrated hydrochloric acid (50 mL/165 pL) were added
per well and formazan was dissolved by pipetting up and down. Sub-
sequently, absorbance was measured at 595 nm and 690 nm with a
ThermoFisher Multiskan FC Microplate Photometer (Thermo Scientific,
Wesel, Germany). After formazan formation in Cal27 cells, medium was
removed and formazan was dissolved by adding 75 pL. DMSO per well
and absorbance was measured at 540 nm and 690 nm (ThermoFisher
Multiskan FC Microplate Photometer, Thermo Scientific, Wesel, Ger-
many). Cytotoxic effects were calculated as follows: absorption of
samples treated with 100 pM compound were divided by the absorption
of untreated cells. The resulting ratio was subtracted from 1 and shown



Y. Asfaha et al.

2,754
2.50
2.25
2.00-
1.75
1.50
1.25-
1.00-
0.75-
0.50
0.25

subG1-nuclei
[ratio of 7.9 nM BTZ gated nucelei]

5.7 uM 2b (YAK540) #

5 puM TMP269 #

European Journal of Medicinal Chemistry 263 (2024) 115907

k%%

5uM 1a

+ 7.9 nM BTZ

Fig. 6. Apoptosis induction by combination treatment of 1a or TMP269 or 2b (YAK540) plus BTZ. THP-1 cells were co-incubated for 48 h. The fraction of apoptotic
cells was analyzed by measuring the subG1-nuclei and the cell count by flow cytometry analysis. The presented data are the mean =+ SD calculated as the ratio of the
highest BTZ concentration of each treatment. The sum of the single treatment effects is shown as black bars. The measured combination effects are shown as white
bars. Statistical analysis was performed using t-test. Level of significance: * (p < 0,05); *** (p < 0,001); # Data were taken from Ref. [21].
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Fig. 7. Caspase3/7-activiation by single and combination treatment of 1a, 2b (YAK540) or TMP269 and BTZ. THP-1 cells were co-incubated for 48 h. The presented
data are the mean + SD calculated as the ratio of the highest BTZ concentration (7.9 nM) of each treatment and n > 2 each with at least 3 replicates. Statistical
analysis was performed using t-test. Level of significance: * (p < 0,05); ** (p < 0,01); # Data taken from Ref. [21].

as percent cell viability.

4.4. Enzyme HDAC inhibition assay

The human recombinant enzymes were ordered from Reaction
Biology Corp (Malvern, PA, USA). To determine the inhibitory activity
of the enzymes HDAC 2 (cat. no. KDA-21-277), HDAC 4 (cat. nr. KDA-
21-279), HDAC 6 (cat. no. KDA-21-213), and HDAC 8 (cat. no. KDA-
21-481), 20 ng each of HDAC 2 and 8, 17.5 ng of HDAC 6, and 2 ng of
HDAC 4 were used per well. After pipetting 10 pL of increasing con-
centrations of the compounds to a 96-well plate (Corning, Kaiserslau-
tern, Germany), recombinant enzymes diluted in assay buffer (50 mM

Tris-HCI, pH 8.0, 137 mM KCl, 1 mM MgCl,, and 1 mg/mL BSA) were
added. After 5 min of incubation, the reaction was started with 10 pL of a
30 uM solution of Boc-Lys(Ac)-AMC (Bachem, Bubendorf, Switzerland)
for HDAC 2 or 15 pM solution of Boc-Lys(Ac)-AMC for HDAC 6 or a 10
MM solution of Boc-Lys-(Tfa)-AMC (Bachem, Bubendorf, Switzerland)
for HDAC 4 or a 6 pM solution of Boc-Lys-(Tfa)-AMC for HDAC 8. After
90 min, the reaction was stopped by adding 100 pL of stop buffer (16
mg/mL trypsin and 4 pM vorinostat for HDAC 2, 2 pM CHDI00390576
for HDAC 4, 4 pM tubastatin A for HDAC 6 and 4 pM panobinostat for
HDAC 8 in 50 mM Tris-HCI, pH 8.0 and 100 mM NacCl). After an addi-
tional 15 min, fluorescence intensity was measured at an excitation
wavelength of 355 nm and an emission wavelength of 460 nm in the
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caspase3/7-activiation

+7.9nM BTZ

Fig. 8. Synergistic effects in caspase3/7-activation of combination treatment of
1a, 2b (YAK540), or TMP269 and BTZ. The sum of single treatments (HDACi
alone plus BTZ alone) are shown in black bars. White bars represent the effect of
the combination treatment (HDACI plus BTZ). Data are the mean + SD calcu-
lated as the ratio of the highest BTZ concentration (7.9 nM) of each treatment
and n > 2 with at least 3 replicates. Statistical analysis was performed using t-
test. Level of significance: ns (p > 0.05); ** (p < 0,01); *** (p < 0,001); # Data
taken from Ref. [21].

NOVOstar microplate reader (BMG LabTech, Offenburg, Germany).

4.5. Whole-cell HDAC inhibition assay

The cellular HDAC assay is based on the publications by Heltweg and
Jung [40], Ciossek et al. [41] and Bonfils et al. [42]. Minor modifica-
tions were still made as described in Ref. [43]. In 96-well plates
(Corning, Kaiserslautern, Germany), 25,000 c/w THP-1 were seeded in
90 pL culture medium. After 24 h, increasing concentrations of test
compounds and buffer (for untreated control) were added and incubated
for an additional 18 h. Then, the reaction was started by adding 10 pL of
3 mM Boc-Lys(Ac)-AMC or 1 mM Boc-Lys(Tfa)-AMC (Bachem, Buben-
dorf, Switzerland) to achieve a final concentration of 0.3 mM Boc-Lys
(Ac)-AMC or 0.1 mM Boc-Lys(Tfa)-AMC, respectively. After 3 h of in-
cubation under culture conditions, 100 pL/well stop buffer (25 mM
Tris-HCl, pH 8.0, 127 mM KCl, 1 mM MgCI2, 1% NP40, 2 mg/mL
trypsin, 10 pM panobinostat or 1 pM vorinostat) was added. After
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another 3 h under culture conditions, fluorescence intensity was
measured at an excitation wavelength of 320 nm and an emission
wavelength of 520 nm in the NOVOstar microplate reader (BMG Lab-
Tech, Offenburg, Germany).

4.6. Enzyme HDAC inhibition assay with recombinant HDAC 4 enzym

The catalytical domain of HDAC 4 (amino acids 648-1057) was
expressed in E. coli (DE3) Rosetta cells with the plasmid pET21-HDAC4-
TEV-8xHis in LB media supplemented with 100 pg/mL ampicillin. Cul-
tures were inoculated to an ODggg of 0.05 and cultivated at 37 °C and
180 rpm. Protein expression was induced with 20 pM ZnCl; and 0.5 mM
IPTG after cultures reached an ODgg of 0.8-1. Subsequently, the tem-
perature was lowered to 22 °C and cells were harvested after overnight
cultivation at 5,000x g for 15 min at 4 °C. Next, cells were resuspended
in Buffer A (200 mM NacCl, 50 mM Tris pH 8, 1 mM DTT) supplemented
with EDTA free protease inhibitor tablets (Roche) and lysed by cell
disruption at 1.5 kbar (Constant Systems). Membranes were removed by
ultracentrifugation at 150,000xg for 1 h at 4 °C. Afterwards, the su-
pernatant was used for IMAC (HiTrap IMAC HP 1 mL column, Cytiva).
Binding was performed with Buffer A containing 5 mM imidazole, while
the column was washed with 20 column volumes Buffer A containing
100 mM imidazole. Lastly the catalytical domain of HDAC 4 was eluted
with Buffer A containing 300 mM imidazole, prior to centrifugation at
100.000xg for 15 min at 4 °C. Next, the centrifuged sample was sub-
jected to size-exclusion-chromatography (Superdex 200 increase 10/
300 GL, Cytiva) preequilibrated with Buffer A. The fractions containing
the catalytical domain of HDAC 4 were pooled and used for deacetylase
assays. In contrast to the described assay, the protein amount was
increased to 200 ng and 10 pL of a 10 pM Boc-Lys-(tfa)-AMC solution
were used. Additionally, the buffer contained 137 mM NaCl instead of
KCl and the stopping reaction was performed without the specific in-
hibitor CHDIO0390576.

Table 6
Cytotoxic activity of 1a, 2b (YAK540) and BTZ.

la 2b (YAK540) BTZ

ICs0 + SD [pM] ICs0 £ SD [pM] ICs0 £ SD [nM]
Cal27_HDAC4 8.63 & 0.803 69.8 + 4.78 4.73 + 0.540
Cal27_vC 22.5 +1.03 77.7 + 3.58 7.60 + 0.349
SF 2.61 (***¥) 1.11 (ns) 1.61 (***)

Data shown are the mean of n > 2. Shift-factors (SF) were calculated by dividing
the ICsq values of Cal27_VC by the ICso values of Cal27_HDAC4 for each com-
pound. Statistical analysis was performed using t-test. Level of significance: ns
(p > 0,05); *** (p < 0,001); **** (p < 0,0001).
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Fig. 9. Concentration-response-curves determined by 72 h MTT of 1a, 2b (YAK540) and BTZ in Cal27_HDAC4 (blue curves) and Cal27_VC (black curves). Data

shown are the mean of n > 2.
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Table 7
Synergism studies on Cal27_HDAC4 and Cal27_VC.
la [pM]
Cal27_HDAC4 Cal27_VC
1 2.5 5 7.5 1 2.5 5 7.5
BTZ [nM] 4 1,02 1,62 1,26 0,72 1,60 1,64 1,21 1,05
6 0,29 0,35 0,29 0,31 1,38 1,30 1,13 1,00
8 0,18 0,19 0,20 0,21 1,46 1,62 1,42 1,22
10 0,18 0,20 0,20 0,22 1,44 1,34 1,20 1,09

Data presented are combination indices (CI) calculated by Compusyn 1.0 based on Chou-Talalay method. CI < 0.9 indicates synergism. Concentrations were chosen to
achieve a fraction affected between 0.1 and 0.9 in the Chou-Talalay-analysis. Data shown are the mean of n > 2. SD is less than 0.15. Data were obtained from 72 h co-
incubations and MTT assay. Red labeled values have a CI > 0.9. Green labeled values have a CI < 0.9.
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Fig. 10. Chorio-allantoic membrane assay of 1a in Cal27_VC and Cal27_HDAC4
cells. Data shown are mean tumour weight in mg with n > 5. Statistical analysis

was performed using t-test. Level of significance: ns (p > 0,05); * (p < 0.05).
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4.7. Measurement of apoptotic nuclei

THP-1 cells were seeded at a density of 10.000 c/w in 24-well plates
(Sarstedt, Niirnbrecht, Germany). Cells were treated with BTZ and/or
HDACI for the indicated time. Supernatant was removed after a centri-
fugation step and the cells were lysed in 500 pl hypotonic lysis buffer
(0.1% TritonX-100, 100 pg/mL propidium iodide) at 4 °C in the dark
overnight. Triton X-100 was obtained from AppliChem (Darmstadt,
Germany). Propidium iodide was delivered by Santa Cruz Biotechnology
(Heidelberg, Germany). The percentage of apoptotic nuclei with DNA
content in sub-G1 was analyzed by flow cytometry using the CyFlow
instrument (Partec, Norderstedt, Germany).

7.9 nM BTZ - + - + - +
5uM 1a - - + + - -
5 uM TMP269 - - - - + +

B-Actin [45 kDa]

p21 [21kDa] |

Fig. 12. Western Blot analysis of p21 in THP-1 cells after treatment with 5 pM
la or 5 pM TMP269 alone or in combination with 7.9 nM BTZ for 24 h. Data
presented is a representative blot out of two. The uncropped blot is presented in
the supplement (Fig. S2).

24h

Fig. 11. Changes in p21 gene expression by combination treatment of 1a or TMP269 plus BTZ in THP-1 cells. Data were obtained by RT-PCR and analyzed according
to Vandesompele [36]. Values are normalized to untreated control gene expression of HPRT1 (hypoxanthine-guanine phosphoribosyltransferase), TBP (TATA binding
protein), and GUSB (beta-glucuronidase) and scaled to control. N = 1 with duplicates.
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4.8. Activation of caspase 3/7

Compound-induced activation of caspase3/7 was analyzed using the
CellEvent Caspase-3/7 green detection reagent (Thermo Scientific,
Wesel, Germany) according to the manufacturer’s instructions. Briefly,
THP-1 cells were seeded in 96-well-plates (Corning, Kaiserslautern,
Germany) at a density of 10.000 c¢/w. Cells were treated with BTZ and/
or HDAC: for the indicated time. Then, a solution of CellEvent Caspase
3/7 green detection reagent in cell culture medium supplemented with
5% heat inactivated FCS for a final assay concentration of 10 pM was
added. Cells were incubated for 30 min at 37 °C under cell culture
conditions before imaging by using the Thermo Fisher ArrayScan XTI
high content screening (HCS) system with a 10x magnification (Thermo
Scientific, Wesel, Germany). Hoechst 33342 was used for nuclei staining
at a concentration of 10 mg/mL in water (Sigma-Aldrich, Steinheim,
Germany).

4.9. Chicken chorioallantoic membrane (CAM) model

CAM xenografts were performed as previously described [44]. For
the CAM xenografts, specific-pathogen-free chicken eggs supplied by
VALO BioMedia GmbH, Osterholz-Scharmbeck, Germany, were used.
Briefly, cell lines Cal27_VC and Cal27_HDAC4 were washed with PBS
following trypsinization. Cells where then resuspended in PBS, counted
and placed on ice until used. One million cells of either Cal27_VC or
Cal27_HDAC4 were seeded on E10 CAMs and tumors were grown for 7
days. At days 2 and 4, 1a was injected below the CAM.

4.10. Immunoblotting

Protein extraction and western blot analysis were performed as
previously described with minor modifications [39]. Cells were incu-
bated for 24 h with the compounds and concentrations listed. Cells were
centrifuged after the incubation period and the medium was aspirated.
Cells were washed with phosphate buffer saline and centrifuged again.
After re-aspiration, RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 150 mM sodium chloride, 2
mM EDTA, spiked with protease and phosphatase inhibitor (Pierce
protease and phosphatase inhibitor mini tablets, Thermo Scientific,
Wesel, Germany)) was added and the pellet was lysed for 30 min at 4 °C.
Then the protein preparations were boiled at 95 °C with 2x Laemmli
buffer containing f-mercaptoethanol for 3 min. Pierce BCA protein assay
was used to determine the total protein content in the protein prepa-
rations (Thermo Scientific, Rockford, IL, USA). Equal amounts of protein
(40 pg) were separated by SDS-PAGE and transferred to a polyvinylidene
fluoride membrane (Merck Millipore, Darmstadt, Germany). PageRuler
Prestained Ladder, 10-180 kDa (Thermo Scientific, Wesel, Germany)
was used as a size comparison marker. Blots were incubated with the
primary antibodies (Supplemental Table S1). The secondary antibodies
conjugated to HRP used in the Western blot were supplied by R&D
Systems (Minneapolis, Minnesota, USA). Proteins of interest were
visualized using Luminol reagent (Santa Cruz Biotechnology, Heidel-
berg, Germany) on Intas Imager (Intas, Gottingen, Germany).

4.11. RT-PCR

Cells were incubated with the intentional concentrations of BTZ,
TMP269, and 1a for 24 h. RNA was then isolated using the RNeasy Mini
Kit (Qiagen, Hilden, Germany). Subsequently, the RNA was transcribed
into cDNA using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Scientific, Wesel, Germany). For RT-PCR, GoTaq qPCR Master
Mix (Promega, Fitchburg, Wisconsin, USA) and a CFX96 Real-Time
System (BIO-RAD, Hercules, California, USA) were used. The relative
changes in gene expression were normalized to the control genes GUSB
(beta-glucuronidase), TBP (TATA binding protein), and HPRT1 (hypo-
xanthine-guanine phosphoribosyltransferase) by Vandesompele method
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Table 8
Primer sequences for RT-PCR.

Gene Primer Forward Primer Reverse

GUSB ACCTCCAAGTATCCCAAGGGT GTCTTGCTCCACGCTGGT
HPRTI1 CCTGGCGTCGTGATTAGTGA CGAGCAAGACGTTCAGTCCT
TBP GTGACCCAGCATCACTGTTTC GAGCATCTCCAGCACACTCT
p21 TGCCGAAGTCAGTTCCTTGT GTTCTGACATGGCGCCTCC

[36]. Primers were designed using Primer-BLAST (NIH, Bethesda,
Maryland, USA) and had an efficiency between 80% and 115%
(Table 8). Efficiency was determined using an isolated template of HeLa
cells.

4.12. Data analysis

Concentration-response-curves were constructed using Prism 7
(GraphPad, San Diego, CA, USA) by fitting data to the four parameter
logistic equation. Statistical analysis was performed using t-test.
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Chemistry
Experimental part

Chemistry: All chemicals and solvents were purchased from commercial suppliers (Sigma Aldrich, Alfa Aesar, Fluorochem, TCI, abcr and Acros
Organics) and used without further purification. Dry solvents were used directly from Seal® bottles from Acros Organics. Analytic Thin Layer
Chromatography (TLC) was carried out with Macherey Nagel precoated silica gel plates (ALUGRAM® Xtra SIL G/UVas4). Detection was achieved with
ultraviolet irradiation (254 nm) and/or staining with potassium permanganate solution (9 g KMnO4, 60 g K2CO3, 15 mL of a 5% aqueous NaOH-
solution, and 900 mL demineralised water). Flash column chromatography was performed with CombiFlashRf200 (TeleDynelsco) with the solvent
mixtures specified in the corresponding procedure. Proton (1H) and carbon (13C) NMR spectra were recorded on Bruker Avance III — 300, Bruker
Avance DRX - 500 or Bruker Avance III - 600. Spectra were referenced to the residual non-deuterated solvent signal (\H NMR: DMSO-dg (2.50 ppm),
13¢ NMR: DMSO-ds (39.52 ppm); 'H NMR: CDCl; (7.26 ppm), 13C NMR: CDCl; (77.16 ppm)). Chemical shifts are quoted in parts per million (ppm).
Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), quartet (q), or multiplet (m). Coupling constants, J, are measured in Hz. Proton (@3))
and carbon (*3C) NMR spectra were recorded by the Center for Molecular and Structural Analytics of the Heinrich Heine University Duesseldorf (https:
//www.cemsa.hhu.de/). Electrospray Ionisation (ESI) mass spectra were carried out by the Center for Molecular and Structural Analytics of the
Heinrich Heine University Duesseldorf, using Bruker Daltonics UHR-QTOF maXis 4G (Bruker Daltonics). APCI-MS was carried out using Advion
expression” CMS spectrometer. Melting points (mp.) were determined using a Biichi M — 565 melting point apparatus and are uncorrected. Analytical
HPLC analysis were carried out on a Knauer HPLC system comprising an Azura P 6.1L pump, an Optimas 800 autosampler, a Fast Scanning Spectro-
Photometer K-2600 and a Knauer Reversed Phase column (SN: FK36). UV absorption was detected at 254 nm. The solvent gradient table is shown
below. The purity of all final compounds was 95% or higher.

Table 9
The solvent gradient table for analytic HPLC analysis.

Time/min Water +0.1% TFA ACN +0.1% TFA
Initial 90 10

0.50 90 10

20.0 0 100

30.0 0 100

31.0 90 10

40.0 90 10

General procedure 1: HATU-coupling: For the synthesis of the TFMO-based amides 1a-i, 1.00 eq of the respective carboxylic acid 5 was dissolved
in DMF (0.1 mmol/mL) and 1.00 eq HATU as well as 2.00 eq DIPEA were added. After stirring for 15 min at rt, the corresponding amine (1.00 eq) was
then added and the resulting mixture was stirred for further 16 h. The solvent was removed under reduced pressure and the residue was diluted with
EtOAc. The organic layer was washed with saturated NaHCOg3 (3x 50 mL), brine (1x 50 mL), dried over NaySO4 and filtered. After removing the
solvent, the crude product was purified as stated.

Synthesis of N-(2-(diethylamino)ethyl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benz-amide (1a): The crude product was purified by
flash chromatography with n-hexane/EtOAc as eluent. White solid, yield: 60%, mp.: 68.6 °C. 'H NMR (300 MHz, CDCl3) 8 =1.06 (t, J = 7.1 Hz, 7H),
2.60 (q, J = 7.1 Hz, 4H), 2.70 (t, J = 5.9 Hz, 2H), 3.41-3.60 (m, 2H), 7.10 (s, 1H), 7.87-7.97 (m, 2H), 8.15-8.24 (m, 2H) ppm. 13C NMR (75 MHz,
DMSO-dg) 6 =11.85, 37.68, 46.74,51.36, 110.22, 115.65 (q, J = 273.3 Hz), 121.08, 126.46, 127.29, 128.10, 138.05, 164.78, 165.02, 165.36, 167.93
ppm. HPLC: tg = 9.683 min, AUC = 99%. HRMS (ESI+) = calcd. for C1gHaFsN4O2 [M+H] ' = 357.1533, found: 357.1535. All spectroscopic data were
in agreement with All spectroscopic data were in agreement with published data [12].

Synthesis of N-benzyl-N-methyl-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1b): The crude product was purified by flash
chromatography with n-hexane/EtOAc as eluent. White solid, yield: 72%, mp.: 89.8 °C. 'H NMR (600 MHz, DMSO-dg) 5 = 2.89 (d, J = 53.4 Hz, 3H),
4.48 (s, 1H), 4.71 (s, 1H), 7.10-7.46 (m, 4H), 7.68 (dd, J = 26.6, 7.9 Hz, 2H), 8.12 (dd, J = 27.3, 7.9 Hz, 2H) ppm. 13C NMR (151 MHz, DMSO-dg) 6 =
34.73 (d, J = 608.2 Hz), 51.94 (d, J = 630.0 Hz), 115.74 (q, J = 273.0 Hz), 125.20, 126.76, 127.27, 127.46, 127.56, 127.60, 127.67, 127.99, 128.64,
128.77,136.63, 137.12, 140.09, 140.19, 165.16 (q, J = 43.9 Hz).167.97, 169.29, 169.87 ppm. HPLC: tg = 15.150 min, AUC = 99%. HRMS (ESI+) =
caled. for C1gH;5F3N302 [M+H]™ = 362.1111, found: 362.113. All spectroscopic data are in agreement with published data [28].

Synthesis of N-(4-(diethylamino)butyl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1¢) The crude product was purified by flash
chromatography withCH»Cl,/30% MeOH and CH,Cl»/0.1% NEt3 as eluent. White solid, yield: 83%, mp.: 84.4 °C. H NMR (300 MHz, DMSO-dg) & =
0.97 (t,J = 7.1 Hz, 6H), 1.39-1.62 (m, 4H), 2.40-2.60 (m, 6H), 3.29 (q, J = 6.5 Hz, 2H), 8.01-8.08 (m, 2H), 8.12-8.18 (m, 2H), 8.70 (t, J = 5.6 Hz, 1H)
ppm. 13¢ NMR (75 MHz, DMSO-dg) 6 = 11.22, 23.75, 26.92, 46.30, 51.79, 115.75 (d, J = 273.2 Hz), 126.55, 127.38, 128.28, 138.17, 164.91, 165.18,
165.49, 167.99 ppm. HPLC: tg = 9.919 min, AUC >99%. HRMS (ESI+) = calcd. for C1gHa4F3N40, [M+H]" = 385.1846, found: 385.1848.

Synthesis of N-(2-(diethylamino)ethyl)-N-methyl-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1d): The crude product was
purified by flash chromatography witCH,Cl,/30% MeOH and CH,Cly/0.1% NEt; as eluent. Yellowish oil, yield: 72%. 'H NMR (600 MHz, DMSO-dg) &
=0.79 (t,J =7.1 Hz, 3H), 0.99 (t, J = 7.1 Hz, 3H), 2.26 (q, J = 7.1 Hz, 2H), 2.46 (t, J = 6.8 Hz, 1H), 2.51-2.56 (m, 2H), 2.63 (t, J = 6.9 Hz, 1H), 2.96
(d, J=46.7 Hz, 3H), 3.24 (t,J = 6.8 Hz, 1H), 3.52 (t, J = 6.8 Hz, 1H), 7.61 (dd, J = 16.6, 7.8 Hz, 2H), 8.12 (t, J = 6.2 Hz, 2H) ppm. 13¢NMR (151 MHz,
DMSO-dg) 6 =11.59, 12.10, 32.81, 37.76, 40.06, 45.10, 46.59, 46.74, 49.05, 49.54, 50.16, 115.75 (q, J = 273.0 Hz), 124.81, 124.95, 127.32,127.52,
127.78, 127.93, 140.77, 165.15 (q, J = 43.6 Hz), 167.98, 168.81, 169.75 ppm. HPLC: tg = 9.719 min, AUC >99%. HRMS (ESI+) = calcd. for
C17H2oF3N405 [M+H] " = 371.1689, found: 371.1686.

Synthesis of N-(2-(1H-indol-3-yl)ethyl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1e): The crude product was purified by
flash chromatography with n-hexane/EtOAc as eluent and then further purified by recrystallisation (n-hexane/EtOAc). Beige solid, yield: 45%, mp.:
167.0 °C. 'H NMR (300 MHz, DMSO-dg) § = 2.98 (t, J = 7.5 Hz, 2H), 3.58 (td, J = 7.4, 5.6 Hz, 2H), 7.03 (dddd, J = 25.8, 8.0, 7.0, 1.2 Hz, 2H), 7.20 (d,
J=2.3Hz, 1H), 7.35 (dt, J = 8.1, 0.9 Hz, 1H), 7.59 (dd, J = 7.6, 1.1 Hz, 1H), 8.02-8.21 (m, 4H), 8.85 (t, J = 5.6 Hz, 1H), 10.82 (s, 1H) ppm. '3C NMR
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(151 MHz, DMSO-dg) & = 25.08, 40.35,111.38,111.80, 115.75 (q, J = 273.1 Hz), 118.23, 118.26, 120.92, 122.63, 126.58, 127.27, 127.39, 128.30,
136.25,138.14, 165.13, 165.18 (q, J = 43.7 Hz), 167.97 ppm. HPLC: tg = 14.467 min, AUC >99%. HRMS (ESI+) = calcd. for C;oH1gF3N4O, [M+H]"
= 391.1376, found: 391.1378.

Synthesis of N-methyl-N-phenyl-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1f): The crude product was purified by flash
chromatography with n-hexane/EtOAc as eluent. White solid, yield: 74%, mp.: 89.7 °C. 'H NMR (300 MHz, DMSO-dg) & = 3.40 (s, 3H), 7.06-7.35 (m,
5H), 7.47 (d, J = 8.0 Hz, 2H), 7.89 (d, J = 8.2 Hz, 2H) ppm. 13¢ NMR (151 MHz, DMSO-dg) 8 = 37.69, 115.70 (q, J = 273.2 Hz), 124.88, 126.77,
126.84,127.18,129.12,129.17, 140.26, 143.97, 165.04 (q, J = 43.6 Hz), 167.80, 168.48 ppm. HPLC: tg = 14.717 min, AUC = 98.7%. HRMS (ESI+)
= calced. for Cy7H;3F3N30, [M+H] T = 348.0954, found: 348.0954. All spectroscopic data were in agreement with published data [28].

Synthesis of N-(4-(dimethylamino)benzyl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1g): The crude product was purified by
flash chromatography withCH3Cl,/30% MeOH and CH»Cl2/0.1% NEt3 as eluent and further purified by recrystallisation (n-hexane/EtOAc). Green
solid, yield: 36%, mp.: 182.6 °C. 'H NMR (300 MHz, DMSO-dg) & = 2.85 (s, 6H), 4.38 (d, J = 5.9 Hz, 2H), 6.66-6.74 (m, 2H), 7.12-7.22 (m, 2H),
8.06-8.12 (m, 2H), 8.13-8.21 (m, 2H), 9.13 (t, J = 5.9 Hz, 1H) ppm. 3¢ NMR (75 MHz, DMSO-dg) 6 = 40.29, 42.36,112.38, 115.75 (d, J = 273.1 Hz),
126.63, 126.89, 127.40, 128.39, 138.03, 149.64, 164.90, 164.99, 165.48, 167.96 ppm. HPLC: tg = 10.103 min, AUC = 99%. HRMS (ESI+) = calcd. for
C10H18F3N40, [M+H] " = 391.1376, found: 391.1376. All spectroscopic data were in agreement with published data [28].

Synthesis of (4-methylpiperazin-1-yl)(4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)phenyl)-methanone (1h): The crude product was puri-
fied by flash chromatography with CH2Cly/30% MeOH and CH3Cl,/0.1% NEts as eluent. Yellow solid, yield: 75%, mp.: 77.8 °C. 'H NMR (300 MHz,
DMSO-dg) 6 = 2.23 (s, 3H), 2.37 (d, J = 19.8 Hz, 5H), 3.64 (s, 2H), 7.53-7.70 (m, 2H), 8.04-8.26 (m, 2H) ppm. 13¢ NMR (75 MHz, DMSO-dg) & =
45.29, 54.21, 115.64 (d, J = 273.1 Hz), 125.12, 127.48, 127.86, 139.66, 164.76, 165.34, 167.74, 167.93 ppm. HPLC: tg = 8.552 min, AUC = 96.8%.
HRMS (ESI+) = caled. for C15H16F3N4O2 [M+H] ™ = 341.1220, found: 341.1221. All spectroscopic data were in agreement with published data [12].

Synthesis of N-(quinolin-3-yl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1i): The crude product was purified by flash chro-
matography withCH,Cl,/0.1% NEts and 30% MeOH in CH3Cl»/0.1% NEt3 as eluent. White solid, yield: 29%, mp.: 240.1 °C. 'H NMR (600 MHz,
DMSO-dg) 6 = 7.60 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 7.68 (tq, J = 7.9, 1.1 Hz, 1H), 7.95-8.02 (m, 2H), 8.26 (t, J = 1.0 Hz, 4H), 8.84-8.89 (m, 1H), 9.16
(dd, J = 2.4, 1.2 Hz, 1H), 10.92 (s, 1H) ppm. 13¢ NMR (151 MHz, DMSO-dg) 6 = 115.76 (d, J = 273.1 Hz), 123.64, 127.10, 127.34, 127.57, 127.70,
127.86,128.19, 128.58, 128.96, 132.66, 137.68, 144.50, 145.43, 165.15, 165.27 (d, J = 43.9 Hz), 167.90 ppm. HPLC: tg = 11.786 min, AUC = 98.4%.
HRMS (ESI+) = calcd. for C1oH2F3N4O, [M+H]™ = 385.0907, found: 385.0904. All spectroscopic data were in agreement with published data [12].

General procedure 2: HATU-coupling

For the synthesis of the TFMO-based alkoxyamides 2a-c, 1.00 eq of the carboxylic acid 5 was dissolved in DMF (0.1 mmol/mL) and 1.00 eq HATU
and 2.00 eq DIPEA were added. After stirring for 15 min at rt, the respective hydroxylamine (1.00 eq) was then added and the resulting mixture was
stirred for further 16h. After removing the solvent, the residue was diluted with EtOAc. The organic layer was washed with saturated NaHCO3 (3x 50
mL), brine (1x 50 mL) dried over NaySO4 and filtered. After removing the solvent, the crude product was purified as stated.

Synthesis of N-((2-phenyloxazol-5-yl)methoxy)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (2a): The crude product was puri-
fied by flash chromatography with n-hexane and EtOAc as eluent. White solid. yield: 20%. mp.: 199 °C. 'H NMR (300 MHz, DMSO-dg) 6 = 4.95 (s, 2H),
7.55 (p, J = 3.8, 3.4 Hz, 3H), 7.87-8.08 (m, 4H), 8.15 (d, J = 8.2 Hz, 2H), 8.34 (s, 1H), 12.00 (s, 1H) ppm. 13C NMR (151 MHz, DMSO-dg) 6 = 68.26,
116.65 (q), 125.95, 126.77, 127.13, 127.52, 128.40, 129.21, 130.78, 135.78, 136.68, 139.46, 160.84, 163.45, 165.23 (d, J = 43.7 Hz), 167.88 ppm.
HPLC analysis: R; = 14.050 min, 99.6%. HRMS (ESI+) = calcd. for CooH14F3N404 [M+H]T = 431.0962, found: 431.0958.

Synthesis of N-(2-(piperidin-1-yl)ethoxy)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (2b): The crude product was purified by
flash chromatography with CH,Cl,/30% MeOH/0.1% NEts and CH,Cly/0.1% NEt; as eluent. Yellowish solid. yield: 54%. mp.: 131 °C. 'H NMR (300
MHz, DMSO-dg) & = 1.41 (q, J = 6.0 Hz, 2H), 1.55 (p, J = 5.5 Hz, 4H), 2.57 (t, J = 5.3 Hz, 4H), 2.71 (t, J = 5.5 Hz, 2H), 4.06 (t, J = 5.5 Hz, 2H),
7.95-8.01 (m, 2H), 8.12-8.20 (m, 2H) ppm. 13¢ NMR (75 MHz, DMSO-dg) & = 23.39, 24.95, 53.82, 56.02, 72.27, 115.70 (d, J = 273.2 Hz), 126.91,
127.47, 128.18, 135.88, 163.10, 165.18 (d, J = 43.7 Hz), 167.86 ppm. HPLC analysis: Ry = 10.321 min, 96.2%. HRMS (ESI+) = calcd. for
C17H20F3N403 [M+H] " = 385.1482, found: 385.1482. All spectroscopic data were in agreement with published data [21].

Synthesis of N-(2-morpholinoethoxy)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (2c): The crude product was purified by flash
chromatography with CH,Cly/30% MeOH/0.1% NEt3 and CH2Cl,/0.1% NEts as eluent. Yellowish solid. yield: 72%. mp.: 75 °C. H NMR (300 MHz,
DMSO-dg) & = 2.55 (t, J = 4.4 Hz, 4H), 2.69 (t, J = 5.3 Hz, 2H), 3.60 (t, J = 4.7 Hz, 4H), 4.06 (t, J = 5.4 Hz, 2H), 7.94-8.00 (m, 2H), 8.14-8.20 (m, 2H)
ppm. 13C NMR (126 MHz, DMSO-dg) 6 = 3.26, 55.99, 65.89, 72.67, 115.70 (q, J = 273.2 Hz), 127.02, 127.51, 128.17, 135.68, 162.90, 165.19 (q, J =
44.0 Hz), 167.88 ppm. HPLC analysis: R, = 15.637 min, 95.2%. HRMS (ESI+) = calcd. for C1¢H1gF3N404 [M+H]" = 387.1275, found: 387.1279.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ejmech.2023.115907.
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Supplementary figures and tables
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Figure S1. Concentration-response-curves of bortezomib (BTZ) determined by 72 h MTT-Assay on THP-1 cells. Data show

at least two independent experiments carried out in triplicates.
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Figure S2. Uncropped Western Blot of beta Actin and p21 after 24 h incubation in THP-1 cells. The bands are corresponding

to (from left to right): control; 7.9 nM bortezomib; 5 uM 1a; 7.9 nM bortezomib +5 pM 1a; 5 uM TMP269; 7.9 nM bortezomib
+5uM TMP269
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Overview of antibodies

Table S1. Listing of primary antibodies for the western blot

Protein of interest expected size (kDa) Primary antibody (company, Catalog nr.)
Beta Aktin 45 Cell Signaling Technology, 13E5
p21 21 Cell Signaling Technology #2947

Synthetic procedures

Chemistry: All chemicals and solvents were purchased from commercial suppliers (Sigma
Aldrich, Alfa Aesar, Fluorochem, TCI, abcr and Acros Organics) and used without further
purification. Dry solvents were used directly from Seal® bottles from Acros Organics.
Analytic Thin Layer Chromatography (TLC) was carried out with Macherey Nagel precoated
silica gel plates (ALUGRAM® Xtra SIL G/UV2s4). Detection was achieved with ultraviolet
irradiation (254 nm) and/or staining with potassium permanganate solution (9 g KMnOs,
60 g K2C0s3, 15 mL of a 5% aqueous NaOH-solution, and 900 mL demineralised water). Flash
column chromatography was performed with CombiFlashRf200 (TeleDynelsco) with the
solvent mixtures specified in the corresponding procedure. Proton (1H) and carbon (13C)
NMR spectra were recorded on Bruker Avance III - 300, Bruker Avance DRX - 500 or Bruker
Avance III - 600. Spectra were referenced to the residual non-deuterated solvent signal
(tH-NMR: DMSO-ds (2.50 ppm), 13C-NMR: DMSO0-ds (39.52 ppm); 1H-NMR: CDCl3 (7.26 ppm),
13C-NMR: CDCl3 (77.16 ppm)). Chemical shifts are quoted in parts per million (ppm). Signal
patterns are indicated as: singlet (s), doublet (d), triplet (t), quartet (q), or multiplet (m).
Coupling constants, J, are measured in Hz. Proton (1H) and carbon (13C) NMR spectra were
recorded by the Center for Molecular and Structural Analytics of the Heinrich Heine
University Duesseldorf (https://www.cemsa.hhu.de/). Electrospray Ionisation (ESI) mass
spectra were carried out by the Center for Molecular and Structural Analytics of the Heinrich
Heine University Duesseldorf, using Bruker Daltonics UHR-QTOF maXis 4G (Bruker
Daltonics). APCI-MS was carried out using Advion expression: CMS spectrometer. Melting
points (mp.) were determined using a Bilichi M-565 melting point apparatus and are
uncorrected. Analytical HPLC analysis were carried out on a Knauer HPLC system comprising

an Azura P 6.1L pump, an Optimas 800 autosampler, a Fast Scanning Spectro-Photometer K-

4
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2600 and a Knauer Reversed Phase column (SN: FK36). UV absorption was detected at
254 nm. The solvent gradient table is shown below. The purity of all final compounds was

95% or higher.

Table S2. The solvent gradient table for analytic HPLC analysis.

Time / min Water + 0.1% TFA ~ ACN + 0.1% TFA

Initial 90 10
0.50 90 10
20.0 0 100
30.0 0 100
31.0 90 10
40.0 90 10

0.4 mol% 8-hydroxyquinoline
2.00 eq.Ho,NOH*HCI
3.00 eq. TFAA

1.60 eq. K2CO3 OH  toluene

N EtOH N 0°C - reflux 8 h N F
reflux 6 h 7 F
. e NH, — > N F
o o)

OH
OH OH

Synthesis of 4-(N'-hydroxycarbamimidoyl)benzoic acid (4):

Following the procedure of Lobera et al.,(Lobera et al., 2013b) 1.00 eq of 4-cyanobenzoic acid
3 and 0.4 mol% 8-hydroxyquinoline were dissolved in EtOH (10 mL/mmol). To this reaction
mixture 2.00 eq hydroxylamine hydrochloride in water (2.0 mL/mmol) and 1.60eq
potassium carbonate in water (1 mL/mmol) were added. The reaction mixture was stirred
under reflux for 6 hours and then the solvent removed under reduced pressure. The
remaining residue was diluted with water and the aqueous phase was acidified to pH = 3. The

formed precipitate was then filtered, washed with water and acetone to provide the
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corresponding amidoxime 4. White solid, yield: 87%. All spectroscopic data were in

agreement with the published data. (Lobera et al., 2013b)

Synthesis of 4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5): A solution of
4-(N'-hydroxycarbamimidoyl)benzoic acid 4 (1.00 eq) in anhydrous toluene (1 mmol/mL)
was cooled to 0 °C and 3.00 eq trifluoroacetic anhydride was added dropwise. The reaction
mixture was slowly allowed to warm to rt and then refluxed further for 8 h. The solvent was
removed under reduced pressure, and the crude solid was diluted with ethyl acetate. The
organic layer was washed with brine (3x25 mL), dried over NazS0s4, filtered and the solvent
was then removed under reduced pressure. The crude product was purified by
recrystallisation from ethyl acetate/ n-hexane to yield 5. White solid, yield: 60%, mp: 251 °C.
1H NMR (300 MHz, DMS0-d6) & = 8.08 - 8.24 (m, 4H), 13.38 (s, 1H) ppm. 13C NMR (75 MHz,
DMS0) 6 =115.65 (q), 127.56,128.04, 130.20, 134.20, 165.47, 165.24 (q), 167.86 ppm. HPLC:
tr = 12.483 min, 95.8%.

toluene

Q o reflux 6 h O’\>\/CI
S
—>
©)\NH2 ' CI\)I\/CI N

4-(chloromethyl)-2-phenyloxazole
6 7 8

Synthesis of 4-(chloromethyl)-2-phenyloxazole (8): A mixture of benzamide (6) (1.82 g,
15.0 mmol, 1.00 eq) and 1,3-dichloroacetone (7) (3.81g, 30.0 mmol, 2.00 eq) in toluene
(80 mL) was refluxed for 6 h. The solvent was evaporated under reduced pressure and the
crude product was purified by flash column chromatography with n-hexane/ethyl acetate as
eluent. White solid. yield: 53%. mp.: 55 °C. 1H NMR (300 MHz, DMSO-ds) 6 =4.75 (d, /= 0.8
Hz, 2H), 7.51 - 7.59 (m, 3H), 7.95 - 8.03 (m, 2H), 8.27 - 8.28 (m, 1H) ppm. 13C NMR (75 MHz,
DMSO0-ds) 6 =37.13, 125.93, 126.44, 129.07, 130.79, 137.80, 138.26, 161.02 ppm. HPLC:
tr = 12.467 min, 99.9%. HRMS (ESI+) =calcd. for Ci0HoCINO [M+H]*=194.0367, found:
194.0371.

General procedure for the synthesis of O-phthaloyl protected hydroxyamines (11a-c)
6
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Following the procedure of Asfaha et al,[3] 1.00 eq of the respective halide derivative and
1.20 eq N-hydroxyphtalimide (NHPI) were dissolved in acetonitrile (4 mL/mmol). After
addition of 2.00 eq triethylamine, the resulting red solution was refluxed for 12 h. The solvent
was evaporated under reduced pressure and the residue was diluted with EtOAc, washed
with saturated NaHCOs3 solution (7x 50 mL) and dried over Na2SOs4. After filtration, the
solvent was removed under reduced pressure to yield the crude product which was purified

as stated.
(0]

@)

2-((2-phenyloxazol-4-yl)ymethoxy)isoindoline-1,3-dione
1a

Synthesis of 2-((2-phenyloxazol-4-yl)methoxy)isoindoline-1,3-dione (11a): The crude
product was purified by flash chromatography with n-hexane/EtOAc as eluent. White solid.
yield: 59%. mp.: 152 °C. TH NMR (300 MHz, DMSO-ds) 6 = 5.15 (s, 2H), 7.47 - 7.58 (m, 3H),
7.82-7.93 (m, 6H), 8.40 (s, 1H) ppm. 13C NMR (75 MHz, DMSO-ds) § = 69.66, 123.14, 125.85,
126.46, 128.45,129.02, 130.72, 134.68, 135.56, 140.17, 160.85, 162.97 ppm. HPLC analysis:
Rt=13.833 min, 99.2%. HRMS (ESI+) = calcd. for CisH13N204 [M+H]*=321.0870, found:
321.0869.

2-(2-(piperidin-1-yl)ethoxy)isoindoline-1,3-dione
11b
Synthesis of 2-(2-(piperidin-1-yl)ethoxy)isoindoline-1,3-dione (11b): The crude
product was purified by flash chromatography with with n-hexane/0.1% NEt3 and
EtOAc/0.1% NEts3 as eluent. Yellow solid. yield: 52%. mp.: 91.1 °C. tH NMR (300 MHz, DMSO-
de) 6 =1.18 - 1.31 (m, 6H), 2.27 (d, ] = 4.6 Hz, 4H), 2.57 - 2.68 (m, 2H), 4.19 - 4.28 (m, 2H),
7
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7.86 (s, 4H) ppm. 13C NMR (75 MHz, DMSO-de) & = 23.67, 25.23, 53.90, 57.03, 73.48, 123.01,
128.66, 134.56, 163.00 ppm. HPLC analysis: Rt = 6.291 min, 92%. HRMS (ESI+) = calcd. for
C16H23N204 [M+H]*=307.1652, found: 307.1653. All spectroscopic data are in agreement
with published data. (Bollmann et al., 2022)

2-(2-morpho|inoethOﬁ)isoindoline-1 ,3-dione

c

Synthesis of 2-(2-morpholinoethoxy)isoindoline-1,3-dione (11c): The crude product
was purified by flash chromatography with n-hexane/0.1% NEt3 and EtOAc/0.1% NEts3 as
eluent. White solid. yield: 47%. mp.: 98.2 °C. 1H NMR (300 MHz, DMSO-ds) 6 = 2.36 (dd, ] =
5.7,3.6 Hz, 4H), 2.63 - 2.71 (m, 2H), 3.34 - 3.39 (m, 5H), 4.22 - 4.28 (m, 2H), 7.87 (s, 4H) ppm.
13C NMR (75 MHz, DMSO0-ds) 6 =53.13, 56.53, 65.89, 73.56, 123.06, 128.61, 134.62, 163.01
ppm. HPLC analysis: Re¢=5.223 min, 98%. HRMS (ESI+)=calcd. for Ci4H17N204
[M+H]*=277.1183, found: 277.1181.
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General procedure 4: Formation of O-hydroxylamines

To a solution of the respective NHPI-derivative 11a-c (1.00 eq) in CH2Clz (20 mL/mmaol),
2.00 eq hydrazine monohydrate was added dropwise. The reaction mixture was stirred
overnight at rt. The resulting precipitate was filtered and the organic layer was washed with
saturated NaHCOs3 solution (3x 10 mL). After drying over Na2S04 and filtration, the solvent

was removed under reduced pressure yielding the hydroxylamines 12a-c.

O’\>\/O_NH2
S
N

O-((2-phenvylthiazol-4-ylYmethyl)hydroxylamine
12a

Synthesis of O-((2-phenylthiazol-4-yl)methyl)hydroxylamine (12a):

2-((2-Phenyloxazol-4-yl)methoxy)isoindoline-1,3-dione (11a) (442 mg, 1.38 mmol, 1.00 eq)
was subjected to general procedure 4. The hydroxylamine 12a (218 mg, 1.15 mmol, 83%)

was used directly for the next step.

O-(2-morpholinoethyl)hydroxylamine
12b

Synthesis of 0-(2-morpholinoethyl)hydroxylamine (12b):

2-(2-Morpholinoethoxy)isoindoline-1,3-dione (11b) (553 mg, 2.00 mmol, 1.00eq) was
subjected to general procedure 4. The hydroxylamine 12b (240 mg, 1.64 mmol, 82%) was

then used without any further purification.
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O_NH2

O
O-(2-(piperidin-1-yl)ethyl)hydroxylamine
12c

Synthesis of O-(2-(piperidin-1-yl)ethyl)hydroxylamine (12c): 2-(2-(Piperidin-1-
yl)ethoxy)isoindoline-1,3-dione (11c) (686 mg, 2.50 mmol, 1.00eq) was subjected to
general procedure 4. The hydroxylamine 12¢ (190 mg, 1.32 mmol, 53%) was then used

without any further purification.

10
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1H and 13C NMR spectra of 1c and 2a
Compound 1c¢ 'H NMR (DMSO-de, 300 MHz) and 13C NMR (DMSO-de, 75 MHz) spectra
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Compound 2a 'H NMR (DMSO0-ds, 300 MHz) and 13C NMR (DMSO-de, 151 MHz) spectra
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3.3 Publication III
Triple Combination of Entinostat, a Bromodomain Inhibitor, and
Cisplatin Is a Promising Treatment Option for Bladder Cancer

Lukas M Bollmann!, Friedrich Lange!, Alexandra Hamacher?, Lukas Biermann!, Linda
Schaker-Hiibner?, Finn K Hansen?, Matthias U Kassack!

! Institute of Pharmaceutical and Medicinal Chemistry, Heinrich-Heine-University
Duesseldorf, 40225 Duesseldorf, Germany.

2 Department of Pharmaceutical and Cell Biological Chemistry, Pharmaceutical
Institute, University of Bonn, An der Immenburg 4, 53121 Bonn, Germany.

published in: Cancers, 02. October 2024
DOI: 10.3390/cancers16193374.

The following content is derived from the aforementioned publication, entitled "Triple
Combination of Entinostat, a Bromodomain Inhibitor, and Cisplatin Is a Promising
Treatment Option for Bladder Cancer." It is important to note that word-by-word
citations are not explicitly highlighted in this section.

Authors Contribution

First authorship by L.M.B. L.M.B. was responsible for conducting all experiments,
except of enzyme HDAC inhibition assay which were performed by L.B. Investigation
was performed by L.M.B,, F.L., L.B.,, and L.S.-H. Evaluation of data were carried out
by L.M.B. and M.U K. Original draft preparation and visualization was performed by
L.M.B. M.UK. and A.H. revised and edited the manuscript and also carried out the
supervision.

Background

Cisplatin-based combination therapies play an important role in treating advanced
urothelial carcinoma. Cisplatin resistance is a major problem but may be overcome by
combination treatments such as targeting epigenetic aberrances. Here, we investigated
the effect of the class I HDACi entinostat and bromodomain inhibitors (BETis) on the
potency of cisplatin in two pairs of sensitive and cisplatin-resistant bladder cancer cell
lines. Cisplatin-resistant J82 cisR and T24 LTT were 3.8- and 24-fold more resistant to
cisplatin compared to the native cell lines J82 and T24. In addition, the hybrid
compound 20 comprising structural features of an HDACi and a BETi was
investigated.
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Results

The combination of entinostat and JQ1 resulted in a decrease in the ICso values of
cisplatin across all four cell lines. Figure 21a shows the results for ]J82 and J82 cisR cells.
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Figure 21. The most meaningful results of the triple combination (entinostat, JQ1 and cisplatin) are shown for 82
and J82 cisR. (a) The decrease in cisplatin ICso value by the combination of entinostat and JQI. (b) Calculated
synergy levels (Bliss model) of the triple combination. (¢) Mechanistic studies involving caspase-mediated
apoptosis and protein expression analysis by western blot. Figures taken and modified from [212].

We found complete (J82cisR) or partial (T24 LTT) reversal of chemoresistance upon
combination treatment with entinostat, JQ1, and cisplatin. The same was found for the
BETi JQ35 and OTX015, both were in clinical trials, and for compound 20 (dual HDACi
and BETi). The combinations were highly synergistic according to Chou Talalay
analysis and Bliss model in all four cell lines (Figure 21b). We identified an increased
caspase-mediated apoptosis accompanied by enhanced expression of p21, Bim, and
FOXOI1 (Figure 21c). The triple combination induced the most double-strand breaks
(identified as co-stained foci of y-H2AX and 53BP1) in J82 and J82 cisR. Notably, the
combinations were at least 4-fold less toxic in non-cancer cell lines HBLAK and
HEK293 than in bladder cancer cells.

Conclusion
The following conclusions can be drawn from this study:

e The triple combination of entinostat, a BETi, and cisplatin is highly synergistic,
notably, including in cisplatin-resistant bladder cancer cell lines

e The triple combination has been shown to induce caspase-mediated apoptosis
through enhanced expression of p21, Bim, and FOXO1

e The triple combination has the potential to be less toxic in non-cancerous cell
lines than in bladder cancer cell lines

The encouraging results of this study suggest the potential for further investigation of
the triple combination treatment in subsequent studies. This approach may offer a
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novel therapeutic strategy for the treatment of bladder cancer or for addressing
cisplatin resistance.
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Simple Summary: The treatment of bladder cancer is still a challenge. New treatment options are
required for patients not responding to established chemotherapy (e.g., cisplatin) due to primary or
acquired chemoresistance. Bladder cancer cells are known for disturbed epigenetics contributing to
resistance. This study aimed to investigate the combination of cisplatin, the class I histone deacetylase
inhibitor (HDACI) entinostat, and bromodomain inhibitors (BETis) in two urothelial grade 3 bladder
carcinoma cell pairs J82, cisplatin-resistant J82 cisR, T24, and cisplatin-resistant T24 LTT. Our results
indicate that treatment of bladder cancer cells with entinostat and a BETi prior to cisplatin can
completely reverse cisplatin resistance. This is of particular interest since entinostat and OTX015 (one
of the used BETi) are already in clinical trials in other cancers. Thus, this study encourages further
preclinical and eventually clinical trials with epigenetic inhibitors in combination with cisplatin to
re-establish cisplatin efficacy in bladder cancer.

Abstract: Background/Objectives. Cisplatin is part of the first-line treatment of advanced urothelial
carcinoma. Cisplatin resistance is a major problem but may be overcome by combination treatments
such as targeting epigenetic aberrances. Here, we investigated the effect of the class I HDACi
entinostat and bromodomain inhibitors (BETis) on the potency of cisplatin in two pairs of sensitive
and cisplatin-resistant bladder cancer cell lines. Cisplatin-resistant J82cisR and T24 LTT were 3.8-
and 24-fold more resistant to cisplatin compared to the native cell lines J82 and T24. In addition,
a hybrid compound (compound 20) comprising structural features of an HDACi and a BETi was
investigated. Results. We found complete (J82cisR) or partial (T24 LTT) reversal of chemoresistance
upon combination of entinostat, JQ1, and cisplatin. The same was found for the BETis JQ35 and
OTXO015, both in clinical trials, and for compound 20. The combinations were highly synergistic (Chou
Talalay analysis) and increased caspase-mediated apoptosis accompanied by enhanced expression of
p21, Bim, and FOXO1. Notably, the combinations were at least 4-fold less toxic in non-cancer cell
lines HBLAK and HEK293. Conclusions. The triple combination of entinostat, a BETi, and cisplatin is
highly synergistic, reverses cisplatin resistance, and may thus serve as a novel therapeutic approach
for bladder cancer.

Keywords: bladder cancer; resistance; epigenetics; class  HDACi; bromodomain inhibitor; entinostat;
OTX015; JQ1; histone deacetylase (HDAC) inhibitor; cisplatin

1. Introduction

Bladder cancer is the tenth most common cancer worldwide in both sexes, with men
more commonly affected [1]. Further, bladder cancer is the most common malignant
disease of the urinary tract [2]. Between 2020 and 2025, the incidence of bladder can-
cer is expected to increase across Europe through demographic change [3]. Cisplatin is
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used as standard therapy for urothelial carcinoma. For patients with advanced urothelial
carcinoma, first-line treatment comprises cis- or carboplatin-based chemotherapy. For
patients with muscle-invasive bladder cancer, neoadjuvant (chemotherapy before surgery)
cisplatin-based chemotherapy is preferred over adjuvant treatment [4]. The development
of cisplatin resistance is a common challenge [5,6]. Combination therapy is one way to
overcome chemoresistance. For example, in advanced bladder cancer, a combination of
cisplatin, gemcitabine, and paclitaxel has been studied. The combination therapy resulted
in a prolonged survival of approximately 3 months, which was not statistically signifi-
cant [7]. New effective combination therapies are thus urgently needed for the treatment
of chemoresistant cancer cells to increase the effectiveness of chemotherapy and delay the
problem of chemoresistance.

Bladder cancer shows epigenetic aberrances [8]. In addition, it is well known that
aberrant histone and non-histone protein acetylation is a key determinant of acquired
chemoresistance and, consequently, cisplatin resistance in cancer [9,10]. Epigenetic modula-
tion, which describes reversible inhibition or activation of epigenetic writers, erasers, or
readers, is one way of facing the chemoresistance problem [10]. Deacetylation by histone
deacetylases (HDACsS) of histones results in a condensed chromatin structure (heterochro-
matin), which suppresses gene expression. Histone deacetylase inhibitors (HDACis) can
conversely be used to favor the open euchromatin structure and facilitate gene expres-
sion [11-13]. Epigenetic modulation of cancer cells by class I HDACi or pan-HDAG;, followed
by cisplatin treatment, demonstrated promising results in solid tumor cells [14-17]. Treat-
ment with HDACi resulted in an increased expression of pro-apoptotic genes such as p21,
APAF1, PUMA, and BAKI1 and repression of anti-apoptotic genes such as survivin [14,18].
However, the sole use of class I HDACi or pan-HDAC! is not a universal solution to the
problem of chemoresistance because using a single epigenetic modifier such as an HDACi
may not completely reverse cisplatin resistance, and additionally, cancer cells can also
develop resistance to HDACi [17,19]. Therefore, further combination therapies need to be
explored to overcome chemoresistance.

The bromodomain and extra-terminal domain inhibitors (BETis) containing bromod-
omains (BRDs) as an additional epigenetic target offer new potential for combination
therapies [20]. BRD proteins can be divided into eight larger families, of which the BET pro-
teins represent one family [21]. BET proteins orchestrate gene transcription by interacting
with acetylated histones or transcription factors. In addition, BET proteins influence the
JAK/STAT pathway as well as the cell cycle by activating oncogenes such as MYC, JUNB,
CCND1, and CCNAL1 [22-25]. As a result, BET proteins play a key role in cell survival and
homeostasis. BET inhibitors (BETis) preferentially inhibit interaction with oncogenes that
are essential for the survival of cancer cells [26-28]. A high sensitivity to BETi was discov-
ered in chemoresistant ovarian tumors and patient-derived xenograft models with high
MYC amplification. It was demonstrated that BETi had a synergistic effect in combination
with cisplatin in ovarian cancer, even in cisplatin-resistant cells. Different explanations were
given, including suppression of ALDH and downregulation of anti-apoptotic proteins BCL-
2 and survivin. In addition, BETi sensitized ovarian cancer cells, which had a functional
homologous recombination DNA repair pathway, to DNA damage by decreased expression
of BRCA1 and RADS51 [18,25,29]. Modification of these signaling pathways by BETi may
also lead to increased sensitivity to cisplatin in bladder cancer. Moreover, studies showed
that the combination of the BET inhibitor JQ1 with the MAP kinase inhibitor trametinib
in thyroid tumors resulted in a strong inhibition of tumor growth [30]. Furthermore, the
BETi JQ1 suppressed cell proliferation by cell-cycle arrest and induction of apoptosis in
acute lymphocytic leukemia cells [31]. Synergistic antiproliferative effects of BETi and
cisplatin were demonstrated in malignant pleural mesothelioma cells via downregulation
of MYC [32].

OTX015 is a BETi derived from JQ1. OTX015 has—in contrast to JQl—an extended
half-life and better oral bioavailability [27,33]. OTX015 revealed antitumor effects in vitro
and in vivo against glioblastoma cells and non-small cell lung carcinoma cell lines [34,35].
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Further, OTX015 has already been tested in clinical trials in hematopoietic and solid tu-
mors. Dose-limiting toxicities in patients were anemia, thrombocytopenia, fatigue, and
hyperbilirubinemia [27,36-39]. A clinical trial of OTX015 in solid tumors, such as midline
carcinoma, was discontinued because part of the study indicated limited efficacy [40]. JQ35,
another BET], has also been tested in first clinical trials in acute myeloid leukemia and
various solid tumors [41,42]. Further testing as a monotherapy for acute myeloid leukemia
was discontinued due to a lack of efficacy [41].

Both HDACis and BETis influence gene expression. Therefore, a combination of
BETis with HDACis may be useful to maximize the alteration of gene expression and for
overcoming chemoresistance. The combination of HDACis and the BETi JQ1 has already
been studied in acute myeloid leukemia, pancreatic ductal adenocarcinoma, glioblastoma,
small-cell lung cancer, and bladder carcinoma, demonstrating synergistic anti-proliferative
effects [28,43-48]. Furthermore, studies demonstrated that both HDACis and BETis down-
regulated the transcription of oncogenes and anti-apoptotic factors such as MYC or BCL-
2 [28,48].

The aim of this study was to investigate a triple combination of HDACi, BETi and
cisplatin in bladder cancer cells of different cisplatin sensitivity to reverse cisplatin resis-
tance/increase cisplatin sensitivity and to increase the efficacy of treatment by exploiting
synergistic effects of the combination. We investigated the combination treatment of the
class | HDAC: entinostat plus a BETi (JQ1 or JQ35 or OTX015) plus cisplatin in two bladder
cancer cell pairs: native J82, cisplatin-resistant J82 cisR and native T24, and cisplatin-
resistant T24 LTT (long-term treated). J82 cisR and T24 LTT were both established in
laboratories of the University of Duesseldorf by intermittent treatment of the native cell
lines with cisplatin as described in the literature [19,49,50]. J82 and T24 are muscle-invasive
bladder cancer cell lines, both classified as grade 3 [49]. Muscle-invasive bladder cancer is
treated with cisplatin-based combination chemotherapy in addition to radical removal of
the bladder [2,31].

JQ1 was used as a model compound for BETis but has the disadvantage of a very short
half-life in vivo and limited bioavailability [27,33]. Thus, we included OTX015 and JQ35 in
our study, two BETis which are already used in a clinical trials (Figure 1) [27]. Additionally,
we pursued a dual inhibitor approach to analyze the efficacy of combining an HDACi and a
BETi in one molecule. Compound 20 combines structural features of and acts as an HDACi
(class I/1Ib) and BETi (Figure 1) [51].
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Figure 1. Structures of BETis: (a) JQ1, (b) OTX015, and (c) JQ35; (d) structure of dual HDACi and
BETi 20 [51].
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Dual inhibitors have the advantage to simplify therapeutic application and may
lead to higher efficacy by simultaneously inhibiting two targets by one molecule. We
could demonstrate that triple combinations of entinostat, a BETi, and cisplatin act highly
synergistically, and that entinostat and a BETi or compound 20 reversed cisplatin resistance
while showing at least 4-fold selectivity for the bladder cancer over the non-cancer cell
lines HBLAK and HEK293.

2. Materials and Methods
2.1. Materials

DMEM, penicillin/streptomycin (pen/strep) (10,000 U/mL; 10 mg/mL), fetal calf
serum (FKS), and trypsin-EDTA (0.05% trypsin, 0.02% EDTA in phosphate-buffered saline)
were received from PAN-Biotech (Aidenbach, Germany). Cnt-Prime Medium was ob-
tained from CELLnTEC (Bern, Switzerland). Entinostat was ordered from Selleckchem
(Houston, TX, USA). The JQ1 was purchased from Tocris (Bristol, UK). The OTX015 and
JQ35 were delivered by AdooQ (AdooQ Bioscience, Irvine, CA, USA). The compound
20 was synthesized by Dr. Finn Hansen, Institute of Pharmaceutical and Cell Biological
Chemistry, University of Bonn. The cisplatin was supplied by Sigma-Aldrich (Steinheim,
Germany) and dissolved in 0.9% sodium chloride solution and further diluted with 0.9%
sodium chloride. All other compounds were dissolved in the DMSO to a concentration
of 10 mM. All further dilutions were prepared with the appropriate culture medium. A
maximum amount of 1% DMSO was used in all experiments. Triton X-100 was delivered
by AppliChem (Darmstadt, Germany), and propidium iodide was purchased from Santa
Cruz Biotechnology (Heidelberg, Germany).

2.2. Cell Lines and Cell Culture

The human urothelial bladder carcinoma cell line J82 and the non-cancer cell line
HEK293 were purchased from DSMZ (Braunschweig, Germany). The cisplatin-resistant
subclone J82 cisR was created by repetitive treatment with cisplatin, as previously de-
scribed [19]. The primary epithelial cell line HLBAK [52], T24, and T24 LLT cell line
were kindly provided by Dr. Michéle Hoffmann, Department of Urology, Heinrich-Heine-
university, Duesseldorf. The cell lines J82, ]82 cisR, T24, T24 LTT, and HEK293 were cultured
with DMEM, where 120 IU/mL penicillin and 120 pug/mL streptomycin and 10% heat-
inactivated fetal calf serum were added. For cultivation of the HBLAK cells, the culture
medium Cnt-Prime was used without further additives. All cells were incubated at 37 °C,
5% CO, under humidified air. The J82 cisR and T24 LTT showed stable cisplatin resistance
and did not require permanent treatment with cisplatin to maintain the cisplatin resistance.

2.3. MTT Cell Viability Assay

The cell viability for determination of IC5y values and synergism studies was ana-
lyzed by MTT assay as previously described [19,53]. Briefly, cells were incubated with
the indicated compounds for 72 h or 48 h pre-incubated plus 72 h in combination with
cisplatin. For preincubation experiments, 1600 c/w (cells per well) for J82 and 1200 ¢/w
for J82 cisR were used. After the incubation time, 25 uL MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, Serva, Heidelberg, Germany) solution (5 mg/mL in
phosphate-buffered saline) was added. The formazan was dissolved in 75 uL. DMSO, and
the absorption was measured at 540 nm and 690 nm with a microplate reader (ThermoFisher
Multiskan, Thermo Scientific, Wesel, Germany).

2.4. Measurement of Apoptotic Nuclei

The amount of apoptotic nuclei with DNA content in sub-G1 was measured as de-
scribed before [19]. Briefly, J82 (75.000 c/w), J82 cisR (60.000 c/w), T24 (45.000 c/w), and
T24 LTT (90.000 c/w) cells were seeded in 6-well plates (Sarstedt, Niimbrecht, Germany).
Cells were 48 h preincubated with entinostat and JQ1 or OTX015. Then, the culture medium
was removed, and the cells were incubated additional 24 h with entinostat, JQ1 or OTX015
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and cisplatin. After the incubation, the 6-well plates were centrifuged, and the supernatant
was removed. Cells were lysed by adding 1 mL hypotonic lysis buffer (0.1% tritonX-100,
100 pug/mL propidium iodide) at 4 °C in the dark overnight. The lysed cells were analyzed
by flow cytometry using the CyFlow instrument (Partec, Norderstedt, Germany).

2.5. Activation of Caspase 3/7

Activation of caspase 3/7 was examined using the CellEvent Caspase-3/7 green
detection reagent (Thermo Scientific, Wesel, Germany) according to the manufacturer’s
instructions. The cells were seeded in 96-well-plates (Corning, Kaiserslautern, Germany)
and treated with the indicated compounds for 48 h (J82 1600 c/w; J82 cisR 800 c¢/w; T24
1200 c/w; T24 LTT 3000 ¢/w). Afterwards, the medium was removed, and fresh medium
and compounds including cisplatin were given to the cells for 24 h. The supernatant
was aspirated and a solution of CellEvent Caspase 3/7 green detection reagent (PBS, 1%
heat inactivated fetal calf serum) was added to the cells for a final concentration of 2 uM.
Hoechst 33342 (10 mg/mL in water, Sigma-Aldrich, Steinheim, Germany) was used for
nuclei staining. The cells were incubated for 30 min at 37 °C and 5% CO; before imaging
by using the Thermo Fischer ArrayScan XTT high content screening (HCS) system with a
10 x magnification (Thermo Scientific, Wesel, Germany).

2.6. Immunoblotting

Protein extraction and Western blot analysis were performed as previously described
with minor modifications [19]. The cells were incubated for 48 h with the indicated
concentrations. The medium was aspirated, and the cells were washed with PBS 1X
after the incubation period. Then, a RIPA buffer (50 mM Tris-HCI pH 7.4, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 150 mM sodium chloride, 2 mM EDTA, spiked
with protease and phosphatase inhibitor (Pierce protease and phosphatase inhibitor mini
tablets, Thermo Scientific, Wesel, Germany)) was added, and the cells were removed using
a cell scraper. The cells were lysed for 30 min at 4 °C with agitation. Then, the protein
preparations were boiled at 95 °C with 2x Laemmli buffer containing 3-mercaptoethanol
for 3 min. Pierce BCA protein assay was used to determine the total amount of protein in
the protein preparations (Thermo Scientific, Wesel, Germany). Equal amounts of protein
were separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane
(Merck Millipore, Darmstadt, Germany). PageRuler Prestained Ladder, 10 to 180 kDa, or 10
to 250 kDa (Thermo Scientific, Wesel, Germany) were used as a size comparison marker.
Blots were incubated with the primary antibodies (Table S1). The secondary antibodies
conjugated to HRP used in the Western blot were supplied by bio-techne (Minneapolis,
MN, USA). Proteins were visualized using Luminol reagent (Santa Cruz Biotechnology,
Heidelberg, Germany) in Intas Imager (Intas, Gottingen, Germany). The images were
analyzed with Image] 1.54g (http://imagej.org).

2.7. RT-PCR

The cells were incubated with the indicated concentrations of entinostat and JQ1 for
48 h. RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Subse-
quently, the RNA was transcribed into cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Scientific, Wesel, Germany). For an RT-PCR, GoTaq qPCR
Master Mix (Promega, Fitchburg, WI, USA) and a CFX96 Real-Time System (BIO-RAD,
Hercules, CA, USA) were used. The relative changes in gene expression were normal-
ized to the control genes GUSB (beta-glucuronidase), TBP (TATA binding protein), and
HPRT1 (hypoxanthine—guanine phosphoribosyltransferase) by Vandesompele method [54].
Primers were designed using Primer-BLAST (NIH, Bethesda, MD, USA) and had an ef-
ficiency between 80% and 115% (Table S2). Efficiency was determined using an isolated
template of HeLa cells.
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2.8. Analysis of Double Strand Breaks with y-H2AX and 53BP1

An analysis of double-strand breaks measuring y-H2AX and 53BP1 foci was performed
according to the literature, with minor modifications [55]. The ]J82 (60.000 c/w) and J82
cisR (48.000 c/w) were seeded on a coverslip (Paul Marienfeld GmbH & Co.KG, Lauda
Konigshofen, Germany) in a 6-well plate (Sarstedt, Niimbrecht, Germany). The cells were
treated for the indicated time. Then, the cells were fixed with 3% formaldehyde for 10 min.
The cells were permeabilized with 0.3% Triton X-100 in PBS and then blocked with 5% BSA
for one hour. After this step, the primary antibody incubation (anti-phospho-Histone H2A.X
Ser139 clone JBW301, 05-636, Merck Millipore, Darmstadt, Germany; 53BP1 #4937, Cell
Signaling Technology, Danvers, Massachusetts, USA) was carried out overnight at 4 °C. The
next day, the secondary antibody incubation was performed for one hour (AlexaFluor 555
and AlexaFluor 647, Thermo Scientific, Wesel, Germany). The cells on the coverslips were
mounted in a DAPI-containing mounting medium (UltraCruz Mounting Medium, Santa
Cruz Biotechnology, Heidelberg, Germany) and fixed with nail varnish. The evaluation
was carried out on a Leica Thunder microscope (Leica Mikrosystems, Wetzlar, Germany).

2.9. Enzyme HDAC Inhibition Assay

The human recombinant enzymes were ordered from Reaction Biology Corp (Malvern,
PA, USA). To determine the inhibitory activity of the compounds, the enzymes HDAC 2
(cat. no. KDA-21-277), HDAC 4 (cat. nr. KDA-21-279), HDAC 6 (cat. no. KDA-21-213),
and HDAC 8 (cat. no. KDA-21-481); with 20 ng of HDAC 2 and 8, 17.5 ng of HDAC 6, and
2 ng of HDAC 4 per well were used. After pipetting 10 uL of increasing concentrations
of the inhibitors to a 96-well plate (Corning, Kaiserslautern, Germany), the recombinant
enzymes were diluted in assay buffer (50 mM Tris-HCl, pH 8.0, 137 mM KCl, 1 mM MgCl2,
and 1 mg/mL bovine serum albumin (BSA) and added to the wells. After five minutes of
incubation, the reaction was started with 10 uL of a 30 uM solution of Boc-Lys(Ac)-AMC
(Bachem, Bubendorf, Switzerland) for HDAC 2 or a 15 uM solution for HDAC 6. For
the HDAC 4, a 10 uM solution of Boc-Lys-(Tfa)-AMC (Bachem, Bubendorf, Switzerland)
was used, and for the HDAC 8, a 6 uM solution was used. After 90 min, the reaction
was stopped by adding 100 puL of stop buffer (16 mg/mL trypsin and 4 uM vorinostat for
HDAC 2, 4 uM panobinostat for HDAC 4 and HDAC 8 and 4 uM tubastatin A for HAC
6 in 50 mM Tris-HC], pH 8.0 and 100 mM NaCl). After additional 15 min, fluorescence
intensity was measured at an excitation wavelength of 355 nm and an emission wavelength
of 460 nm in the NOVOstar microplate reader (BMG LabTech, Offenburg, Germany).

2.10. Data Analysis

The concentration—effect curves were created with Prism 8.0.2 (GraphPad, San Diego,
CA, USA). The statistical analysis was performed using two-tailed unpaired t-test in
GraphPad Prism. To determine the synergistic effect, the sum of the single treatments was
calculated with standard deviation. This value was compared with the measured value of
the combination treatment through an unpaired ¢-test. CI-values were calculated according
to Chou-Talalay using compuSyn 1.0 software [56,57]. Synergy levels were calculated
applying the Bliss Model with combenefit [58,59].

3. Results
3.1. Cytotoxic Activity and Synergism Studies of Entinostat, JQ1, and Cisplatin

First, the ICsg values of entinostat, JQ1, and cisplatin were estimated in all bladder
cancer cell lines by an MTT assay. Concentration—effect curves are shown in Figure S1, ICsg
values are displayed in Table 1.

Two pairs of cisplatin-sensitive and cisplatin-resistant bladder cancer models were
selected: J82, ]82 cisR; and T24, T24 LTT. The J82 cisR showed a moderate cisplatin-resistance
factor of 3.8. For the T24 LTT, the resistance factor was 24, demonstrating very high cisplatin
resistance. Entinostat had similar ICg values in J82 and ]J82 cisR, but a 4-fold lower ICgj in
T24 LTT than T24. Interestingly, both cisplatin-resistant bladder cancer cell lines were more
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sensitive to JQ1 than the parental cell lines. J82 demonstrated an 8.4-fold lower sensitivity
towards JQ1 than J82 cisR. The same observation was made for T24 with a 4-fold lower
sensitivity than T24 LTT (Table 1). For further investigations, concentrations of entinostat
and JQ1 were chosen which are achievable in in vivo studies according to the literature
data. Furthermore, entinostat and BETi were used in combination studies in a maximum
concentration reflecting their ICys, respectively, thus showing low toxicity when given
alone [27,60].

Table 1. ICsq values (MTT, 72 h) of cisplatin, entinostat, and JQ1 in all bladder cancer cell lines. Data
shown are the mean + SD of at least three independent experiments, each carried out in triplicates.

Cisplatin Entinostat Jo1
ICsy + SD ICso & SD ICsy & SD

[uM] [uM] [uM]
J82 1.87 £ 0.06 10.4 £ 0.89 18.8 = 1.55
J82 cisR 7.16 +0.24 7.60 £+ 0.59 222 +041
T24 299 £0.12 5.68 + 0.51 229 +0.42
T24 LTT 72.2 £ 3.57 1.38 £0.10 0.60 £ 0.08

Then, the mutual effect of the two epigenetic modulators was tested: the effect of a low
concentration (maximum ICys5) of the BETi JQ1 on the ICs, of entinostat (Figure S2a,c) and
the effect of a low concentration (maximum ICy5) of the HDACI entinostat on the ICsy of
JQ1 (Figure S2b,d) in J82 and J82 cisR. Regardless of a 72 h co-incubation of both inhibitors
or a sequential treatment (48 h pre-incubation of the ICy5 of one inhibitor followed by
addition of the second inhibitor for another 72 h), no significant increase in the potency
of either epigenetic modulator was found (Figure S2 and Table S3). Shift factors were
calculated by dividing the ICsy value of the control treatment with the ICsy value of the
treated cells. All shift factors were below 2 (Table S3).

Next, the effect of each epigenetic modulator alone and of the combination of entinostat
plus JQ1 on the ICs of cisplatin was studied. A 72 h co-incubation of entinostat, JQ1, and
cisplatin did not achieve a significant increase in the potency of cisplatin. Shift factors
of cisplatin were less than 2, except in J82 cells (Figure S3, Table S4). We then used our
proven incubation scheme, applying a 48 h preincubation of the epigenetic inhibitors prior
to addition of cisplatin for another 72 h, allowing the epigenetic inhibitors to modulate
the cellular epigenetic environment prior to addition of the cytotoxic compound. This
incubation scheme has proven successful in several of our previous studies [14,61]. Notably,
whereas co-incubation of entinostat, JQ1, and cisplatin did not increase the potency of
cisplatin (Figure S3, Table S4), preincubation of entinostat and JQ1 for 48 h followed by the
addition of cisplatin for another 72 h increased the potency of cisplatin up to 15.6-fold. The
concentration—effect curves and corresponding ICs values with shift factors are displayed
in Figure 2 and Table 2.

The 48 h preincubation with entinostat gave only shift factors (SFs) of <2 for cisplatin,
except for T24 LTT cells (SF 2.26) whereas preincubation with JQ1 gave SF > 2, except for
0.075 uM JQ1 in T24 LTT where cisplatin remained almost equipotent with or without
JQ1 preincubation (Table 2). Preincubation with both epigenetic modifiers (entinostat plus
JQ1) increased cisplatin potency more than with one epigenetic modifier only, except for
T24 cells, where JQ1 alone gave an SF of 4.92 and entinostat plus JQ1 gave an SF of 3.52.
Cisplatin resistance was completely reversed for the J82 cisR cells. Even in the highly
resistant T24 LTT cell line, a 4.29-fold resensitization against cisplatin could be achieved.
Since 48 h preincubation of the epigenetic modifiers prior to cisplatin addition was more
successful than co-incubation of all three compounds, all following experiments were
performed using preincubation conditions.
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Figure 2. The concentration—effect curves of cisplatin (cDDP) (MTT assay). The cells were preincu-
bated with entinostat (ENT) and/or JQ1 for 48 h followed by the addition of cisplatin for another 72 h.
(a) J82, (b) J82 cisR, (c) T24, and (d) T24 LTT. Control means concentration—effect curve of cisplatin in
the absence of epigenetic inhibitors. Data shown are the mean =+ SD of at least three independent
experiments, each carried out in triplicates.
Table 2. IC5y values (MTT) of cisplatin. Cells were preincubated with entinostat (ENT) and/or JQ1
for 48 h followed by addition of cisplatin for another 72 h. Control was untreated for 48 h followed by
addition of cisplatin for another 72 h. Data shown are the mean =+ SD of at least three independent
experiments, each carried out in triplicates. All ICsy values of the combination treatments were
significantly lower than the ICs; values of the cisplatin alone (control, at least p < 0.001).
Cell Line Control ENT Plus Cisplatin JQ1 Plus Cisplatin ENT Plus JQ1 Plus Cisplatin
Cisplatin Cisplatin Cisplatin Cisplatin
ICso &+ SD [EI\;/IT] ICsp = SD SF [J%}] ICso &+ SD SF EI\I[T;/I]]QI ICsp & SD SF
[uM] H [uM] . [uM] H [uM]
J82 216 £0.14 0.316 1.63 +0.24 1.33 1 0.77 £0.13 2.81 0316 +1 0.38 £ 0.08 5.62
J82 cisR 8.49 £ 0.51 0.316 4.62 £0.57 1.84 0.1 2.96 £ 0.38 2.87 0.316 + 0.1 1.53 +£0.22 5.54
0.3 1.35+£0.15 6.27 0.316 + 0.3 0.54 £ 0.06 15.6
T24 4.15+0.12 0.316 3.08 £ 0.15 1.35 0.3 0.84 £+ 0.09 4.92 0.316 + 0.3 1.18 £0.13 3.52
T24 LTT 75.0 £ 2.85 0.316 33.2 £3.51 2.26 0.075 67.0 £9.03 1.12 0.316 + 0.075 264 +4.28 2.85
0.15 30.6 +£2.32 2.45 0.316 + 0.15 175+ 1.13 4.29

Next, synergism studies were carried out for all cell lines for dual combinations (JQ1
plus cisplatin; entinostat plus cisplatin) and for triple combinations (48 h preincubation of
entinostat plus JQ1 followed by addition of cisplatin for another 72 h). Data were analyzed
according to Chou-Talalay [57] (Table 3) and according to the Bliss model [58] (Figure 3).
Dual combinations were not or only moderately synergistic (Table S5), particularly with
entinostat, as displayed by color coding: red color: non-synergistic, green color: synergis-
tic. The only dual combination displaying strong synergy was JQ1 with cisplatin in T24
cells, showing CI values < 0.9 (indicating synergism) for almost all chosen concentrations
(Table S5) which is in accordance with the high SF for cisplatin of 4.92 (Table 2). Further, in
T24, the synergy/CI values of the dual combination (JQ1 plus cisplatin) and of the triple
combination (entinostat, JQ1, cisplatin) were comparable (Tables 3 and S5).
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Table 3. The CI values of the triple combination studies (48 h preincubation with entinostat and
JQ1, followed by addition of cisplatin for another 72 h). The CI values were calculated using
compuSyn from the mean of at least three independent experiments, each carried out in triplicates. A
CI < 1.0 indicate a synergistic effect (green), CI = 1 indicate an additive effect, and CI > 1 indicate an
antagonistic effect (red); * means fraction affected was less than 0.20 [57].
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Triple combinations were analyzed by Chou-Talalay in the following manner: one of
the epigenetic modifiers was used at a fixed concentration, whereas the other and cisplatin
were used in increasing concentrations. Thus, two data sets were obtained for each cell line
(Table 3). In accordance with the previously determined shift factors (Table 2), the strongest
synergism was observed in the J82, J82 cisR, and T24 cells (Table 3).

It is remarkable that the preincubation of entinostat plus JQ1 at low-toxic concentra-
tions (0.316 uM entinostat plus 1 uM JQ1 in ]J82 cells; 0.316 uM entinostat plus 0.1 uM JQ1
in ]J82 cisR) already achieved a synergistic effect at 0.05 uM cisplatin for J82 and at 0.2 uM
cisplatin for J82 cisR (Table 3). Similar data were observed in T24 at a cisplatin concentration
of 0.2 uM and in the highly cisplatin-resistant T24 LTT cell line at 15 uM cisplatin.

Using combenefit, the synergy levels were calculated according to the Bliss model
(Figure 3). Again, a clear synergistic effect was observed for the triple combination in all
cancer cell lines.

In addition, the synergy data from MTT assays were further evaluated as a sum of the
cytotoxic effects of the respective single compound treatments (black bars) compared to the
cytotoxic effect of the combination treatments (white bars), as shown in the supplement
(Figure S4). For almost all concentrations in all cell lines, the sum of the single treatment
effects (black bars) was significantly lower than the effects of the triple combination treat-
ments (white bars), supporting the synergistic behavior of the combination treatments
(Figure S4).
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Figure 3. Synergy levels calculated applying the Bliss model using combenefit [58] of the triple
combination studies (48 h preincubation with entinostat and JQ1, followed by addition of cisplatin
for another 72 h). Entinostat was used at 0.316 uM for all cell lines. JQ1 was used at 1 uM in J82,
0.1 uM in J82 cisR, 0.3 uM in T24, and 0.075 uM in T24 LTT. (a,b) ]J82, (c,d) ]J82 cisR, (e f) T24, and
(gh) T24 LTT.
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3.2. Triple Combination Treatment with Entinostat, JQ1, and Cisplatin Enhances Apoptosis
Induction Via Caspase-3/7 Activation and Double-Strand Breaks

Subsequently, we investigated whether the synergistic effect of the triple combination
was based on an increased induction of caspase-mediated apoptosis. First, the induction
of subG1 cell nuclei was measured using flow cytometry (Figure 4). In total, 100 uM of
cisplatin was used as positive control for J82, J82 cisR, and T24. In total, 200 uM of cisplatin
was chosen as positive control for T24 LTT, based on the high cisplatin resistance of these
cells. Representative cytometry flow images are shown in Figure S5.
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Figure 4. The estimation of apoptosis by measuring induction of the subGl-nuclei. The cells were
preincubated with entinostat and JQ1 for 48 h followed by addition of cisplatin for another 24 h. Apoptotic

140



Cancers 2024, 16, 3374

12 of 33

cells were defined by subGl fraction (flow cytometry). Data shown are the mean + SD of one
representative experiment out of at least two, each carried out at least in duplicates. Untreated control
was subtracted. (a,b) J82; (c,d) J82 cisR; (e,f) T24; (g,h) T24 LTT. (a,c,d,e) show subGl1 nuclei. (b,d,fh)
show the comparison between the sum of the single compound effects (black bars) versus the effect
of the combination treatment (white bars). Statistical analysis was performed using unpaired t-test.
Level of significance: ns (p > 0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001); **** (p < 0.0001).

The triple treatment led to the highest induction of subG1 nuclei in J82, J82 cisR, and
T24 LTT. In T24, the dual combination consisting of JQ1 and cisplatin had the strongest
effect, followed by the triple treatment. This was consistent with the SF in Table 2 (JQ1
and cisplatin: SF 4.92 vs. entinostat, JQ1, and cisplatin: SF 3.52). Statistical evaluation
demonstrated that the triple combination (white bars) caused a significantly higher increase
in subG1 nuclei than the sum of the single treatments (black bars) in J82, J82 cisR and
T24 LTT. This emphasizes the synergistic effect of the triple combination. Again, T24
was outstanding, as the dual combination of JQ1 and cisplatin already had a significant
synergistic effect, which was not further enhanced by a triple combination. These results
confirmed the previous ones (Section 3.1) and suggest enhanced apoptosis by the triple
combination in at least three cell lines.

To examine whether apoptosis was caspase-mediated, caspase 3/7 activation was
analyzed (Figure 5). Representative fluorescence images of each cell line are shown in
Figure S6. Again, 100 uM of cisplatin was chosen as positive control for caspase 3/7
activation in ]82, J82 cisR, and T24. Due to the high cisplatin resistance of the T24 LTT cells
(Table 1), 200 uM of cisplatin were incubated in the T24 LTT cells for 48 h in contrast to the
other cancer cell lines where 100 uM of cisplatin was used for 24 h.

The triple treatment caused the highest caspase 3/7 activation in J82 and J82 cisR.
T24 cells revealed the strongest caspase 3/7 activation with the combination of JQ1 and
cisplatin followed by the triple combination. T24 LTT exhibited the greatest caspase 3/7
activation with the combination of entinostat and cisplatin (Figure 5). This is in agreement
with a reduction in the ICsy value of cisplatin in the dual combination entinostat plus
cisplatin, which was in a similar range as the reduction in the ICsy value with the triple
combination (Table 2). Nevertheless, the triple combination led to a clear increase in
caspase 3/7 activation. Further, comparing the sum of the caspase activation of the single
treatments (black bars) with the caspase activation of the combination treatments (white
bars), we could demonstrate that the triple treatment is synergistic in all cell lines, i.e.,
the white bars are larger than the black bars. This was also true for the dual combination
of JQ1 and cisplatin in the J82, J82 cisR, and T24 cells, and for the dual combination of
entinostat and cisplatin in the T24 LTT cells. Overall, these results were in accordance with
the apoptosis experiments (Figure 4). Additionally, we could confirm that the increased
apoptosis is caspase 3/7-mediated. A further mechanistic investigation is the analysis of
compound-induced double-strand breaks as additional readout for the cytotoxic effect. The
number of corresponding foci of y-H2AX and 53BP1 was counted as surrogate parameters
for double-strand breaks using fluorescence microscopy (Figure 6) [62-64]. Because y-
H2AX could also be generated by other cellular processes, 53BP1 was used as an additional
marker [65,66]. The presence of both proteins at the same position is considered as a specific
indication of double-strand breaks [67-69]. Representative fluorescence images of J82 and
J82 cisR cells are shown in Figure 7.

Treatment with the triple combination yielded the highest number of co-staining foci
of y-H2AX and 53BP1 in the 82 and J82 cisR cells (Figures 6 and 7). This increase was
significant compared to all other treatments underlining the strongest effect for a triple
combination treatment. Dual combinations were not more potent in increasing double
strand breaks compared to cisplatin treatment only, except for the combination of entinostat
or JQ1 and cisplatin in J82 cisR cells. The 100 uM cisplatin showed only a small number
of double-strand breaks in both cell lines, especially in J82 cisR, which might be due to
an advanced stage of apoptosis due to the high cisplatin concentration. The total number
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of double-strand breaks was lower in J82 cisR than in J82 when treated with cisplatin
alone and in combination with JQ1 and cisplatin. Generally, this could be related to an
increased DNA repair capacity in J82 cisR contributing to cisplatin resistance. In summary,
we could demonstrate synergy for the triple combination in caspase-mediated apoptosis
and a significantly stronger effect in inducing double strand breaks.

J82 cisR
J82
=3 ) —
2§ BT
z o g
2z 2 £
35 =2 60
o, @ 3 2
— =31
5E S S
3% S Eaw
g3 85
25 g0
E &2 20
25 &3
HE $%
22 5 v
& c 5 0
* & $ S 8
B & s S <& © S 3
3 S 9 < SR SR < D> o
& & & S 8 O faSs ¢
2° >~ N PO s“’Q;“ S \S“ & oF
7 © % AN oY x@ SN
x x @Q
o
(a) (b)
T24 LTT
T24
%‘8 'E-u =
- = | —— |
- 8.;.‘;100
Z2 2E w s
£3 28
S E 5%
28 S 40
& o 28
5% %
5% 9%
H
R e T T T T
S > S Y S S & o
s \ T & T O T 4
R & S O SO B
‘\b‘§“ S\O’Q ISR s\ b\z@co ‘\b’\tw"c w“’\) § \90 Q§\
NS o ”’e"’ N Q'.’«"‘@Q e-“g@? NN S
x S S Se¥
N

() (d)

100 [ effect of combination treatment

) Bl effect of sum of single treatments fuaid
- O effect of combination treatment N 90
100 3
Ml effect of sum of single treatments St
N 90 g £ 80
%3 T 2 g R
g 2 80 E i 70
o g " - 2 8 .
z & 70 23 6o ot '
g% o —
§F 60 IS
] & 5 509
58 so e 2 & ns
@ g 40 m
28 g o e
& ]S 30 ™
8% 309 O =
=

5 g 204 T g 204
2 E * 2
= ns Jal &

182 J82 cisR .

T24 T24 LTT
(e) (f)

Figure 5. Caspase 3/7 activation in (a) J82, (b) J82 cisR, (c) T24, and (d) T24 LTT. The cells were
preincubated with entinostat and JQ1 for 48 h followed by addition of cisplatin for another 24 h (T24
LTT 48 h). (e,f) show the comparison between the sum of the single-compound effects (black bars)
versus the effect of the combination treatments (white bars) in J82 and J82 cisR (e) and T24 and T24
LTT (f). Data shown are the mean + SD of one representative experiment out of at least two, each
carried out in duplicates. Significance was calculated using unpaired t-test. Level of significance: ns
(p > 0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001); **** (p < 0.0001).
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Figure 6. Number of foci stained for y-H2AX and 53BP1 of (a) J82 and (b) J82 cisR. Cells were
preincubated with entinostat and JQ1 for 48 h followed by addition of cisplatin for another 24 h. Foci
in at least 19 representative random cells were counted. Data shown are the mean + SEM of counted
foci. Significance was calculated using unpaired t-test in GraphPad Prism. Level of significance: ns
(p > 0.05); **** (p < 0.0001).
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Figure 7. One representative fluorescence image out of five experiments is shown for each treatment
condition for J82 and J82 cisR (y-H2AX (green) and 53BP1 (red); overlay of y-H2AX and 53BP1 (yellow)).
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The nuclei were stained using Hoechst 33342 (blue). The 100 uM of cisplatin in J82: DAPI staining is
overlayed by strong y-H2AX staining. The cells were preincubated with entinostat and JQ1 for 48 h,
followed by addition of cisplatin for another 24 h.

3.3. Effect of Entinostat and JQ1 on Expression of Pro- and Anti-Apototic Genes and Proteins

Next, the effects of the epigenetic modulators entinostat and JQ1 on gene and protein
expression were analyzed to determine the effect of their preincubation. Therefore, the
influence of entinostat, JQ1, and their combination was investigated on the expression of
pro- and anti-apoptotic genes in the J82 and ]82 cisR cells, showing the most favorable
results with the triple combination. The RT-qPCR was performed after 48 h incubation with
entinostat and JQ1 and evaluated according to Vandesompele [54]. Genes coding for pro-
(Bim, FOXO1, FOXO3a) and anti-apoptotic (survivin) proteins were analyzed. Furthermore,
gene expression of proteins that influence the cell cycle (p21, p53) were also examined
(Figure 8).

J82

control 0.316 uM ENT 1M JQ1 0-316 M ENT
+1uMJQl
p21 0.000 0.115 0.654 0.608 1
p53 0.000 -0.125 -0.097 -0.142
Bim 0.000 -0.015 0.283 0.220
FOXO1 0.000 -0.054 0.260 0.453
FOXO3a 0.000 -0.125 0.128 0.221
survivin| 0.000 -0.149 -0.002 -0.001

J82 cisR 0

0.316 uM ENT
control 0.316 uM ENT 0.1 uM JQ1
+0.1 pM JQ1

p21 0.000 0.049 0.581 0.160

p53 0.000 -0.202 0.347 -0.243

Bim 0.000 -0.110 0.534 0.038

FOXO1 0.000 0.087 0410 0.131

FOXO3a 0.000 -0.030 0.438 0.005
survivin 0.000 -0.100 0.435 -0.129 --0.3

Figure 8. Gene expression was examined by RT-qPCR. Cells were incubated with entinostat and JQ1
for 48 h. The analysis was performed according to Vandesompele [54]. Shown is the decadic logarithm
of the expression values normalized to the expression of the control genes GUSB (beta-glucuronidase),
TBP (TATA-binding protein), and HPRT1 (hypoxanthine-guanine phosphoribosyltransferase) of the
respective cell line. Negative values (green) indicated lower gene expression, and positive values
(red) indicated higher gene expression compared to the cell-specific control. Data are shown of one
representative experiment carried out in duplicates.

In J82 and J82 cisR, p21 was only slightly upregulated by treatment with entinostat. In
contrast, JQ1 or the combination of entinostat and JQ1 led to a greater upregulation of p21
in both cell lines. In ]82, the increase in p21 gene expression by the triple treatment was only
slightly weaker than by JQ1 alone, whereas the increase in p21 was 3.6-fold greater by JQ1
than by the combination of entinostat and JQ1 in ]J82 cisR. P53 was downregulated by the
epigenetic modulators in J82 and J82 cisR, except for JQ1 alone in J82 cisR, where p53 was
upregulated. Bim, FOXO1, and FOXO3a showed an increased gene expression after JQ1
and the dual combination treatment in both cell lines, while Bim and FOXO3a were only
marginally upregulated through the combination treatment in 82 cisR. The gene expression
of survivin was inconsistent. Survivin was less expressed by entinostat in J82. The treatment
with JQ1 or the combination of entinostat and JQ1 hardly made any difference to control.
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In J82 cisR, survivin was strongly upregulated by JQ1, but downregulated by entinostat and
the combination treatment.

To verify the results of the RT-qPCR at the protein level, Western blots were performed
with the same incubation time. Furthermore, BRD4 and c-Myc were considered as addi-
tional target proteins of JQ1. JQ1 has previously been shown to exert its antitumor effects
by inhibiting c-Myc expression [70]. The presented blots were analyzed with Image] for a
more comprehensive analysis. The results are shown in Figure 9 and Figure S7.
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Figure 9. Western blot analysis of (a) J82, (b) J82 cisR, (c) T24, and (d) T24 LTT. The cells were
incubated with entinostat and JQ1 for 48 h. The data shown are a representative blot out of at least
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two different protein samples. The uncropped blots are presented in the supplement (Figures S8-514).
(e) Relative protein expression of FOXO1, Bim, and p21 related to 3-actin as loading control in J82, J82
cisR, T24, and T24 LTT. The ratio of control was set to 1, represented by the dashed line. Shown Western
blots were analyzed with Image]J. The analysis of the remaining proteins is presented in Figure S7.

The combination of entinostat and JQ1 revealed an increased protein expression of
FOXO1, Bim, and p21 compared to the control in all four cell lines (Figure 9). The strongest
increase in FOXO1 expression was induced by entinostat in J82 cisR and T24 LTT and
not by the combination treatment. Interestingly, Bim was most expressed when treated
with JQ1 alone, but the combination of entinostat and JQ1 gave similar results. P21 was
highly upregulated by JQ1 and the combination treatment in J82, J82 cisR, and T24. In T24
LTT, p21 was also upregulated, but only by entinostat and the combination treatment. A
slight decrease in survivin was only evident with JQ1 and the combination treatment in
J82 cisR and T24. P53 was downregulated by the combination of entinostat and JQ1 in all
four cell lines. C-Myc was detectable in all cell lines, tending towards upregulation in J82
and J82 cisR and downregulation in T24 and T24 LTT (Figure S7) upon treatment. BRD4
was only very slightly expressed in ]J82 cisR in contrast to the other three cell lines. The
present Western blot results were largely consistent with the qPCR results, demonstrating
the preincubation with both epigenetic modulators resulted in upregulation of p21, FOXO1,
and Bim.

3.4. Investigation of BETi OTX015, JQ35, and Dual Inhibitor 20 in Combination Treatments

JQ1 was used as a model compound for BETi in this study. JQ1 was not investi-
gated clinically due to its short half-time [33]. Advanced BETi as OTX015 and JQ35 were
developed and already clinically investigated in B-cell lymphoma, multiple myeloma,
castrate-resistant prostate cancer, midline carcinoma, and non-small-cell lung cancer, but
to our knowledge, not in bladder cancer [27,36]. Therefore, we investigated the advanced
BETi OTX015 and JQ35 in the triple combination (together with cisplatin) as replacement
for JQ1 to enable a future potential clinical application perspective for the triple treatment
in bladder cancer. The cell lines J82 and J82 cisR were selected for this investigation since
the triple treatment was most effective in these cell lines. As additional approach, the dual
HDAC- and BET-inhibitor 20 was investigated [51]. Inhibition of two target proteins simul-
taneously, HDAC and BRD proteins, in one compound could simplify therapy regimes,
known in medicinal chemistry as dual-targeting approach. Compound 20 was described in
the literature as a compound with sub-micromolar inhibitory activity against HDAC 1-3
and 6 [51]. The ICsg values at HDAC4 (207 uM) and HDACS (6.03 uM) support selectivity
towards class I and IIb HDACs (Figure S15, Table S6). The inhibitory activity to BRDs was
reported in the single-digit micromolar range [51]. As 20 can inhibit both epigenetic targets,
20 was only tested in dual combination with cisplatin in all four cancer cell lines.

Firstly, the ICs5y values for all three compounds were determined in J82 and ]82
cisR. Compound 20 was additionally tested in T24 and T24 LTT. Results are presented in
Figure 516 and Table 4.

Table 4. IC5y (MTT, 72 h) of OTX015, JQ35, and 20 in all bladder cancer cell lines. Data shown are
the mean =+ SD of at least three independent experiments, each carried out in triplicates. ND means
not determined.

OTX015 JQ35 20
ICsp + SD ICsp + SD ICsp + SD
[uM] [uM] [uM]
J82 189 4+ 2.82 69.5 + 7.88 7.17 £ 0.57
J82 cisR 1.04 +0.13 1.49 4+ 0.34 7.00 4+ 0.49
T24 ND ND 6.95 + 0.54
T24 LTT ND ND 4.66 £+ 0.41
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The ICs values of OTX015 and JQ35 were comparable to the ICs values of JQ1 in J82
and J82 cisR (Table 1, ]J82 18.8 uM, J82 cisR 2.22 uM), except for JQ35 in J82. JQ35 had a
3.7-fold-increased ICsq value in J82 cells compared to JQ1. Compound 20 was approximately
equally cytotoxic in the single-digit micromolar range in all four cell lines. Then, the effect
of entinostat plus OTX015 or entinostat plus JQ35 or, alternatively, 20 only on the ICs of
cisplatin was investigated. The concentration—effect curves of cisplatin are presented in
Figures 10 and S17. The ICsy values and shift factors of the combination treatments are
shown in Table 5 (additional ICsy values and shift factors in Tables S7 and S8).
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Figure 10. Concentration—effect curves of cisplatin (MTT assay) of (a,c,e) J82 and (b,d,f) J82 cisR. Cells
were preincubated with entinostat and/or OTX015 or JQ35 or compound 20 alone for 48 h followed
by addition of cisplatin for another 72 h. Control means concentration—effect curve of cisplatin in
absence of epigenetic inhibitors. Data shown are the mean =+ SD of at least one experiment, carried

out in triplicates.
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Table 5. IC5; values (MTT) of cisplatin. Cells were preincubated with entinostat and/or OTX015 or
JQB35 or compound 20 alone for 48 h followed by addition of cisplatin for another 72 h. Control was
untreated for 48 h followed by addition of cisplatin for another 72 h. Data shown are the mean + SD
of at least one experiment, carried out in triplicates. All ICs5, values of the combination treatments
were significantly lower than the ICs( values of cisplatin alone (control, p < 0.0001).

Cell Line Control + 0.316 uM Entinostat
Cisplatin Cisplatin Cisplatin Cisplatin
1C50 = SD O{Tﬁ}lB ICs59 = SD SF {QISS 1C50 = SD SF [ 21?/[] ICs9 = SD SF
[uM] H [uM] H [uM] H [uM]
J82 3.02 +£0.10 1 0.70 +0.23 431 3 1.01 £ 0.10 2.99 75 1.86 + 0.56 1.62
J82 cisR 7.80 +£0.23 0.1 1.55 £ 0.20 5.03 0.1 1.47 +£0.13 5.31 7.5 1.47 +0.76 5.31
0.3 0.85 4+ 0.06 9.18

As previously observed for JQ1, OTX015 and JQ35 also revealed the largest SF in
combination with entinostat (Tables 5 and S7), leading to a complete reversal of cisplatin
resistance in J82 cisR. The application of one epigenetic inhibitor only gave a slight reduction
in the IC5( value of cisplatin (Table S7). Overall, the combination of the BETi, OTX015 or
JQ35, and entinostat showed comparable sensitizing effects on the ICsq value of cisplatin, as
JQ1 did. Compound 20 had an SF of 5.31 in J82 cisR, which is comparable to the effect of the
combination of entinostat plus OTX015 or JQ35. In J82, T24, and T24 LTT, the SF of 20 was
mostly only <2 (Tables 5 and S8); however, 7.5 uM of 20 induced a significant decrease in
cell viability (approx. 60-70%) in all bladder cancer cell lines. (Figures 10 and S17). OTX015
was chosen for further detailed investigations due to its overall presenting the highest SF in
the triple combinations in J82 and J82 cisR (Table 5). We investigated whether OTX015 alone
and in combination treatments induced comparable effects as JQ1 regarding apoptosis
induction. The results of subG1 induction are shown in Figure 11 and representative
cytometry flow images are presented in Figure S18.
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Figure 11. Induction of subG1-nuclei. Cells were preincubated with entinostat and OTX015 for 48 h
followed by addition of cisplatin for another 24 h. Apoptotic cells were defined by subGl fraction
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(flow cytometry). Data shown are the mean + SD of one representative experiment out of at least
two, each carried out at least in triplicates. Untreated control was subtracted. (a) J82; (c) J82 cisR.
(b,d) show the comparison between the sum of the single compound effects (black bars) versus
the effect of the combination treatments (white bars) in J82 (b) and J82 cisR (d). Statistical analysis
was performed using unpaired f-test. Level of significance: ns (p > 0.05); * (p < 0.05); ** (p < 0.01);
## (p < 0.001); **** (p < 0.0001).

The triple combination of entinostat, OTX015, and cisplatin exhibited the largest subG1
fraction in J82 and J82 cisR. The triple combination induced significantly more subG1 nuclei
than the single or dual combinations in J82 cisR. The same applied to J82, except for the
combination of entinostat and OTX015. In J82, the difference between the sum of the
single treatments and the triple combination treatment was not significant. Even the dual
combination of entinostat and OTX015 was as effective as the triple treatment and showed
a significant increase in subG1 nuclei in comparison to the sum of single treatments. In J82
cisR, the number of subG1 nuclei induced by triple treatment was significantly higher than
the sum of the single treatments. Overall, OTX015 in combination with entinostat and cisplatin
yielded comparable results to JQ1 in the induction of subG1 nuclei (Figures 4 and 11).

Then, we investigated whether the induction of apoptosis was triggered by caspase
3/7 activation as observed for JQ1. The activation of caspase 3/7 was investigated using
the using dual and triple combinations consisting of entinostat, OTX015, and cisplatin in
J82 and J82 cisR (Figure 12). In addition, we investigated the dual combination of 20 and
cisplatin in J82, J82 cisR, T24, and T24 LTT (Figure 13). Representative fluorescence images
are presented in Figure S19.
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Figure 12. Caspase 3/7 activation in (a) J82 and (b) J82 cisR. Cells were preincubated with entinostat
and OTX015 for 48 h followed by addition of cisplatin for another 24 h. (c) shows the comparison
between the sum of the single compound effects (black bars) versus the effect of the combination
treatments (white bars) in J82 and ]82 cisR. Data shown are the mean + SD of one representative
experiment out of at least two, each carried out in duplicates. Significance was calculated using unpaired
t-test. Level of significance: ns (p > 0.05); * (p < 0.05); ** (p < 0.01); ** (p < 0.001); **** (p < 0.0001).
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Figure 13. Caspase 3/7 activation in (a) J82, (b) ]J82 cisR, (c) T24, and (d) T24 LTT. Cells were
preincubated with 20 for 48 h followed by addition of cisplatin for another 24 h (T24 LTT 48 h).
(e,f) show the comparison between the sum of the single compound effects (black bars) versus the
effect of the combination treatments (white bars) in J82 and J82 cisR (e) and T24 and T24 LTT (f). Data
shown is the mean + SD of one representative experiment out of at least two, each carried out in dupli-
cates. Significance was calculated using unpaired t-test. Level of significance: ns (p > 0.05); * (p < 0.05);
** (p < 0.01); *** (p < 0.001).

The triple combination induced the highest caspase 3/7 activation followed by the
combination of OTX015 and cisplatin in J82 and J82 cisR, although the difference was not
significant in J82 cisR. The synergistic effect of the triple combination was evident as seen
by a huge increase in caspase 3/7 activation in J82 and J82 cisR compared to the sum of
the single treatments. These results again demonstrated that OTX015 behaved analogous
to JQ1 in the triple combination (Figures 5 and 12). Remarkably, the triple combination
with OTX015 exceeded by far the caspase activation induced by 100 uM cisplatin, again
demonstrating the potential of the triple combination for overcoming cisplatin resistance.

Compound 20 only weakly activated caspase 3/7 as a single treatment in all four cell
lines, although 20 combines both features as HDACis and BETis (Figure 13). However,
the dual combination of 20 and cisplatin revealed a significant increase in caspase 3/7
activation compared to cisplatin alone in J82 and J82 cisR, exceeding by far the effect of
100 puM cisplatin (Figure 13). The combination treatment also demonstrated a significantly
higher caspase 3/7 activation in T24 LTT, although increasing concentrations of 20 did not
further increase this effect. Remarkably, already 0.5 uM 20 in combination with cisplatin
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resulted in a higher caspase 3/7 activation in T24 LTT compared to cisplatin alone, although
the ICsg of 20 in T24 LTT cells is much higher (4.66 uM, Table 4). In T24 cells, the combination
of 20 and cisplatin did not increase caspase 3/7 activation compared to cisplatin alone up to
7.5 uM 20, which is slightly above its ICsy value in T24 cells (6.95 uM, Table 4). In summary,
our results confirm a synergistic effect of 20 and cisplatin for caspase 3/7 activation in J82, J82
cisR, and T24 LTT (Figure 13) and additionally confirm the higher potency of the combination
of HDACi and BETi (including 20) in cisplatin-resistant cell lines (see also Table 4).

Similar to the analysis of protein expression changes upon entinostat and JQ1 treatment
(Figure 9), we analyzed altered protein expression upon treatment with OTX015, entinostat,
and their combination, as well as with 20 in Western blot (Figure 14).
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Figure 14. Western blot analysis of (a) J82, (b) J82 cisR and (d) J82, J82 cisR, T24, and T24 LTT. Cells
were incubated with entinostat, OTX015, or 20 for 48 h. Data shown are a representative blot out of at
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least two different protein samples. Uncropped blots are presented in the Supplementary Materials
(Figures 520-523). Relative protein expression of selected proteins related to 3-actin as loading control
in (c) J82 and J82 cisR and (e) J82, J82 cisR, T24, and T24 LTT. Ratio of control was set to 1, represented
by the dashed line. Western blots were analyzed with Image]. The remaining investigated proteins
are displayed in Figure 524.

In J82 and J82 cisR cells, expression of FOXO1 and p21 increased upon treatment
with OTX015 and the combination of OTX015 plus entinostat but not with entinostat alone
(Figure 14). The expression of Bim was clearly increased by OTX015 and the combination
treatment in J82, but to a lesser extent in J82 cisR. A decrease in survivin expression
was found for OTX015 and OTX015 plus entinostat in J82 cisR, whereas its expression
was unchanged in J82. Furthermore, the expression of p53 remained unchanged for all
treatments in J82 cisR and J82. Expression of c-Myc slightly increased upon treatment with
OTX015 and the combination in agreement to the findings with JQ1 (Figure 9) in J82 cisR.
However, in J82 cells, expression of c-Myc decreased upon treatment with OTX015 and the
combination, which was different with the BETi JQ1 (Figure 9). BRD4 expression slightly
increased upon entinostat treatment but not with OTX015 or the combination in J82 cisR.
However, incubation with OTX015 and combination of entinostat and OTX015 led to an increase
in BRD4 in J82 cells. In summary, changes in protein expression in J82 and J82 cisR cells were
similar for entinostat plus OTX015 as observed for entinostat plus JQ1 (Figures 9 and 14). Major
changes in expression were found for FOXO1, p21, and Bim.

Upon treatment with compound 20, similar expression changes were obtained as with
the combination of entinostat and OTX015 (Figure 14). FOXO1 expression increased in J82,
J82 cisR, and T24 LTT, but decreased in T24. P21 expression increased upon treatment with
20 in all cell lines except T24. Of interest, increase was most prominent in the cisplatin-
resistant cell lines J82 cisR and T24 LTT. Bim expression increased in J82 only and was even
decreased in T24 LTT. Survivin expression slightly increased in the cisplatin-sensitive cell
lines J82 and T24 but decreased clearly in the cisplatin-resistant cell clones J82 cisR and
T24 LTT. P53 was downregulated by 20 in all cell lines. The expression of c-Myc decreased
in J82, remained unchanged in J82 cisR, and slightly increased in T24 and T24 LTT cells.
Except for in J82, BRD4 was downregulated upon treatment with 20 in all cell lines. In
summary, 20 increased the expression of FOXO1 and p21 and decreased expression of
survivin, particularly in the cisplatin-resistant clones.

3.5. Selectivity of the Triple Combination Entinostat, BETi, and Cisplatin for Cancer over
Non-Cancer Cells

A limiting factor in the clinical administration of anticancer drugs is their toxicity to
non-cancer cells. Overall, the triple combination of entinostat, the BETi JQ1 or OTX015,
and cisplatin delivered promising anticancer effects in two pairs of cisplatin-sensitive and
-resistant bladder cancer cells. Here, we assessed the cytotoxicity of the triple treatments in
non-cancer cell lines. The HBLAK cells were chosen as a non-cancerous entity from the
bladder and HEK293 cells as a second sample for non-cancer cells. Concentration—effect
curves of the compounds were performed in both cell lines. In HBLAK cells, JQ1 was used
as the BETi, and in HEK293, JQ1 and OTX015 were used as the BETis (Figure S25, Table 6).

Table 6. ICs5q values (MTT, 72 h) of cisplatin, entinostat, JQ1, and OTX015 in non-cancer cell lines
HBLAK and HEK293. Data shown are the mean =+ SD of at least three independent experiments,
each carried out in triplicates; ND = not determined.

Cisplatin Entinostat Jo1 OTX015
IC5) £ SD IC50 £ SD IC5p £ SD IC5) £ SD
[uM] [uM] [uM] [uM]
HBLAK 1.71 £ 0.09 1.45£0.18 2.37 £ 041 ND
HEK293 3.36 £ 0.09 447 £0.77 1.41+0.26 1.98 +0.42
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HBLAK

Both non-cancer cell lines had similar ICsy values for cisplatin as the cisplatin-sensitive
cancer cell lines J82 or T24 (Table 1). Entinostat had a lower ICs value in HBLAK than in
HEK293. The ICs( value of entinostat in HBLAK was comparable to the ICsy in T24 LTT,
and the ICsp in HEK293 was similar to the ICsy in T24 (Table 1). In both non-cancer cell
lines, the ICsq values of JQ1 and OTX015 were similar to the ICs; values in J82 cisR or T24
cells. Thus, the ICs5j values were generally in a similar range in cancer and non-cancer cells.
Next, the effect of entinostat and JQ1 or OTX015 alone and in combination on the ICsy of

cisplatin was investigated (Figure 15, Tables 7 and 8). Concentrations used in non-cancer
cell lines were as used for the cancer cell lines.
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Figure 15. Concentration—effect curves of cisplatin (MTT assay) in (a) HBLAK and (b,c) HEK293. Cells
were preincubated with entinostat and/or JQ1 or OTX015 for 48 h followed by addition of cisplatin
for another 72 h. Control means concentration—effect curve of cisplatin in absence of epigenetic
inhibitors. Data shown are mean =+ SD of at least three independent experiments, each carried out
in triplicates.
Table 7. ICsy values (MTT) of cisplatin. Cells were preincubated with entinostat and/or JQ1 for 48
h followed by addition of cisplatin for another 72 h. Data shown are mean + SD of at least three
independent experiments, each carried out in triplicates.
. +0.316 uM ENT
Cell line Control +0.316 uM ENT +0.1 uM JQ1 +0.1 uM JQ1
Cisplatin Cisplatin Cisplatin Cisplatin
ICsp + SD IC50 = SD SF IC50 = SD SF 1C50 = SD SF
[uM] [uM] [uM] [uM]
HBLAK 3.38 +0.18 6.89 £+ 0.81 0.49 8.33 £0.76 0.41 8.45 + 0.77 0.40
HEK293 6.26 + 0.21 3.29 + 0.30 1.90 3.19 £0.32 1.96 3.19 £ 0.45 1.96
Table 8. ICs5y values (MTT) of cisplatin. Cells were preincubated with entinostat and/or OTX015 for
48 h followed by addition of cisplatin for another 72 h. Data shown are mean & SD of at least three
independent experiments, each carried out in triplicates.
. +0.316 uM ENT
Cell Line Control +0.316 uM ENT +0.1 uM OTX015 +0.1 uM OTX015
Cisplatin Cisplatin Cisplatin Cisplatin
IC50 + SD IC50 + SD SF IC59 + SD SF ICs50 + SD SF
[uM] [uM] [uM] [uM]
HEK293 6.26 + 0.21 3.84 +0.31 1.63 3.74 + 0.31 1.67 3.16 = 0.24 1.98

Overall, all combination treatments, including triple combinations, yielded low SFs in
both non-cancer cell lines. SFs of around two were calculated for HEK293. Surprisingly,
in HBLAK, the ICs values of cisplatin even increased (SF < 1) under treatment with the
epigenetic inhibitors. However, in HBLAK, treatment with entinostat and/or JQ1 in the
absence of cisplatin reduced cell viability by 60-65% (Figure 15a), whereas in HEK293, cell
viability was only reduced by up to 20% (Figure 15b,c). All SFs of the triple combination
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were <2.1 in non-cancer cells (Tables 7 and 8) and, thus, much lower than the SFs of the
cancer cell lines which were up to 15.6 (Table 2).

Finally, the cytotoxic effect of various triple combinations (fixed concentration JQ1,
0.1-0.75 uM entinostat, 0.2-1.0 uM cisplatin) were investigated in HEK293 and J82 cisR
cells for direct comparison of their toxicities (Figure 16).
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Figure 16. Cytotoxicity (MTT assay) of the triple combination entinostat, JQ1, and cisplatin in HEK293
cells (white bars) and J82 cisR cells (black bars). The cells were preincubated with entinostat and
JQ1 for 48 h, followed by the addition of cisplatin for another 72 h. Shown are the mean + SD from
at least three independent experiments, each carried out in triplicates. Data were normalized to
untreated control, where 100% cell viability was set as 0% cytotoxicity. Significance was calculated
using unpaired t-test. **** (p < 0.0001).

Figure 16 shows that all triple combinations had a significantly higher cytotoxicity
in the cisplatin-resistant cancer cell line J82 cisR than in the non-cancer cell line HEK293.
Since the ICsy values of entinostat, JQ1, and cisplatin are approximately the same in
cancer and non-cancer cell lines, these results suggest that non-cancer cell lines are much
less susceptible to sensitization by epigenetic inhibitors, here HDACis and BETis, against
cisplatin than cancer cells (Tables 2, 7 and 8, Figure 16). Even sub-micromolar concentrations
of entinostat, JQ1 and cisplatin were sufficient to achieve a high cytotoxic effect in cisplatin-
resistant J82 cisR cells due to reversal of cisplatin resistance, whereas cytotoxicity was very
low in HEK293 (Figure 16). Thus, our results indicate a strong selectivity of the triple
combination for cancer over non-cancer cell line.

4. Discussion

The development of cisplatin resistance is an unresolved problem [71,72]. The use of
combination therapies offers the potential to overcome intrinsic or acquired resistance of
cisplatin through increased efficacy and selectivity. Especially, non-responders of estab-
lished cisplatin-based chemotherapy or patients with cisplatin-resistant tumors need new
therapeutic approaches, among them bladder cancer patients. The inhibition of epigenetic
regulators such as HDACs or BET proteins has often been found to sensitize cancer cells
to cisplatin, including bladder cancer cells [14,32,72,73]. In this study, we investigated
the triple combination consisting of the class I HDACi entinostat; a BETi, such as JQ1 or
OTX015; and cisplatin in two pairs of cisplatin-sensitive and -resistant bladder cancer cells.
A previous study has demonstrated a synergistic effect of the class I HDACi romidepsin
and JQ1 in bladder carcinoma cell lines [48]. However, this previous study did not inves-
tigate the effect of romidepsin and JQ1 on cisplatin. In the present study, we used the
class I-selective HDACi entinostat but found only moderate mutual sensitizing effects of
entinostat and JQ1 (SF < 2, Table S3), resulting in a study design including cisplatin as a
further cytotoxic agent with clinical relevance in bladder carcinoma. The triple combination
of entinostat, JQ1, and cisplatin in this study resulted in a strongly reduced ICs; value
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of cisplatin obtaining shift factors of >2 in all four bladder carcinoma cell lines. In accor-
dance with previous results from our groups [74,75], 48 h preincubation of the epigenetic
modulators prior to addition of cisplatin for another 72 h was much more effective (SF
of cisplatin up to 15.6-fold, Table 2) than co-incubation of all three compounds (SF < 2,
Table S4). The triple combination (applying pre-incubation of the epigenetic modulators)
resulted in strong synergistic effects according to Chou-Talalay and Bliss analysis (Table 3,
Figures 2 and 3) in all four cell lines. This led to a complete reversal of cisplatin resistance
in J82 cisR cells (ICsy value reduced from 8.49 to 0.54 uM, Table 2) and an even lower
ICsp value of cisplatin than in the native cell line J82 (2.16 uM), which can be designated
as “oversensitization”. Even the highly resistant T24 LTT cell line (ICs value cisplatin
75.0 uM) was strongly sensitized against cisplatin by a factor of 4.3 applying the epigenetic
modulators, although no complete resistance reversal was achieved

Studies investigating dual combinations consisting of an HDACi plus cisplatin or an
HDAC: plus a BETi found an enhanced induction of apoptosis through increased caspase
3/7 activation [14,48]. These results are consistent with our findings that the synergistic
effect of the triple treatment is based on synergistic increase in caspase 3/7 activation and
increased apoptosis (Figures 4 and 5). Among other proteins, JQ1 inhibits BRD4, which is a
main regulator for numerous genes of the DNA repair system [76]. Therefore, it appears
reasonable that inhibition of BRD4 by JQ1 or OTX015 may contribute to a higher number
of double-strand breaks. Indeed, the triple treatment including JQ1 resulted in significantly
more double-strand breaks than the dual combination comprising entinostat and cisplatin
(Figure 6b), underlining the synergistic effect of the triple combination.

The underlying mechanism for the synergistic effect may at least in part be attributed
to increased expression of FOXO1, Bim and p21 in all four cell lines as analyzed by gPCR
and Western blot. As the literature confirms, these proteins are increased by class I HDACi
entinostat or BETi JQ1 and play a key role for DNA damage-induced cell death. [19,54,70,77].
Further, the literature reports that JQ1-mediated BRD4 inhibition leads to downregulation
of mutant p53, resulting in upregulation of p21 in triple-negative breast cancer cells [78].
Both native bladder cell lines used in this study have mutated p53 (J82 missense mutation,
T24 non-sense mutation) [79-82]. p53 mutations can cause chemoresistance via different
mechanisms, one of which is partially preventing or impeding drug-induced apoptosis.
Additionally, mutated p53 can prevent cells from initiating G1 or G2/M arrest, likely due
to inhibition of p21 expression [83]. Our Western blot results are consistent with literature
reports on expression of mutant p53, as p53 was downregulated in all four cell lines by the
dual combination of entinostat and JQ1, whereby p21 was upregulated (Figures 9 and S7).
Particularly in J82 cells, p21 expression was strongly enhanced by treatment with JQ1 with
or without entinostat. High levels of p21 can then lead to increased cell cycle arrest and
apoptosis induction [84]. It was shown in bladder carcinoma cells that overexpression of
c-Myc and the resulting increase in MMS19 expression facilitate cell proliferation and the
development of cisplatin resistance [85]. Many studies revealed a downregulation of c-Myc
by JQ1 [70,86]. Surprisingly, we could observe a downregulation of c-Myc only in T24
and T24 LTT cells, whereas J82 and J82 cisR exhibited the opposite tendency (Figure 9). It
can therefore be concluded that the suppression of c-Myc and its downstream signaling
in bladder carcinoma cell lines can only partly explain the synergistic effect of entinostat
and JQ1 and cisplatin. Further studies are needed to fully understand the mechanisms and
network of protein interactions leading to the synergistic effect of the triple combination
observed in our study. As common changes in gene expression upon treatment with
entinostat and JQ1 in the four investigated bladder cancer cell lines, we have discovered an
upregulation of p21, FOXO1, and Bim, all of which will at least in part contribute to the
observed synergistic effect with cisplatin.

OTX015, already investigated in clinical trials, demonstrated comparable effects as JO1.
Oral administration and longer half-life are key advantages of OTX015 over JQ1 [26,27,39].
In the triple-combination experiment using entinostat, OTX015, and cisplatin, we observed
complete resensitization against cisplatin in the J82 cisR cells as we did with JQ1. The ICsg
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value of cisplatin was reduced from 7.80 to 0.85 uM, corresponding to an SF of 9.2 (Table 5).
Further, the triple treatment of entinostat, OTX015, and cisplatin overall confirmed results
obtained with JQ1 concerning caspase 3/7-mediated apoptosis (Figures 11 and 12) and
protein expression changes: reduced p53, increased p21, and increased FOXO1 expression
in J82 and J82 cisR cells, whereas Bim expression was only increased in 82 (Figure 14a—c).
Taken together, JQ1 can be equivalently exchanged by OTX015. Figure 17 summarizes the
effects of the triple combination consisting of entinostat, BETi JQ1, or OTX015 or the dual
inhibitor 20 and cisplatin on caspase-mediated apoptotic cell death.

cisplatin
DNA damage

cell cycle control (p21)t
Synergism proapoptotic proteins t

—— > (FOXO1, Bim)

antiapoptotic proteins ‘
cisplatin (survivin, c-Myc)

BETi A HDACi U

nucleus

epigenetic changes

BETi HDACi class I caspase activation
JQ1, 0TX015 entinostat apoptosis
\ / cell death

dual inhibitor
compound 20

Figure 17. Overview of the effects of the combination of class | HDAC], BETi JQ1, or OTX015 or the
dual inhibitor 20 and cisplatin.

In conclusion, the triple combination of entinostat, a BETi, preferably OTX015, and cis-
platin yields a highly synergistic caspase-mediated apoptosis and cytotoxicity, completely
reversing cisplatin resistance and even leading to oversensitization, meaning to increase
cisplatin potency even beyond the potency in the native (non-resistant) cell lines. Thus,
this combination is highly promising to be further explored in bladder carcinoma models
and eventually in clinical trials, particularly since all components of this combination have
already undergone clinical evaluation.

As an additional feature, we have characterized compound 20, a dual HDACi and
BETi previously described [51]. A newer approach in medicinal chemistry follows up on the
combination of two or more inhibitory principles in one molecule (multi-target inhibitors)
if synergistic effects are likely to simplify the treatment [87,88]. Several dual HDAC
and BET inhibitors have already been investigated in various cancer entities, including
bladder cancer [51,89-93]. Here, we characterized the dual HDAC and BET inhibitor 20
in combination with cisplatin in the two cisplatin-sensitive and -resistant bladder cancer
cell pairs. Compound 20 is a combination of a 4-acyl pyrrole moiety derived from XD14
(BRDA4(1) inhibitor) and the zinc-binding group related to panobinostat (HDACi) [51,94].
The combination of 20 and cisplatin led to a strong decrease in the ICs5j value of cisplatin
from 7.80 uM to 1.47 uM (SF 5.31) and thus to a complete cisplatin resensitization of J82
cisR cells (Figure 10). Consequently, the combination of 20 and cisplatin was as effective as
the triple combination in J82 cisR cells. In addition, a significant increase in caspase 3/7
activation was observed upon combination of 20 and cisplatin in J82, J82 cisR, and T24 LTT
but not T24 cells (Figure 13). This was accompanied by increased expression of FOXO1 and
p21 in all cancer cell lines except T24, which may explain the lack of increase in caspase
3/7 activation in T24 by the combination of 20 and cisplatin. Notably, survivin expression
was decreased in both cisplatin-resistant cell lines (J82 cisR, T24 LTT, Figure 14d,e). Taken
together, the dual inhibitor 20 demonstrated similar changes in protein expression as the
combination of entinostat and JQ1 or OTX015. In conclusion, the combination of the
dual HDAC and BET inhibitor, 20, plus cisplatin yielded comparable efficacy as the triple
combination of entinostat, JQ1 or OTX015, and cisplatin, thus confirming the efficacy
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of the dual targeting approach and simplifying treatment regimes. Further studies are
needed to investigate the pharmacokinetics, toxicity, and long-term efficacy of compound
20, including other cancer models.

Ideally, the highly synergistic effect of the triple combination is selective for the cancer
cells and does not, or does to a much lesser extent, affect non-cancer cells. The single
compounds have similar toxicity in the bladder cancer cell lines and two non-cancer cell lines,
the bladder-tissue-derived cell line HBLAK and the kidney cell line HEK293 (Tables 1 and 6).
However, in combination with cisplatin, the toxicity is much lower in the non-cancer than
in the bladder cancer cells, thus suggesting selectivity for the bladder cancer cells. The
reduction in the ICs of cisplatin upon pretreatment with entinostat and JQ1 or OTX015 was
small in HEK293 cells, and the SFs were even <1 in HBLAK cells (Figure 15). A selectivity
for cancer over non-cancer cells is crucial for combination treatments aiming to overcome
cisplatin resistance in patients. The selectivity of the triple combination for cancer over non-
cancer cells is impressively shown for J82 cisR and HEK293 cells in Figure 16 using different
concentrations of JQ1, entinostat, and cisplatin relevant for in vivo studies [27,60,95].

5. Conclusions

Our study showed that the triple combination of the HDACi entinostat, a BETi, prefer-
ably OTX015, and cisplatin or a dual-acting HDAC/BET inhibitor plus cisplatin is highly
synergistic in bladder carcinoma cell lines and completely reverses cisplatin resistance. The
synergistic cytotoxicity is due to an enhanced caspase-mediated induction of apoptosis
caused by increased expression of p21, FOXO]1, and Bim. The triple combination is selective
for bladder cancer compared to the non-cancer cell lines HBLAK and HEK293. Thus,
this study encourages further preclinical and eventually clinical trials with HDAC and
BET inhibitors in combination with cisplatin to overcome cisplatin resistance and foster
treatment efficacy in bladder cancer.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers16193374/s1, Figure S1. Concentration—effect curves determined
with a 72 h MTT assay in J82 (a) cisplatin (cDDP), (b) entinostat (ENT), (c) JQ1; J82 cisR (d) cisplatin,
(e) entinostat, (f) JQ1; T24 (g) cisplatin, (h) entinostat, (i) JQ1; T24 LTT (j) cisplatin, (k) entinostat, (1) JO1.
Figure S2. Concentration—effect curves of entinostat or JQ1 (MTT assay). Figure S3. Concentration—
effect curves of cisplatin (MTT assay). Figure S4. Synergistic cytotoxic effect of combination treatment
in J82 (a)-(d), J82 cisR (e)-(h), T24 (i)-(1) and T24 LTT (m)-(p). Figure S5. Representative cytometry
flow images are shown for control, entinostat, JQ1, cisplatin and their combination treatments in
J82,]82 cisR, T24 and T24 LTT. Figure S6. Representative fluorescent imaging pictures (Thermofisher
Arrayscan XTI) are shown for vehicle control, entinostat, JQ1, cisplatin and their combination
treatments in J82, J82 cisR, T24 and T24 LTT. Figure S7. The relative protein expression of proteins
of interest related to 3-actin as loading control is shown in (a) J82, (b) J82 cisR, (c) T24 and (d) T24
LTT; Figure S8. Uncropped western blot, J82: blot at left top shows FOXO1 (a), 3-Actin (b) and p21
(c) and the blot below illustrates p53 (d) and survivin (e), the blot on the right-side displays Bim (f),
48 h incubation. Figure S9. Uncropped western blot, ]82: blot at right top shows BRD4 (a), c-Myc
(b) and B-Actin (c), 48 h incubation. Figure 510. Uncropped western blot, J82 cisR: blot at left top
shows FOXO1 (a), 3-Actin (b) and p21 (c), the blot below illustrates p53 (d) and survivin (e), 48 h
incubation. Figure S11. Uncropped western blot, J82 cisR: blot at right top shows at the bottom Bim
(a), 48 h incubation. Figure S12. Uncropped western blot, ]82 cisR: blot at top shows BRD (a), c-Myc
(b) and p-Actin (c), 48 h incubation. Figure S13. Uncropped western blot, T24: blot at left top shows
FOXO1 (a), B-Actin (b) and p21 (c), the blot below illustrates p53 (d) and survivin (e), the blot on the
right-side displays BRD4 (f), c-Myc (g) and Bim (h), 48 h incubation. Figure S14. Uncropped western
blot, T24 LTT: blot at left top shows FOXO1 (a), 3-Actin (b) and p21 (c), the blot below illustrates
P53 (d) and survivin (e), the blot on the right-side displays BRD4 (f), c-Myc (g) and Bim (h), 48 h
incubation. Figure S15. HDAC enzyme inhibitory activity of 20, vorinostat and Panobinostat; Figure
516. Concentration—effect curves (MTT assay, 72 h) in J82 (a) OTX015, (b) JQ35, (c) 20; in J82 cisR
(d) OTX015, (e) JQ35, (f) 20; in T24 (g) 20 and in T24 LTT (h) 20. Figure S17. Concentration—effect
curves of cisplatin (MTT assay) of (a) J82; (b) T24; (c) T24 LTT. Figure S18. Representative cytometry
flow images are shown for control, entinostat, OTX015, cisplatin and their combination treatments in
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J82 and J82 cisR. Figure S19. (a) Representative fluorescent imaging pictures (Thermofisher Arrayscan
XTI) are shown for vehicle control, entinostat, OTX015, cisplatin and their combination treatments
in J82, J82 cisR. (b) Representative fluorescent imaging pictures (Thermofisher Arrayscan XTI) are
shown for vehicle control, 20, cisplatin and their combination treatments in J82, J82 cisR, T24 and
T24 LTT. Figure S20. Uncropped western blot, 82, blot at left top shows FOXO1 (a), f-Actin (b) and
p21 (c), the blot below illustrates p53 (d) and survivin (e), the blot on the right-side displays BRD4
(f), c-Myc (g) and Bim (h), 48 h incubation. Figure S21. Uncropped western blot, J82 cisR, blot at
left top shows FOXOL1 (a), -Actin (b) and p21 (c), the blot below illustrates p53 (d) and Bim (e),
48 h incubation. Figure S22. Uncropped western blot, J82 cisR, the blot on the right-side displays
BRDA4 (a), c-Myc (b), B-Actin (c) and survivin (d), 48 h incubation. Figure S23. Uncropped western
blot, 82, J82 cisR, T24 and T24 LTT, blot at left top shows FOXO1 (a), f-Actin (b) and p21 (c), the
blot below illustrates p53 (d) and survivin (e), the blot on the right side displays BRD4 (f), c-Myc
(g) and Bim (h), 48 h incubation. Figure S24. The relative protein expression of proteins of interest
related to -actin as loading control is shown in (a) 82, (b) J82 cisR. Figure S25. Concentration—effect
curves determined by 72 h MTT assay in (a)-(c) HBLAK and (d)-(g) HEK293. Table S1. Overview
of primary antibodies used in Western blot; Table S2. Primer sequences for RT-PCR. Table S3. IC50
values (MTT) of entinostat or JQ1. Table S4. IC50 values (MTT) of cisplatin. Table S5. CI values of the
dual combination studies (48 h preincubation with entinostat or JQ1, followed by addition of cisplatin
for another 72 h. Table S6. HDAC enzyme inhibitory activity of 20, vorinostat and Panobinostat.
Table S7. IC50 values (MTT) of cisplatin; Table S8. IC50 values (MTT) of cisplatin.
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Triple Combination of Entinostat, a Bromodomain
Inhibitor, and Cisplatin Is a Promising Treatment
Option for Bladder Cancer

Supplemental Information

Table S1. Overview of primary antibodies used in western blot.

Protein of interest | expected size (kDa) Primary antibody (company, Catalog nr.)
BRD4 200 Cell Signaling Technologie; E2A7X
FOXO1 78 Cell Signaling Technologie; C29H4
c-Myc 65 Cell Signaling Technologie; D84C12
p53 53 Santa Cruz; sc-126
B-Actin 43 Santa Cruz; sc47778
Bim 22 bio-techne; NBP1-76963
p21 21 Cell Signaling Technology; #2947
survivin 16 bio-techne; AF886

Table S2. Primer sequences for RT-PCR.

Gene Primer Forward Primer Reverse
survivin TGAGAACGAGCCAGACTTGG TGTTCCTCTATGGGGTCGTCA
FOX0O1 ATGTGTTGCCCAACCAAAGC AGTGTAACCTGCTCACTAACCC
FOX0O3a AAGGATCACTGAGGAAGGG GTGTCAGTTTGAGGGTCTGC
GUSB ACCTCCAAGTATCCCAAGGGT GTCTTGCTCCACGCTGGT
HPRT1 CCTGGCGTCGTGATTAGTGA CGAGCAAGACGTTCAGTCCT
TBP GTGACCCAGCATCACTGTTTC GAGCATCTCCAGCACACTCT
p53 AGTCAGATCCTAGCGTCG TCAGGAAGTAGTTTCCATAGG
Bim AGACAGAGCCACAAGCTTCC CAATACGCCGCAACTCTTGG
p21 TGCCGAAGTCAGTTCCTTGT GTTCTGACATGGCGCCTCC
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Figure S1. Concentration-effect-curves determined with a 72 h MTT-Assay in J82 (a) cisplatin (cDDP), (b)
entinostat (ENT), (c) JQ1; J82 cisR (d) cisplatin, (e) entinostat, (f) JQ1; T24 (g) cisplatin, (h) entinostat, (i) JQ1; T24
LTT (j) cisplatin, (k) entinostat, (I) JQ1. Data shown are the mean + SD of at least three independent experiments,

each carried out in triplicates.
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Figure S2. Concentration-effect-curves of entinostat or JQ1 (MTT-Assay). Cells were either preincubated with
entinostat or JQ1 for 48 h followed by the addition of the second epigenetic inhibitor (JQ1 or entinostat) for
another 72 h or co-incubated with both epigenetic inhibitors for 72 h. (a)-(b) J82; (c)-(d) J82 cisR. Control means
concentration-effect-curve of entinostat or JQ1 in the absence of the second epigenetic inhibitor. Data shown are
the mean + SD of at least one representative experiment, carried out in triplicates.

Table S3. ICso values (MTT) of entinostat or JQ1. Cells were co-incubated with one fixed concentration of entinostat
or JQ1 for 72 h or preincubated with one fixed concentration of entinostat or JQ1 for 48 h followed by addition of
the other epigenetic inhibitor for another 72 h. Data shown are the mean + SD of at least one representative
experiment carried out in triplicates. Shift factors (SF) were calculated by dividing the ICso value of the control by
the ICso value of the additional treatment.

cell line control co-incubation JQ1 control co-incubation ENT
ENT ENT JO1 JO1
JO1 ENT
ICs0+ SD ICs0xSD SF ICs0+ SD ICs0£ SD SF
[uM] [uM]
[uM] [uM] [uM] [uM]
J82 12.3 £ 1.08 1 734+0.77 1.68 || 21.5+4.05 0316 |25.7+271 0.84
J82 cisR | 10.4+0.94 0.1 527+0.64 197 || 2.64+0.52 0316 | 1.54+036 1.71

cellline | control preincubation JQ148 h control preincubation ENT 48 h
ENT ENT JO1 JO1
JO1 ENT
ICs0+ SD ICs0xSD  SF || ICs0x SD ICs0xSD SF
[uM] [uM]
[uM] [uM] [uM] [uM]
J82 9.59 + 0.81 1 6.65+049 144 || 21.6+4.99 0316 | 16.9+279 1.28
J82 cisR | 9.38 +0.89 0.1 6.46+0.73 145 || 2.41+0.51 0.316 | 1.99+0.37 1.21
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Figure S3. Concentration-effect-curves of cisplatin (MTT-Assay). Cells were co-incubated with entinostat, JQ1 and
cisplatin for 72 h. (a) J82 (b) J82 cisR (c) T24 (d) T24 LTT. The control illustrates cell viability after treatment with

ascending concentrations of cisplatin. Data shown are the mean + SD of one representative experiment carried out
in triplicates.

Table S4. ICso values (MTT) of cisplatin. Cells were co-incubated with entinostat, JQ1 and cisplatin for 72 h. Data
shown are the mean + SD of at least one representative experiment carried out in triplicates.

cell line| control co-incubation
cisplatin cisplatin cisplatin cisplatin
ENT Jo1 ENT+JO1
ICs0+ SD ICs0xSD SF ICs+SD SF ICs0+SD SF
[uM] [uM] [uM]
[uM] [uM] [uM] [uM]
J82 249 +0.12 0316 | 1.43+0.15 1.74 1 1.31+0.18 1.90 0316+1 |0.816 £0.06 3.05
J82 cisR| 6.17 +0.23 0.316 | 3.86+0.18 1.60 0.1 6.30+030 098 || 0.316+0.1 | 3.95+0.29 1.56
T24 1.97 +0.06 0.316 | 1.94+0.07 1.02 0.3 1.05+0.04 188 || 0.316+0.3 | 1.28+0.04 1.54
T24 LTT| 65.3 +4.17 " 0316 | 38.2+4.06 1.71 " 0075 | 62.8+7.45 1.04 "0.316 +0.075| 42.2+4.77 1.55
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Table S5. CI values of the dual combination studies (48 h preincubation with entinostat or JQ1, followed by addition
of cisplatin for another 72 h. CI values were calculated using compuSyn software from the mean of at least three
independent experiments, each carried out in triplicates. CI < 1.0 indicate a synergistic effect (green), CI=1 indicate
an additive effect, CI > 1 indicate an antagonistic effect (red); * means fraction affected was less than 0.20.
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Figure S4. Synergistic cytotoxic effect of combination treatment in J82 (a)-(d), J82 cisR (e)-(h), T24 (i)-(I) and T24
LTT (m)-(p). Cells were preincubated with entinostat and JQ1 for 48 h followed by an addition of cisplatin for
another 72 h. Shown are the mean + SD of at least three independent experiments, each carried out in triplicates.
Data were normalized to untreated control. Black bars illustrate the additive effects (sum) of the individual
treatments, white bars are the data of the combination treatment. Significance was calculated using unpaired t-test.

ns (p 2 0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001); *** (p < 0.0001).
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Figure S5. Representative cytometry flow images are shown for control, entinostat, JQI, cisplatin and their
combination treatments in J82, J82 cisR, T24 and T24 LTT. Cells were preincubated with entinostat and JQ1 for 48
h followed by addition of cisplatin for another 24 h. RN1 was defined as the subGl fraction.
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Figure S6. Representative fluorescent imaging pictures (Thermofisher Arrayscan XTI) are shown for vehicle
control, entinostat, JQ1, cisplatin and their combination treatments in J82, J82 cisR, T24 and T24 LTT. Nuclei were
stained using Hoechst 33342 (blue). Caspase 3/7 activation is shown in green. Cells were preincubated with
entinostat and JQ1 for 48 h followed by addition of cisplatin for another 24 h (T24 LTT 48 h).
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Figure S7. The relative protein expression of proteins of interest related to 3-actin as loading control is shown in (a)

(©)

J82, (b) J82 cisR, (c) T24 and (d) T24 LTT. Ratio of control was set to 1, represented by the dashed line. The western

blots were analyzed with Image] software (Image]J 1.54g (http://imagej.org). Data shown is one representative blot

out of at least two different protein samples. Cells were incubated with entinostat and JQ1 for 48 h.
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Figure S8. Uncropped western blot, J82: blot at left top shows FOXO1 (a), p-Actin (b) and p21 (c) and the blot below
illustrates p53 (d) and survivin (e), the blot on the right-side displays Bim (f), 48 h incubation. Order of samples left
to right: control (1), entinostat (2), JQ1 (3), entinostat plus JQ1 (4). Densiometric analysis with Image]J software of
relative protein expression in relation to [3-Actin is presented (a; c-f). Ratio of control was set to 1.
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Figure S9. Uncropped western blot, J82: blot at right top shows BRD4 (a), c-Myc (b) and B-Actin (c), 48 h incubation.
Order of samples left to right: control (1), entinostat (2), JQ1 (3), entinostat plus JQ1 (4). Densiometric analysis with
Image] software of relative protein expression in relation to 3-Actin is presented (a-b). Ratio of control was set to 1.
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Figure S10. Uncropped western blot, J82 cisR: blot at left top shows FOXO1 (a), B-Actin (b) and p21 (c), the blot
below illustrates p53 (d) and survivin (e), 48 h incubation. Order of samples left to right: control (1), entinostat (2),
JQ1 (3), entinostat plus JQ1 (4). Densiometric analysis with Image] software of relative protein expression in relation

to B-Actin is presented (a; c-e). Ratio of control was set to 1.
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Figure S11. Uncropped western blot, J82 cisR: blot at right top shows at the bottom Bim (a), 48 h incubation. Order
of samples left to right: control (1), entinostat (2), JQ1 (3), entinostat plus JQ1 (4). Densiometric analysis with Image]
software of relative protein expression in relation to -Actin is presented (a). Ratio of control was set to 1.
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Figure S12. Uncropped western blot, J82 cisR: blot at top shows BRD (a), c-Myc (b) and -Actin (c), 48 h incubation.
Order of samples left to right: control (1), entinostat (2), JQ1 (3), entinostat plus JQ1 (4). Densiometric analysis with
Image] software of relative protein expression in relation to $-Actin is presented (a-b). Ratio of control was set to 1.
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Figure S13. Uncropped western blot, T24: blot at left top shows FOXO1 (a), 3-Actin (b) and p21 (c), the blot below
illustrates p53 (d) and survivin (e), the blot on the right-side displays BRD4 (f), c-Myc (g) and Bim (h), 48 h
incubation. Order of samples left to right: control (1), entinostat (2), JQ1 (3), entinostat plus JQ1 (4). Densiometric
analysis with Image] software of relative protein expression in relation to -Actin is presented (a; c-h). Ratio of
control was set to 1.
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Figure S14. Uncropped western blot, T24 LTT: blot at left top shows FOXOL1 (a), B-Actin (b) and p21 (c), the blot
below illustrates p53 (d) and survivin (e), the blot on the right-side displays BRD4 (f), c-Myc (g) and Bim (h), 48 h
incubation. Order of samples left to right: control (1), entinostat (2), JQ1 (3), entinostat plus JQ1 (4). Densiometric
analysis with Image] software of relative protein expression in relation to 3-Actin is presented (a; c-h). Ratio of

control was set to 1.
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Figure S15. HDAC enzyme inhibitory activity of 20, vorinostat and panobinostat.
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Table S6. HDAC enzyme inhibitory activity of 20, vorinostat and panobinostat. Data shown are ICso values + SD
of at least two independent experiments, each carried out in duplicates. ND is not determined.

HDAC4 HDACS
Cpd ICs0x SD ICs0x SD
[uM] [uM]
20 207 £50.0 6.03 £ 0.30
vorinostat ND 6.13 £0.36
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Figure S16. Concentration-effect-curves (MTT-Assay, 72 h) in J82 (a) OTX015, (b) JQ35, (¢) 20; in J82 cisR (d)

OTX015, (e) JQ35, (f) 20; in T24 (g) 20 and in T24 LTT (h) 20. Data shown are the mean + SD of at least three
independent experiments, each carried out in triplicates.
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Figure S17. Concentration-effect-curves of cisplatin (MTT-Assay) of (a) J82; (b) T24; (c) T24 LTT. Cells were
preincubated with 20 for 48 h followed by addition of cisplatin for another 72 h. Data shown are the mean of one
representative experiment carried out in triplicates.

Table S7. ICso values (MTT) of cisplatin. Cells were preincubated with entinostat and/or OTX015; JQ35 for 48 h
followed by addition of cisplatin for another 72 h. Control was untreated for 48 h followed by addition of cisplatin
for another 72 h. Data shown are the mean + SD of at least three independent experiments, each carried out in

triplicates.
cell line| control
cisplatin cisplatin cisplatin cisplatin
IC0+SD| ENT | ICoxSD SF |OTX015| ICsxSD SF |JQ35| ICs0+SD | SF
[uM] [uM] [uM] [uM]
J82 1302+010{0316 uM| 1932025 156 [ 'MM | 136+023 222 |3 M| 218017 139
isR 1 1
J82cisR1; 00+ 023[0316 uM [ 4292018 1.82 | P1PM | 4175030 187 SM 4884059 1.60
03uM | 2.32+0.15 3.36
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Table S8. ICso values (MTT) of cisplatin. Cells were preincubated with 20 for 48 h followed by addition of cisplatin
for another 72 h. Control was untreated for 48 h followed by addition of cisplatin for another 72 h. Data shown are
the mean of one representative experiment carried out in triplicates. ND = not determined.

cell line control +1uM 20 +5uM 20 +7.5 uM 20 +10 uM 20
cisplatin cisplatin cisplatin cisplatin cisplatin
ICs+ SD ICs+ SD SF  ICs0xSD SF ICs+ SD SF ICs0+ SD SF
[uM] [uM] [uM] [uM] [uM]
J82 298 +0.21 2.55+0.26 117 226+038 132 186+056 1.60 143+036  2.08
J82cisR  7.64+0.38 ND ND 327+0.63 233 147+076 5.19 ND ND
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Figure S18. Representative cytometry flow images are shown for control, entinostat, OTX015, cisplatin and their
combination treatments in J82 and J82 cisR. Cells were preincubated with entinostat and JQ1 for 48 h followed by
addition of cisplatin for another 24 h. RN1 was defined as the subG1 fraction.
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+ 20 pM cisplatin
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T24 LTT
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Figure S19. (a) Representative fluorescent imaging pictures (Thermofisher Arrayscan XTI) are shown for vehicle
control, entinostat, OTX015, cisplatin and their combination treatments in J82, J82 cisR. Cells were preincubated
with entinostat and OTX015 for 48 h followed by addition of cisplatin for another 24 h. (b) Representative
fluorescent imaging pictures (Thermofisher Arrayscan XTI) are shown for vehicle control, 20, cisplatin and their
combination treatments in J82, J82 cisR, T24 and T24 LTT. Cells were preincubated with 20 for 48 h followed by
addition of cisplatin for another 24 h (T24 LTT 48 h). Nuclei were stained using Hoechst 33342 (blue). Caspase 3/7
activation is presented in green.
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Figure 520. Uncropped western blot, J82, blot at left top shows FOXOL1 (a), 3-Actin (b) and p21 (c), the blot below
illustrates p53 (d) and survivin (e), the blot on the right-side displays BRD4 (f), c-Myc (g) and Bim (h), 48 h
incubation. Order of samples left to right: control (1), entinostat (2), OTX015 (3), entinostat plus OTX015 (4).
Densiometric analysis with Image] software of relative protein expression in relation to 3-Actin is presented (a; c-

h). Ratio of control was set to 1.
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Figure S21. Uncropped western blot, J82 cisR, blot at left top shows FOXO1 (a), B-Actin (b) and p21 (c), the blot
below illustrates p53 (d) and Bim (e), 48 h incubation. Order of samples left to right: control (1), entinostat (2),
OTXO015 (3), entinostat plus OTX015 (4). Densiometric analysis with Image] software of relative protein expression
in relation to 3-Actin is presented (a; c-e). Ratio of control was set to 1.
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Figure S22. Uncropped western blot, 82 cisR, the blot on the right-side displays BRD4 (a), c-Myc (b), B-Actin (c)
and survivin (d), 48 h incubation. Order of samples left to right: control (1), entinostat (2), OTX015 (3), entinostat
plus OTXO015 (4). Densiometric analysis with Image] software of relative protein expression in relation to 3-Actin is
presented (a-b; d). Ratio of control was set to 1.
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40

202
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4. Discussion and Conclusion

Two different cancer cell types, AML and muscle-invasive bladder carcinoma (MIBCa),
were selected for combination therapies comprising HDACi. Both AML, with a low 5-
year survival rate of 30%, and MIBCa, the tenth most common cancer in the world,
require new innovative therapeutic approaches to improve OS or overcome drug
resistance [18, 19]. The findings for AML are presented first, followed by the results for
MIBCa.

4.1 Combination of Class Ila HDACi with the PI BTZ

BTZ is a highly cytotoxic agent whose application may be limited by its cytotoxicity.
Therefore, it seems reasonable to combine BTZ with agents that selectively increase the
cytotoxicity of BTZ in cancer cells to allow a dose reduction of BTZ to minimize
adverse effects. Class Ila HDACi may be suitable combination partners as they may be
superior to pan- or class | HDACi due to lower toxicity. The combination of the class
IIa HDACi TMP269 and the PI carfilzomib has already been tested in a study in
multiple myeloma. It was shown to induce increased apoptosis [104, 164]. This
approach of combining class Ila HDACi and PI was applied to the treatment of three
AML cell lines (THP-1, HL-60, MONO-MAC-6) and one chronic myeloid leukemia cell
line (K562). The study The Novel Class Ila Selective Histone Deacetylase Inhibitor YAK540
Is Synergistic with Bortezomib in Leukemia Cell Lines, characterized the new class Ila
selective HDACi YAKS540 for the first time [210]. YAK540 was designed based on the
structure of TMP269 with a trifluoromethyloxadiazole (TFMO) group as the ZBG to
improve the selectivity for class Ila HDACs and the physicochemical properties such
as improved solubility compared to TMP269. YAK540 did not cause solubility
problems at the concentrations used as TMP269 did. BTZ was selected as combination
partner as the first approved PI for multiple myeloma. Several clinical trials with BTZ
in AML have already been completed, (NCT05982756; NCT04173585 [213, 214]) while
others are still ongoing, such as the combination of BTZ with sorafenib and decitabine
and CPX-351. (NCTO01861314; NCT01371981; NCT07008638 [215-217]. TMP269 was
included as the first representative of the class Ila HDACi with a TFMO ZBG.

Compared to TMP269, YAK540 demonstrated a lower ICso value for HDAC4 inhibition
(0.114 uM vs. 0.157 uM). The selectivity index of YAK540 for HDAC4 over HDAC2
(265-fold), HDACS6 (100-fold), and HDACS (82-fold) was at least a factor of 82. For
TMP269, the selectivity index for HDAC4 over HDAC?2 (> 637-fold), HDAC6 (52-fold),
and HDACS (27-fold) was overall lower compared to YAK540, with the exception of
HDAC2. These results indicate an increased selectivity of YAK540 compared to
TMP269. YAK540 demonstrated overall only a slight cytotoxic effect on the leukemia
cell lines (mostly > 100 uM). TMP269 on the other hand was more cytotoxic (ICso values
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4. Discussion and Conclusion

around 20 uM). In contrast to both of the aforementioned compounds, the ICso values
of BTZ were in the double-digit nanomolar range (Table 1).

Table 1. Cytotoxic activity (MTT, 72 h) of BTZ, YAK540, TMP269. Data shown are the mean of pooled data from n
> 4. Table taken from [210].

Bortezomib YAKS540 TMP269
Cell line ICs0 pICso + SEM ICs0 pICso +SEM ICs0 pICso + SEM
[nM] [uM] [uM]
HL-60 10.7  7.97 +0.006 >100 16.7 4.78+0.016
K562 209 7.68+0.014 >100 23.0 4.64+0.024
MONO-MAC-6 124 7.91+0.012 914 4.04 +£0.022 15.9 4.80+0.023
THP-1 6.28 8.20+0.020 >100 13.0 4.89+0.035

In the following experiments, the combination of YAK540 or TMP269 with BTZ
induced significantly more caspase 3/7-mediated apoptosis than the single treatments
in the AML cancer cell line THP-1 (Figure 22).
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Figure 22. Caspase 3/7-activation in THP-1 cells. Data are presented as a ratio of caspase activation to the effect of
7.9 nM BTZ. Cells were incubated for 48h. Untreated control was subtracted, and data normalized to 7.9 nM BTZ.
Data shown is the mean + SD, n > 2. Statistical analysis was performed by t-test with significance level: ns (p > 0.05);
* (p <£0.05); ** (p <0.01). Figure taken from [210].

Therefore, the literature-known results of increased apoptosis induction in multiple
myeloma could be confirmed in AML cells for the combination of class Ila HDACi and
a PI [164]. Subsequent synergism analyses according to Chou-Talalay showed
synegistic effects for the combination treatment with YAK540 or TMP269 and BTZ in
all four leukemia cell lines. Figure 23 illustrates the calculated synergy levels with the
Bliss model in combenefit for YAK540 in all four leukemia cell lines [218, 219].
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The calculated synergy levels were higher overall in all choosen leukemia cell lines
(with the exception of THP-1) when YAK540 is combined with BTZ as opposed to
TMP269, as evidenced by the more intense blue coloration when comparing the
illustrations for the respective cell line. Therefore, the combination of BTZ plus
YAKS540 revealed a more potent synergistic effect than the combination of BTZ plus
TMP269.

Further, the combination of YAK540 and BTZ increased the protein expression of p21
in the leukemia cell lines HL-60, MONO-MAC-6 and K562. In contrast, enhanced p21
expression by the combination of TMP269 and BTZ was only observed in the MONO-
MAC-6 cell line (Figure 24).
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Figure 24. Western Blot analysis of (a) HL-60, (b) K562 and (¢) MONO-MAC-6 after treatment with BTZ and YAK540
or TMP269 for 24 h. The data presents one representative blot out of two. Figure taken and modified from [210].

p21 leads to cell cycle arrest and can result in reduced cell viability in tumor cells [220].
Increased levels of p21 by pan- or class FlHDACi have been observed before [221-225].
This study demonstrated that the treatment of cells with the combination of class Ila
HDACi YAK540 or TMP269 and BTZ resulted in elevated p21 levels. Prior studies have
already demonstrated that the silencing or downregulation of HDAC4 resulted in
increased p21 levels [226, 227]. Consequently, our findings confirms that augmented
p21 expression can be accomplished by employing class Ila HDACi. This indicates that
enhanced p21 expression can be attained through the use of pan- or class | HDAG;, as
well as class IIa HDACi. In contrast to pan- or class I-HDAC], one special feature of
class Ila HDAC: is their lower toxicity (e.g.YAK540 ICs0 > 91.4 uM), which could be
advantageous in a clinical context.

Finally, the combination of the class Ila HDACi YAK540 or TMP269 and BTZ was
shown to be significantly more cytotoxic in cancer cells than in the non-cancer cell line
HEK?293 (Figure 25). This suggests a potential selective toxicity of BTZ in combination
with class IIa HDACi such as YAK540 in cancer cells compared to non-cancerous cells.
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Figure 25. Comparison of cytotoxicity (MTT assay) of the combination BTZ and class Ila HDACi YAK540 or TMP269
in HL-60 (black bars) and HEK293 (white bars) cell line after 72 h incubation. Data shown is the mean + SD, n > 3.
Statistical analysis was conducted by t-test with significance levels: * (p < 0.05); ** (p < 0.01); *** (p < 0.001); **** (p <
0.0001).

In summary, the novel class Ila HDACi YAK540 was found to be more class Ila HDAC
selective than TMP269. Further, YAK540 is clearly less cytotoxic (ICso > 91 uM) and
induces higher p21 expression than TMP269. YAK540 in combination with the PI BTZ
also shows superior synergistic effects in several AML and one CML cell line. Thus,
the combination of a low-toxic class IIla HDACi such as YAK540 with a proteasome
inhibitor such as BTZ may represent a new therapeutic option in the future reducing
BTZ toxicity by synergistic co-treatment.

Based on these results, further para-substituted TFMO-based HDACi were
synthesized using the structure of YAK540 and TMP269 in the study 5-(trifluoromethyl)-
1,2,4-oxadiazole (TFMO)-based highly selective class 1la HDAC inhibitors exhibit synergistic
anticancer activity in combination with bortezomib [211]. The aim was to identify more
potent and selective class Ila HDACi than TMP269 or YAKS540. To this end, a series of
synthesized compounds were characterized.

FFK24 had the lowest ICso value at HDAC4 of all TFMO compounds in the series with
12 nM. Other groups had also worked on the optimization of TFMO compounds,
resulting in compound 12 with an ICs of 10 nM for HDAC4 and NT160 with an ICso of
0.08 nM for HDAC4 [162, 163]. Accordingly, the potency of FFK24 at HDAC4 is lower
than that of NT160 but in the same range as that of compound 12. Nevertheless, FFK24
demonstrated good selectivity for HDAC4 over HDAC2, HDAC6 and HDACS (at least
a factor of 364). Further studies of the synthesized compound series in cancer cells
revealed the highest cellular HDAC-inhibition for FFK24 (ICso value of 0.077 uM) and
a 142-fold selectivity for class Ila HDACs. The most promising compounds of the series
(FFK24, 1b, 2a and 2c) were characterized with an extended HDAC enzyme profile
underlining the class Ila HDAC selectivity of these compounds (Table 2).
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Table 2. HDAC enzyme inhibitory activity profile of frontrunner compounds. Data presented are the mean of at
least two experiments performed in duplicates. SD is < 15 % of the mean. # Some data of YAK540 and TMP269 is
taken from [210, 228]; vorinostat data is taken from [229], ND is not determined. Table taken from [211].

ICso [uM]
Class
Class I Class I1a Class IV
IIb
HDACs HDACs HDAC
HDAC
Cpd. 1 2 3 8 4 5 7 6 11
FFK24 402 613 3.82 426 0012 0019 0.046 5.79 66.0
1b 146 813 6.86 >100 0025 0154 0.09 2.03 >100
2a >100  >100 >100 >100 0118 1.09 197 >100 >100
#YAK540 207 302 15.0 9.39 0114 0268 0.284 114 >100
2 221 9.77 2.36 7.13 0141 0151 0.263 18.1 >100
TMP269 >100  >100#  >100 404 0.157# 0.097 0.043 8.2# >100
#vorino- 0111 0.146 0.01 11.9 42 ND ND 0.102 ND

stat

The next step was to investigate the cytotoxicity of the selected compounds. FFK24
showed an ICso of 9.24 uM in THP-1 cells (MTT assay), the lowest ICso of all TFMO
derivatives analyzed, even compared to the reference compounds TMP269 and
YAK540. Further, FFK24 exhibited the most promising results overall. Since the
combination treatment of class Ila HDACi with BTZ has already been proven to be
synergistic in AML cells, FFK24 was combined with BTZ in further cellular
experiments to confirm the findings [164, 210]. For comparison, YAK540 and TMP269
were used as additional class ITa HDACi. The strongest synergistic effect was observed
with the combination of FFK24 and BTZ (Figure 26a).
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Figure 26. (a) Synergy levels calculated with Bliss model [219] in Combenefit [218], depending on experimental
concentration-response surface of combinations of BTZ and FFK24 or YAK540 in THP-1 cell line for 72 h. Data
shown are from at least two independent experiments each carried out at least in duplicates. (b) Caspase3/7-
activiation by single and combination treatment of FFK24, YAK540 or TMP269 and BTZ. THP-1 cells were co-
incubated for 48 h. The presented data are normalized to the effect of 7.9 nM BTZ and are the mean + SD .n >2 each
with at least 3 replicates. Statistical analysis was performed using t-test. Level of significance: * (p < 0,05); ** (p <
0,01); # Data taken from [210]. (c) Western Blot analysis of p21 in THP-1 cells after treatment with 5 uM FFK24 or
5 uM TMP269 alone or in combination with 7.9 nM BTZ for 24 h. Data presented is a representative blot out of two.
Figures taken and modified from [211].

As previously demonstrated, the synergistic effect can be explained by an increased
induction of apoptosis through enhanced caspase 3/7 activation (Figure 26b) [210].
Further mechanistic investigations revealed higher expression of p21 at both gene and
protein levels when BTZ and FFK24 were combined. FFK24 led to a greater increase in
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expression of p21 than TMP269 (Figure 26c). Additionally, FFK24, the most promising
TFMO HDAC: of the series, was evaluated in solid tumor cells with high HDAC4
expression. An HDAC4 overexpression clone of the head and neck cancer cell line
Cal27 (Cal27_HDAC4) was used next to the native vector control cell line.

A previous study from our group with the high HDAC4 expression cell line
Cal27_HDAC4 has shown that the combination of the class Ila HDACi CHDI0039 and
BTZ enhanced caspase 3/7 activation particularly in cells with increased HDAC4
expression [230]. Therefore, we wanted to confirm these results with the more selective
and more potent class Ila HDACi FFK24. FFK24 and BTZ indeed exhibited a
significantly higher cytotoxicity (MTT assay) in Cal27_HDAC4 than in the native Cal27
cell line (ICs0 FFK24: 8.63 uM (HDAC4 overexpression) vs. 22.5 uM (native HDAC4),
BTZ: 4.73 nM vs. 7.60 nM). In contrast, the compound YAKS540 was not significantly
different toxic in native or HDAC4 overexpressing Cal27 cells and overall less toxic
(77.7 uM and 69.8 uM, respectively). Subsequent synergism studies according to Chou
Talalay revealed that the combination of BTZ and the class Ila HDACi FFK24 was only
synergistic if HDAC4 was overexpressed. However, when CHDI0039 was used in the
same experimental setup, a synergistic effect independent of HDAC4 expression could
be observed [230]. Further, there were differences between FFK24 and CHDI0039 in
terms of cell growth inhibition. FFK24 inhibited the HDAC4 clones 2.6-fold more than
the control cells, whereas CHDI0039 had a comparable effect in both cell types.

Moreover, FFK24 was investigated in the native Cal27 and the HDAC4 overexpressing
Cal27 cell lines in the in vivo chorio-allantoic membrane assay (Figure 27).
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Figure 27. Chorio-allantoic membrane assay of FFK24 in Cal27_VC and Cal27_HDAC4 cells. Data shown are mean
tumour weight in mg with n > 5. Statistical analysis was performed using t-test. Level of significance: ns (p > 0,05);
* (p < 0.05). Figure taken from [211].
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The treatment with FFK24 resulted in significantly reduced tumor growth in
Cal27_HDAC4, but not in native Cal27. Interestingly, these data are consistent with
data from our previous study in which CHDI0039 was evaluated as a class Ila HDACi
in the chorio-allantoic membrane assay on the same cell lines [230]. Overall, our data
suggest that class Ila HDACi may demonstrate enhanced efficacy in cancer cells with
HDAC4 overexpression.

The widely accepted pharmacophore model for class Ila selective HDACi incorporates
a ZBG, a linker, a lower pocket group, and a cap [104, 210]. Although CHDI0039 and
FFK24 are potent class Ila HDACi and designed according to the pharmacophore
model, they may exert different phenotypic effects. The main difference between them
is the ZBG (Figure 28). CHDI0039 binds the zinc atom in class Ila HDACs via the
hydroxamic acid group, whereas the TFMO moiety of FFK24 and YAK540 acts as a
non-chelating ZBG [161, 210, 211, 231].

(b) FFK24

.0
N| )—CF;
N

(a) CHDI0039 G\T\/\oﬁ
O

(c) YAK540

Figure 28. Structures of class Ila HDACi. (a) CHDI0039, (b) FFK24, (c) YAK540. The zink-bindging group of
CHDIO039 is a hydroxamic acid. However, for FFK24 and YAKS540, the zinc-binding group is the 5-
(trifluoromethyl)-1,2,4-oxadiazole (TFMO)-group [211, 231].

A different ZBG may result in different off-target effects and different cellular
distribution. Since HDACs primarily exist as multiprotein complexes, a differing ZBG
may also engender different effects on class Ila HDAC protein complexes. One
advantage of the TMFO ZBG in FFK24 and YAK540 may be that it causes fewer off-
target effects due to its weaker electrostatic interaction with the metal ion [104, 161,
228]. Overall, further characterization of the class Ila HDACi is necessary for optimal
use in a clinical context, for the identification of off-target effects, and for
understanding the full mechanism of action of class Ila HDACi [104, 228].
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In both aforementioned studies, BTZ was selected as the combination partner for the
class Ila selective HDACi. BTZ is the first approved proteasome inhibitor for the
treatment of newly diagnosed multiple myeloma and relapsed/refractory multiple
myeloma as well as mantle cell lymphoma [197]. Meanwhile, combination therapies
involving BTZ have been approved, including combination regimes with melphalan
and prednisone or rituximab, cyclophosphamide, doxorubicin, and prednisone [232].
Presently, additional clinical trials are underway to investigate new combination
therapies (NCT07018050,[233]). Moreover, BTZ has undergone investigation in solid
tumors, including those derived from breast, prostate, ovarian, and pancreatic cancers
(NCT00183937, NCT00059618) [233-237]. The use of BTZ is limited due to adverse
effects, particulary in solid tumors and other hematological malignancies. The most
critical adverse effects associated with BTZ are peripheral neuropathy, renal toxicity,
thrombocytopenia and neutropenia [234, 238, 239]. The potential for BTZ to induce
toxic adverse effects may be mitigated by the administration of a reduced dosage.
Then, the most effective approach to ensure the consistent effectiveness of the therapy
would be to combine BTZ with other drugs. Low-toxicity class Ila HDACis, in
particular, could be suitable combination partners for BTZ or other PIs due to the
synergistic effect of their combination [104, 210, 211]. Both our studies suggest that
class Ila HDACis are promising combination partners for BTZ in AML or even in solid
cancers. The addition of class Ila HDACi significantly increased the toxicity of BTZ in
cancer cells in a synergistic manner. Interestingly, toxicity in non-cancer cells increased
substantially less, demonstrating greater selectivity of the combination for cancer cells
than non-cancer cells [210]. Especially when HDAC4 (or generally class Ila HDACs) is
overexpressed in cancer cells, the use of selective class [la HDACi may have beneficial
effects as they are more cytotoxic in cancer cells with high HDAC4 expression. At the
same time they are less toxic in cells without HDAC4 overexpression [230]. In
combination with PI such as BTZ, the efficacy of BIZ could be increased compared to
single BTZ therapy and/or therapy-limiting adverse effects of BTZ could be reduced
by lowering the dose of BTZ while still maintaining the same efficacy of therapy
through synergistic class Ila HDACi co-treatment. Further preclinical and clinical
studies are warranted to evaluate the full potential of class Ila selective and potent
HDAC i as combination anticancer agents.
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4.2 Combination of the Class I HDACi Entinostat, a BETi, and Cisplatin
The second part of this thesis addressed the problem of cisplatin chemoresistance in

patients with muscle-invasive bladder carcinoma (MIBCa). Although enfortumab
vedotin (EV) plus pembrolizumab is the new standard therapy for patients eligible for
combination therapies with metastatic urothelial carcinoma according to the latest
European Association of Urology (EAU) guideline on muscle-invasive and metastatic
bladder cancer (march 2025), platinum-based combination therapies (MVAC and GC)
maintain their significance as an alternative. Especially for patients who cannot receive
EV treatment because of uncontrolled diabetes, peripheral neuropathy grade > 2, or
pre-existing significant skin disorders, platinum-based combination therapy is the
preferred treatment option [53]. However, the development of cisplatin resistance can
limit its use in existing treatment regimens [20, 240]. New combination therapies may
be a way to develop more and superior treatment options for patients in the future. In
particular, epigenetic modulators may prove to be efficacious combination partners to
address cisplatin resistance. Moreover, the epigenetic combination partners may also
enhance sensitivity to treatments other than cisplatin. Existing research has already
shown promising synergistic results in vitro in different cancer entities with dual
combinations of entinostat and cisplatin, BETis and cisplatin, as well as entinostat and
BETis [127, 208, 241-252]. Based on these approaches, the study: Triple Combination of
Entinostat, a Bromodomain Inhibitor, and Cisplatin Is a Promising Treatment Option for
Bladder Cancer investigated the triple combination of entinostat, a BETi and cisplatin in
native and cisplatin-resistant bladder cancer cells [212]. The aim of these cell studies
was to investigate whether the triple combination could provide an improved
approach to overcome cisplatin resistance, following the existing research data on dual
combinations.

First, the ICso values for entinostat, JQ1 and cisplatin were determined in both bladder
cancer cell pairs (J82, J82 cisR and T24, T24 LTT). Surprisingly, both cisplatin-resistant
cell lines (J82 cisR and T24 LTT) were at least 4-fold more sensitive to the BETi JQ1 than
the native cell lines. Further experiments confirmed these results for the BETis OTX015
and JQ35. Concentrations of the inhibitors in the combination studies were chosen
according to a maximum of an ICz to ensure that the toxicity of the individual
treatments was low. Further, to generate potential clinical relevance of this
combination, the concentrations were chosen in the range of in vivo studies [186, 253].
Therefore, in addition to the BETi JQ1 as an initial proof of principle, OTX015 and JQ35
were investigated in combination with entinostat and cisplatin. OTX015 and JQ35 were
already in clinical trials due to their superior physicochemical and biopharmaceutical
properties. A particular advantage of OTX015 is its oral administration [186, 254-256].
Entinostat as a representative of the class | HDACi is also utilized in clinical testing in
various combination therapies for indications such as breast cancer,
cholangiocarcinoma, pancreatic adenocarcinoma and others [257, 258].
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Using different incubation schemes, a 48-hour preincubation of the cells with both epi-
genetic inhibitors (entinostat, JQ1) followed by another 72-hour incubation with
cisplatin was found to be most effective in reducing the ICso value of cisplatin. In three
out of four cell lines (except T24), the triple combination decreased the ICso value most,
up to a factor of 15.6 (J82 cisR). Consequently, the triple combination completely
resensitized J82 cisR cells to cisplatin to the level of the native cell line (J82 cisplatin
ICs0: 2.16 uM) and even beyond. Moreover, in the highly resistant T24 LTT cells, the
triple combination reduced the ICso of cisplatin from 75 uM to 17.5 uM (T24 cisplatin
ICso: 4.15 uM).

Subsequent experiments confirmed that the use of both inhibitors made the cancer
cells significantly more sensitive to cisplatin. Synergism studies according to Chou
Talalay have demonstrated a strong synergistic effect of the triple combination in all
four cancer cell lines. In addition, the calculation of the synergy level was performed
using the Bliss model. An illustrative representation of this analysis is provided in
Figure 29a-d.

214



4. Discussion and Conclusion

J82 J82 cisR
plus 0.316 uM ENT plus 0.316 uM ENT

Synergy

E
8
o E 0
0.05 Z
02 06 08 02
DDP [uM] 03 3 Q1 [uM] cDDP [uM] ™ 1 T3 JQIL [uM]
(a) (b)
T24 T24 LTT
plus 0.316 uM ENT plus 0.316 uM ENT

. o
. 2, L -
& - .

0

0.05

0.6 0.075

0.8 .5 2 .15
¢DDP [uM] 107 JQ1 [uM] cDDP [M] 25703 JQ1 [pM]
(©) (d)
)82 J82 cisR
100 100
90 % O effect of combination treatment
O cffect of combination treatment s Wl cffect of sum of single treatments
809
Wl effect of sum of single treatments wans
70 -
2% o »E
T E 60 T E
g2 22
£8 s g8
s s
2% 2%
Sg Sg
30
20
10
o
£ $ £ $ )
& & & & &
2 & & S S
0316 uM ENT + 1 uM JQI 0316 uM ENT + 0.1 uM JQL
(®) (f)
T24 T24LTT
5 O effect of combination treatment -
1 1007 3 effect of combination treatment -
90 WM effect of sum of single treatments 90
o Wl cifect of sum of single lreatmenls o
804
= _ ™ e
£ £ FE @
2 £
é g 25
2% g%
> -
v S w
30
20
10 —|—
o
$ & $ & $ s & $ £ £
&S & s L & &S & & & &
& & & & & & & & & Sl
& _@t"\ & _w’\ & o N ¥ ;\9‘ ;\'?\

0316 uM ENT +0.3 uM JQ1 0.316 uM ENT + 0.075 uM JQ1

(®) )

Figure 29. Synergy levels of the triple combination studies were calculated and visualized using the Bliss model in
combenefit [218, 219]. Cells were incubated for 48 h with entinostat and JQ1, followed by the addition of cisplatin
for another 72 h. (a) J82, (b) J82 cisR, (c) T24 and (d) T24 LTT cell line. Additionally, the synergistic cytotoxic effect
of combination treatment is shown in a representative illustration for the (e) J82, (f) J82 cisR, (g) T24 and (h) T24
LTT cell line. Cells were incubated with entinostat and JQ1 for 48 h followed by an addition of cisplatin for another
72 h. Shown are the mean + SD of at least three independent experiments, each carried out in triplicates. Data were
normalized to untreated control. Black bars illustrate the additive effects (sum) of the individual treatments, white
bars are the data of the combination treatment. Significance was calculated using unpaired t-test. ns (p 2 0.05); * (p
<0.05); ** (p <0.01); *** (p < 0.001); **** (p < 0.0001). Figure was derived from illustrations of [212].
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In contrast, the dual combination of one epigenetic inhibitor and cisplatin had no or
only a moderate synergistic effect in the cancer cells except in T24. In the T24 cell line,
the synergistic effect of the dual combination (JQ1 plus cisplatin) was comparable to
the triple treatment. Existing research has already noted a synergistic combination of
JQ1 and cisplatin [241, 259]. We were able to prove that the triple treatment was even
more effective in reducing the ICso value of cisplatin than the dual combination of JQ1
and cisplatin in various bladder cancer cell lines. The significant increase in toxicity of
the triple combination could also be graphically visualized by comparing the
cytotoxicity of the sum of the single treatments with the cytotoxicity of the combination
treatment (Figure 29e-h).

Based on these results, it was shown in this study that the synergistic effect was caused
by an enhanced cell cycle arrest with increased caspase 3/7 activity. Figure 30a-b
illustrates the caspase 3/7 activity of cisplatin and the triple treatment in J82 and ]82
cisR, including a representative fluorescence image. Further, microscopic analysis of
the cell nuclei revealed the highest number of double-strand breaks in J82 and J82 cisR
cells occurred upon triple combination treatment (detected as corresponding foci of y-
H2AX and 53BP1), as visualized in Figure 30c-d.
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Figure 30. The excerpts from graphs taken from [212] illustrate the activation of caspase 3/7 and provide
representative fluorescent imaging pictures (Thermofisher Arrayscan XTI) of (a) J82 and (b) J82 cisR. Cells were
incubated with entinostat and JQ1 for 48 h followed by the addition of cisplatin for another 24 h. Data shown is the
mean + SD of one representative experiment out of at least two, each carried out in duplicates. The following excerpt
taken from [212] displays the number of co-stained foci for y-H2AX (green) and 53BP1 (red) as well as re-
presentative fluorescence images of (c) J82 and (d) J82 cisR. Cells were incubated with entinostat and JQ1 for 48 h
followed by addition of cisplatin for another 24 h. Double-stained foci (y-H2AX and 53BP1) in at least 19
representative random cells were counted. Data shown are the mean + SEM of counted foci. Nuclei were stained
using Hoechst 33342 (blue). Significance was calculated using unpaired t-test in GraphPad Prism. Level of
significance: ** (p <0.01); *** (p < 0.001); *** (p < 0.0001).
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A previous study examined the combination of class I selective HDACi romidepsin
and BETi JQ1 in eight urothelial carcinoma cell lines, revealing a synergistic effect and
enhanced caspase-mediated apoptosis [208]. In addition, the combination of class I
HDAC: entinostat and cisplatin induced capase 3/7-mediated apoptosis in five ovarian
cancer cell lines as well [127]. In consideration of the findings from these preceding
studies, our study demonstrated that the triple combination consisting of a class I
HDAC I, BETi, and cisplatin resulted in a more potent induction of apoptosis via
caspase 3/7 as well as a higher number of double-strand breaks compared to the dual
combination approaches.

Next, qPCR was performed to determine the effects of the epigenetic inhibitors after
48-hour incubation on genes involved in apoptosis induction in the cancer cells.
FOXO1, Bim and p21 were upregulated by the triple combination (in J82 and J82 cisR).
This was subsequently confirmed by Western Blot at the protein level in all four
bladder cancer cell lines using the same incubation scheme except for Bim where the
triple combination did not increase Bim expression in the resistant cell lines J82 cisR
and T24 LTT (Figure 31).

4 FOXO1 3 Bim

Relative protein expression
1o control

Relative protein expression
to control

J82 J82 cisR T24 T24 LTT

(b)
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Figure 31. Relative protein expression of (a) FOXO1, (b) Bim and (c) p21 related to B-actin as loading control
analyzed with Image] in J82, J82 cisR, T24 and T24 LTT. Ratio of control was set to 1, represented by the dashed
line. Figure taken from [212].

In the literature, reduced c-Myc expression has been mechanistically linked to JQ1
[260, 261]. However, in our study, the protein expression of c-Myc exhibited a mixed
pattern: the expression of c-Myc was increased with the triple combination in J82 and

J82 cisR, whereas the protein expression of c-Myc was lower in T24 and T24 LTT. This
suggests that the synergistic effect of the triple combination cannot be attributed solely
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to one protein such as c-Myc but is the result of a complex change in expression of

several pro- and antiapoptotic proteins.

BETi OTX015 and JQ35 were also evaluated in triple combinations with entinostat and
cisplatin. Both compounds showed a good reduction of the ICso value of cisplatin (up
to 9.18-fold) using similar concentrations and identical incubation schemes as
performed with JQ1 (Figure 32).

Cell Viability
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Figure 32. Concentration-effect-curves of cisplatin (MTT-Assay) of (a) J82 and (b) J82 cisR. Cells were preincubated
with entinostat and/or OTX015 for 48 h followed by the addition of cisplatin for another 72 h. Control means
concentration-effect-curve of cisplatin in absence of epigenetic inhibitors. Data shown are the mean + SD of at least
one experiment, carried out in triplicates. Figure taken from [212].

In a second step, OTX015 was selected for further evaluation based on the highest
cisplatin ICso reduction with the triple combination in J82 and ]J82 cisR. Overall, the
triple combination of entinostat, OTX015 and cisplatin displayed similar caspase-
mediated apoptosis induction compared to the use of JQ1 in triple combination (Figure
33a). The combination of entinostat and OTX015 also resulted in a significant increase
in protein expression of p21, FOXO1 and Bim in J82 but not in J82 cisR after 48 hours
of incubation, as previously seen with entinostat and JQ1 (Figure 33b-d).
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Figure 33. (a) Comparison of caspase 3/7 activity between the sum of the single compound effects (black bars)
versus the effect of the combination treatments (white bars) in J82 and J82 cisR. Data shown is the mean + SD of one
representative experiment out of at least two, each carried out in duplicates. Significance was calculated using
unpaired t-test. Level of significance: ns (p > 0.05); * (p <0.05); ** (p < 0.01); *** (p < 0.001); **** (p < 0.0001). Relative
protein expression of (b) FOXO1, (c¢) Bim and (d) p21 related to B-actin as loading control analyzed with Image]J in
J82 and J82 cisR. Ratio of control was set to 1, represented by the dashed line. Figures taken from [212].

Thus, the proof of principle established with JQ1 as a model BETi could be transferred
to OTX015, a BETi investigated in clinical studies with advantages over JQ1 due to its
favorite biopharmaceutical properties.

Lastly, the cytotoxic effect of the triple combination was investigated in non-cancer cell
lines. The incubation of the non-cancerous urothelial cell line HBLAK with the
epigenetic inhibitors entinostat and JQ1 resulted in an increase in the ICso of cisplatin.
Moreover, a slight decrease in the ICso value of cisplatin was observed in the non-
cancer cell line HEK293. Then, the cytotoxicity of the triple combination was compared
to the same concentrations in J82 cisR and the HEK293 cell line. The triple combination
showed a significantly higher cytotoxic effect in J82 cisR than in HEK293, tested with
0.1 uM JQ1, four different concentrations of entinostat, and five different
concentrations of cisplatin (Figure 34)
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Figure 34. Comparison of cytotoxicity (MTT assay) of the triple combination entinostat, JQ1, and cisplatin in
HEK293 cells (white bars) and J82 cisR cells (black bars). Cells were incubated with entinostat and JQ1 for 48 h
followed by the addition of cisplatin for another 72 h. Shown are the mean + SD from at least three independent
experiments, each carried out in triplicates. Data were normalized to untreated control where 100% cell viability
was set as 0% cytotoxicity. Significance was calculated using unpaired t-test. Level of significance: *** (p < 0.0001).
Figure taken from [212].

This finding suggests that the triple combination is highly selective for cancerous cells,
as compared to non-cancerous cells. Moreover, the high level of cytotoxicity observed
in J82 cisR could already be induced by sub-micromolar concentrations of the
compounds.

In a next project, the dual inhibitor compound 20 containing structural features of a
BETi and HDACi was evaluated in combination with cisplatin as an alternative
approach to the triple therapy (Figure 35).
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Figure 35. Structure of compound 20. Compound 20 is a multi-target inhibitor with a stable linker composed of
pan-bromodomain and extra-terminal motif inhibitor (BETi) XD14 and HDACi panobinostat [171].

Dual inhibitors have the advantage of targeting multiple targets simultaneously,
simplifying treatment regimens and improving patient compliance. Recent years have
seen an increase of research into various dual inhibitors, including dual HDACi and
BETi [171-180, 262].

The cytotoxicity of the combination of compound 20 with cisplatin is comparable to
the triple combination in J82 cisR. In contrast, the ICso of cisplatin was less reduced in
the other three cell lines compared to the triple combination with JQ1. All cell lines
except T24 showed a significant increase in caspase 3/7 activity by compound 20 and
cisplatin (Figure 36a-d).
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Figure 36. Caspase 3/7 activation in (a) J82, (b) J82 cisR, (c) T24 and (d) T24 LTT cell line. Cells were incubated with
compound 20 for 48 h followed by the addition of cisplatin for another 24 h (T24 LTT 48 h). Data shown is the mean
+ 5D of one representative experiment out of at least two, each carried out in duplicates. Significance was calculated
using unpaired t-test. Level of significance: ns (p 2 0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001); *** (p < 0.0001). (e)
Relative protein expression of FOXO1, Bim and p21 related to p-actin as loading control in J82, J82 cisR, T24 and
T24 LTT. Ratio of control was set to 1, represented by the dashed line. Western blots were analyzed with Image].
The figure was derived from illustrations of [212].

The proteins FOXO1 and p21 were more strongly expressed in all cancer cell lines
except T24 after 48 hours of incubation (Figure 36e). Interestingly, survivin was less
expressed upon compound 20 treatment in both cisplatin-resistant cell lines and more
expressed in the native cell lines. In summary, the changes in protein expression upon
treatment with compound 20 demonstrated similarities in J82, J82 cisR and T24 LTT to
the combination treatment with entinostat and JQ1 or OTX015, especially for FOXO1,
p21, and Bim. The T24 cell line represents an exception in this regard, as no enhanced
protein expression of FOXO1, p21, and Bim was observed. Consequently, the findings
indicate that the dual BETi and HDACi compound 20 can induce effects comparable
to those observed with the combination of entinostat and JQ1 or OTX015, particularly
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in the resistant cell lines, despite the fact that compound 20 did not induce these effects
in the T24 cell line.

This works confirms that epigenetic changes through the combination of class I
HDAC i entinostat with a BETi (JQ1, OTX015) or the dual HDACi and BETi compound
20 sensitize bladder cancer cells to cisplatin. The synergistic effect of the triple
treatment leads — to various degrees in the different cell lines — to higher expression of
proapoptotic proteins such as FOXO1 and Bim as well as lower expression of
antiapoptic proteins such as survivin and c-Myc. Moreover, enhanced p21 expression
eventually results in an increased cell cycle control. These changes in protein
expression result in increased caspase 3/7 activation, apoptosis and cell death (Figure
37).
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Figure 37. Overview of the results of triple combination of entinostat, a BETi and cisplatin in bladder cancer cell
lines. Figure taken from [212].

Both, the triple combination (entinostat plus JQ1 or OTX015 plus cisplatin) and the
combination of a dual HDAC and BET inhibitor (compound 20) with cisplatin, are
promising approaches for developing novel treatment options for chemoresistant
cancer cells. Specifically for OTX015, a triple treatment approach could lead to the
resumption of clinical trials that were previously discontinued due to a lack of efficacy
[133, 256, 263]. Thus far, only single-treatment and dual-combination therapies
involving OTX015 have been tested in clinical trials [133, 264]. Therefore, further
preclinical and clinical studies are encouraged by the results of this thesis to determine
whether the suggested triple combination as new approach, especially including
OTXO015, will lead to improved clinical efficacy in bladder and other cancers.
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4.3 Conclusion
The following conclusions can be drawn from both parts of this thesis:

HDACi are promising combination partners for various compounds such as PI,
BETi and cisplatin to maximize the cytotoxic effect of cytotoxic agents in several
cancer entities in a synergistic manner

Epigenetic modulators may help to overcome chemoresistance in cancer

The combination of class Ila HDACi and PI may be a new approach for the
treatment of AML

The triple combination of HDAC], BETi and cisplatin or dual HDACi and BETi
with cisplatin may be a potential combination in muscle invasive bladder
cancer, especially in the case of intrinsic or acquired cisplatin resistance.
Combining HDACi with OTX015 and cisplatin could enable the resumption of
OTXO015 clinical trials.
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