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Abstract 

BRCA1-associated protein 1 (BAP1) is a tumor suppressor gene that encodes a 

nuclear deubiquitinating enzyme with crucial roles in different physiological functions. 

Therefore, it is not surprising that loss of BAP1 is associated with aggressive tumors, 

higher incidence of metastasis and poor overall survival in several cancer entities such 

as renal cell carcinoma (RCC), uveal melanoma (UM) and intrahepatic 

cholangiocarcinoma (ICC). However, there are no specific treatments for tumors with 

BAP1 loss. Thus, the aim of this study is to identify potential therapeutic targets for 

treatments of patients with BAP1 mutations by performing a large-scale RNA 

interference screen. Therefore, the BAP1-deficient renal cell carcinoma cell line 

UMRC-6 reconstituted with wild-type BAP1 or an empty vector control was used for 

the shRNA screen. The histone deacetylase HDAC1 was identified as a possible 

synthetic lethal interactor of cancer cells with inactive BAP1. As expected for a true 

synthetic lethal gene in the context of BAP1 loss, HDAC1 knockdown led to a decrease 

of cell proliferation and colony formation in different BAP1-deficient cell lines of RCC, 

ICC and UM, but not in BAP1-expressing ones. In addition, the HDAC1 inhibitor 

quisinostat decreased the cell viability of BAP1-deficient cell lines more than the cell 

viability of BAP1 competent cell lines. Besides, HDAC1 knockdown showed a stronger 

effect on the cell proliferation of BAP1 knockout UM cells than the knockdown of 

HDAC4, which was reported recently to be a key target in BAP1-mutant uveal 

melanoma. By characterizing the role of HDAC1 in BAP1-deficient cancer cells, it was 

detected that HDAC1 knockdown had a higher efficiency suppressing the migration of 

cells with BAP1 loss compared to BAP1-expressed ones. Furthermore, HDAC1 

knockdown showed in cell cycle arrest assays that it is leading to a G1 arrest in BAP1 

knockout cells. However, an association between HDAC1 inhibition and apoptosis of 

BAP1 knockout cells could be not uncovered. These findings suggest that HDAC1 

regulates the proliferation, cell migration and tumor growth of BAP1-mutant tumor 

entities by regulating the G1 cell cycle arrest independently of apoptosis. In the future, 

further investigation in the interplay between HDAC1 and BAP1 deficiency can provide 

higher evidence on the mechanisms behind their synthetic lethality. Notably, HDAC1 

knockdown suppressed tumor growth only in a BAP1-deficient cholangiocarcinoma 

xenograft mouse model, validating in vivo the synthetic lethality interaction of HDAC1 

with BAP1 loss. This provides the rationale of treating BAP1-mutant cancers with 

HDAC1 inhibitors. 
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Zusammenfassung 

Das BRCA1-assoziiertes Protein 1 (BAP1) Gen ist ein Tumorsuppressorgen, welches 

eine nuklear-loklaisierte Deubiquitinase mit wichtigen physiologischen Funktionen 

kodiert. Aus diesem Grunde ist es nicht verwunderlich, dass ein Verlust des BAP1 

Proteins mit einem aggressiven Tumor-Phänotyp, Metastasierung, sowie einem 

schlechten Gesamtüberleben in diversen Tumorentitäten, z.B. im klarzelligem 

Nierenkrebskarzinom (RCC), im Aderhautmelanom (UM) und im intrahepatischen 

Gallengangskarzinom, assoziiert ist. Aktuell sind keine spezifischen Therapieansätze 

für Krebspatienten mit BAP1 Mutationen vorhanden, weshalb in diesem Projekt ein 

neuer, potenzieller Therapieansatz für Patienten mit BAP1-Mutationen untersucht 

werden soll. Für die Untersuchungen wurde ein lentiviraler shRNA-Screen mit der 

BAP1-defizienten Nierenkrebszelllinie UMRC-6 durchgeführt, welche entweder mit 

einem BAP1-exprimierenden Plasmid oder ein Kontrollplasmid (Leervektor) 

transduziert wurde. Mit Hilfe des shRNA-Screens konnte HDAC1 als ein möglicher 

synthetisch-letaler Interaktionspartner in BAP1-inaktiven Nierenkrebszellen 

identifiziert werden. Wie es zu erwarten war, führte die Reduktion der HDAC1-

Proteinexpression zu einer geringeren Zellproliferation und Zellwachstum in 

verschiedenen BAP1-defizienten RCC, ICC und UM Zelllinien, wohingegen sie keinen 

Effekt auf das Zellüberleben von BAP1-exprimierenden Krebszelllinien zeigte. Darüber 

hinaus hatte der HDAC1-Inhibitor Quisinostat einen höheren Einfluss auf das 

Überleben von BAP1-defizienten Krebszelllinien als auf das Überleben von BAP1-

exprmierenden Krebszelllinien. Interessanterweise zeigen die in dieser Arbeit 

durchgeführten Untersuchungen, dass der Verlust der HDAC1-Proteinexpression das 

Tumorzellwachstums einer BAP1-deletierten Aderhautmelanomzelllinie stärker 

reduziert als der Expressionsverlust des HDAC4-Proteins, wobei HDAC4 in einer 

aktuellen Studie als ein letaler Interaktionspartner in BAP1-mutierten 

Aderhautmelanomen identifiziert werden konnte. Eine weiterführende 

Charakterisierung der Rolle von HDAC1 in BAP1-defizienten Krebszelllinien konnte 

darüber hinaus zeigen, dass der Verlust der HDAC1-Proteinexpression die 

Zellmigration von BAP1-deletierten Nierenkrebszelllinien beeinträchtigt und, dass eine 

reduzierte HDAC1-Proteinexpression  den Anteil von BAP1-deletierten Tumorzellen in 

der G1-Phase des Zellzyklus erhöht. Im Gegensatz zum Einfluss von HDAC1 auf den 

Zellzyklus scheint die HDAC1-Inhibition keinen Einfluss auf die Apoptose in BAP1-

deletierten Zellen zu nehmen. Diese Ergebnisse deuten darauf hin, dass HDAC1 die 
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Proliferation, Zellmigration und das Wachstum von Tumoren mit BAP1-Mutationen 

durch eine Regulation des G1-Kontrollpunkts des Zellzyklus Apoptose-unabhängig 

kontrolliert. Zukünftige Untersuchungen sollten sich auf die Wirkungsmechanismen 

von HDAC1 in BAP1-defizienten Krebszelllinien fokussieren, um HDAC1 als einen 

möglichen synthetisch-letalen Interaktionspartner von BAP1-defizienten Tumoren zu 

verifizieren. Interessanterweise supprimierte der HDAC1-Knockdown das 

Tumorwachstum ausschließlich in einem BAP1-defizienten Cholangiokarzinom-

Xenograft Mausmodell, wodurch die synthetisch-letale Interaktion von HDAC1 mit 

BAP1-defizienten Tumoren in vivo validiert werden konnte. Die erhaltenen Ergebnisse 

weisen auf einen HDAC1-Inhibitor basierte Therapiemöglichkeit für BAP1-mutierte 

Tumorpatienten hin.  
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1. Introduction 

1.1 BRCA-1 associated protein 1  

BRCA1-associated protein 1 (BAP1) is an ubiquitin carboxy-terminal hydrolase (UCH) 

protein of the deubiquitinase family, which is responsible for removing ubiquitin 

molecules from proteins and histone substrates. 

In 1998, BAP1 was first time named and discovered in a lung cancer cell line as a 

nuclear protein binding to the RING (really Interesting new gene) finger domain of the 

tumor suppressor protein BRCA1, thereby suppressing BRCA1’s tumor suppressor 

activity (Jensen et al. 1998). Since these initial findings, a plethora of different 

physiological and pathophysiological functions of BAP1 have been reported. 

  

1.1.1 Structure and function of BAP1 

The BAP1 gene is located on the short (p) arm of chromosome 3 (3p21.1) and encodes 

a 90 kDa deubiquitinating enzyme (Wang et al. 2016). The BAP1 protein consists of 

729 amino acids and three domains (Yu et al. 2010) (Fig. 1). 

On the N-terminal side of the BAP1 protein the UCH domain is localized and is 

accountable for the primary function of removing ubiquitin from ubiquitylated 

substrates. The second domain contains conserved peptide sequence known as the 

host cell factor C1 (HCF-1) binding domain (HBM), (Jensen et al. 1998; Machida et al. 

2009). The last domain contains a C-terminal binding domain (CTD) and two nuclear 

localization signals (NLS) (Ventii et al. 2008). 

In the past, ubiquitination of proteins was exclusively associated with targeting proteins 

for proteasomal degradation. However, more recent results indicate that ubiquitination 

has a more complex role within cells by influencing multifunctional and diverse cellular 

signaling pathways (Welchman, Gordon, and Mayer 2005). Therefore, by interacting 

with different proteins such as BRCA1-associated RING domain protein 1 (BARD1), 

HCF1, BRCA1, forkhead box K1 /K2 (FoxK1/K2), Yin Yang 1 (YY1) and additional sex 

combs like proteins (ASXL 1/2), BAP1 is involved in many cellular processes, including 

DNA damage response, replication, cell cycle progression, cell proliferation and 

histone modification (Ladanyi et al. 2012; White and Harper 2012) (Fig. 1 and Fig. 2). 
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Figure 1: Scheme of functional domains of BRCA1-associated protein 1 (BAP1) 
BAP1 consists of 729 amino acid with the 3 different domains: Ubiquitin carboxyl hydrolase (UCH) 
domain (amino acid 1-240); BARD1-binding region (amino acid 182-365); host cell factor C1 (HCF-1) 
binding domain (HBM) (amino acid 363-266); HCF-1 binding domain (amino acid 365-385); forkhead 
box K1/K2 (FoxK1/K2) binding region (amino acid 477-526); BRCA1 binding region (amino acid 596-
721), C-terminal binding domain (CTD) (amino acid 635-693); additional sex combs like proteins ASXL 
1/2 binding domain (635-693); nuclear localization signals (NSL) (amino acid 656-661 and 717-722) and 
Ying Yang 1 (YY1) binding domain (amino acid 642-686) (Wang et al. 2016).  

 

BAP1 regulates growth regulation by inhibiting the HCF-1 (Machida et al. 2009) (Fig. 1 

and Fig. 2). HCF-1 promotes cell proliferation by activating transcription factors, 

including proteins of the E2F family, which are involved in cell cycle control during in 

G1/S phase progression (Tyagi et al. 2007). Therefore, HCF-1 supports the binding of 

E2F1 transcription factors and H3K4 histone methyltransferase. Thereby, genes 

needed for S-phase can be transcribed. A loss of BAP1 in mesothelioma cells is 

leading to an uncontrolled transition of cells from G1 to S phase as BAP1 is responsible 

for suppressing the HCF-1 activity (Pan et al. 2015). 

Furthermore, BAP1 has been shown to interact with HCF-1 and YY1 or FoxK1/K2 

respectively in a complex, which controls cell proliferation (Yu et al. 2010). The formed 

BAP1/HCF-1/YY1 complex binds to the promoter of cytochrome c oxidase subunit 7C 

(COX7c) that encodes a component of the mitochondrial respiratory chain, which has 

been shown to enhance cell proliferation. In addition to the abovementioned complex, 

BAP1 can form a BAP1/HCF-1/FoxK1/K2 complex leading to a downregulation of the 

expression of FoxK1/K2 targets. The FoxK1/K2 targets are involved in upregulating 

cell proliferation and cell cycle progression. Therefore, the formed 

BAP1/HCF-1/FoxK1/K2 complex inhibits these processes (Okino et al. 2015). 
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Besides the above-mentioned complexes, BAP1 can form a polycomb group 

repressive deubiquitinase complex (PR-DUB) with the protein ASXL1/2 , which is 

essential for transcriptional regulation of physiological cell functions associated with 

embryonic development, stem cell pluripotency, self-renewal and differentiation 

(Scheuermann et al. 2010; Perez-Garcia et al. 2021) (Fig. 2). Through BAP1’s 

deubiquitinase activity, the PR-DUB complex modulates chromatin by removing a 

ubiquitin molecule from histone H2A at its lysine 119 residue (H2AK119ub1), therefore 

regulating the expression of a multitude of genes (Campagne et al. 2019; Peña-Llopis 

et al. 2012). 

Additionally, BAP1 is involved in DNA damage response by interacting with the tumor 

suppressor BRCA1 (Chen et al. 2002) (Fig. 1 and Fig. 2). The heterodimer complex 

consisting of BRCA1 and BARD1 functions as an E3 ligase, which activates the 

homologous DNA damage repair pathway (Wu-Baer et al. 2003). BAP1 is supporting 

the regulation of the DNA damage mechanisms by binding to the RING finger domain 

on BARD1 and inhibiting E3 ligase function (Nishikawa et al. 2009). 

 

 
Figure 2: Physiological functions of BAP1 
BAP1 is interacting with HCF1, resulting in the recruitment of E2F transcription factors, which control 
the progression from G1 to S-Phase within the cell cycle. Moreover, BAP1 and HCF1 are forming a 
complex either with YY1 (BAP1/HCF1/YY1) or with FoxK1/K2 (BAP1/HCF1/FoxK1/K2), which suppress 
cell proliferation. By binding to the BRCA1/BARD1 complex, BAP1 can regulate the DNA damage repair 
pathway by promoting double-strand DNA break processes. BAP1 modulates chromatin modulation due 
to the binding to the ASXL protein to form a polycomb group repressive deubiquitinase complex (PR-
DUB) that regulates the Histone H2A deubiquitylation (Nishikawa et al. 2009; Machida et al. 2009; 
Scheuermann et al. 2010). 
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Recent studies also showed that BAP1 supports cell death by inducing the activation 

of a type-3 inositol-1,4,5-triphosphate-receptor, thereby underpinning the release of 

calcium (Ca2+) from the endoplasmic reticulum to the inter-membrane space of 

mitochondria (Bononi et al. 2017). The mitochondria overload with Ca2+ stimulates the 

opening of the mitochondrial permeability transition pore (mPTP) and results in the 

release of pro-apoptotic factors, such as Cytochrome c, which promotes apoptosis 

(Halestrap 2006). 

Taken together, these studies highlight the important physiological role of BAP1 in 

diverse cellular processes. In addition to the above-mentioned physiological functions, 

loss of BAP1 is associated with a variety different tumor entities, since BAP1 also 

functions as a tumor suppressor (Luchini et al. 2016; Murali, Wiesner, and Scolyer 

2013; Jensen and Rauscher 1999). 

 

1.1.2 Role of BAP1 in cancer 

BAP1 acts as an important tumor suppressor as inactivating mutations lead to the loss 

of its function, e.g. mutations in the UCH domain, were identified in several human 

cancers (Carbone et al. 2013; Bhattacharya, Hanpude, and Maiti 2015). In addition to 

mutations within the UCH domain, other mutations outside the UCH domain are also 

leading to an inactivation of BAP1 DUB activity (Harbour et al. 2010). 

The most frequent mutations occurring in the BAP1 gene are non-synonymous single 

nucleotide variations, deletions and insertions (Harbour et al. 2010; Yoshikawa et al. 

2012). Furthermore, it was observed that most BAP1 mutations resulted in protein 

truncations and the loss of the two BAP1 NLS domains, leading to a loss of nuclear 

BAP1 translocation in different tumor entities (Ventii et al. 2008). Altogether, different 

studies identified BAP1 as a key regulator of cancer-associated pathways, showing 

that its loss can promote cancer development. 

In addition, germline mutations of BAP1 were identified to be predisposing factors for 

multiple cancers named as BAP1 tumor predisposition syndrome (BAP1-TPDS). 

Patients with BAP1-TPDS have got a high risk to develop malignant tumors e.g. uveal 

melanoma (UM), malignant mesothelioma (MM), cutaneous melanoma, renal cell 

carcinoma (RCC) and intrahepatic cholangiocarcinoma (iCCA) (Gupta et al. 2015; 

Wang et al. 2016; Farley et al. 2013). In contrast to cancer patients without BAP1-

TPDS, BAP1-TPDS cancer patients tend to get cancer already in young age as well 

their tumors show a more aggressive phenotype (Rai et al. 2016). 
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However, BAP1 is frequently mutated in a variety of tumor entities. One of the first 

cancer types that was found to be associated with BAP1 mutations, was UM, where 

45% of primary UM contain BAP1 mutations (Harbour et al. 2010). Other cancer types 

with frequent somatic BAP1 mutations include e.g. MM, clear cell RCC (ccRCC), CCA 

as well as other solid tumors (Yoshikawa et al. 2012; Peña-Llopis et al. 2012). 

 

1.2 BAP1-associated tumor entities 

1.2.1 Renal cell carcinoma 

Kidney cancer accounts for approximately 2% of all cancers worldwide every year, 

ranked as the 9th most common cancer in men and the 14th most common cancer in 

women, showing a median age at diagnosis of 64 years (Fitzmaurice et al. 2015; 

Harrison, Mann, and Pearce 2013; Znaor et al. 2015).  

The most common type of kidney cancer is renal cell carcinoma (RCC), which arises 

from the renal epithelium and accounts for more than 90% of kidney cancer cases 

(Hsieh et al. 2017). 400.000 patients are diagnosed with RCC every year, hereof 

170.000 patients dying from this devastating disease (Motzer et al. 2020). Besides 

patients’ age, race and gender play an important role in the development of RCC, with 

men being diagnosed almost twice the rate of women between 60 and 70 years of age 

(Mancini, Righetto, and Baggio 2020).  

The most common risk factors include hypertension, obesity and cigarette smoking, 

however, different diseases, including chronic kidney disease, diabetes mellitus, cystic 

kidney disease or hemodialysis, have also been shown to promote RCC formation 

(Hsieh et al. 2017; Denton et al. 2002). The problem is that 25-30% RCC patients have 

already developed metastasis before their diagnoses. Additionally, around 30% of 

RCCs will recur after successful resection of the primary tumor (Janzen et al. 2003).  

Furthermore, due to a lack of early detection and limited treatment options, in average, 

advanced RCC patients exhibit a poor survival rate of less than one year, with 25-30% 

of patients already being present with metastatic disease at the time of diagnosis 

(Marschner et al. 2017). 

Moreover, RCC shows limited clinical response to standard treatment regimens, 

including chemotherapy and radiotherapy, with nephrectomy being the main curative 

treatment option for RCC patients (Thorstenson et al. 2015; Chin et al. 2006). 

Currently, immunotherapies (cytokine-based therapies) are showing the most benefit 

for patients with an advanced RCC (Amato 2000). Even though these treatments have 



                                                                                                            INTRODUCTION 

 

6 

shown a clinical response in 10-15% of RCC patients, treatment regimens were also 

associated with harsh adverse effects, highlighting the unmet clinical need to 

investigate and identify molecular targets for the development of novel therapeutic 

strategies for RCC (Motzer and Bukowski 2006).  

On the molecular level, RCCs display a heterogenous group of tumors, which consists 

of more than ten different molecular and histological subtypes with diverse biology, 

genetics and clinical behavior, appearing either sporadically or as a result of hereditary 

predisposition (Randall, Millard, and Kurzrock 2014). The most frequent RCC 

subtypes, which show an incidence rate of more than 5%, are: clear-cell RCC (75%), 

papillary RCC (10%) (pRCC) and chromophobe RCC (5%) (chRCC) (Linehan 2012), 

whereby ccRCC accounts for approximately 70% of all deaths associated with kidney 

cancer (Choueiri and Motzer 2017; Hsieh et al. 2017).  

 

1.2.1.1 Genetic alterations in ccRCC 

The development of ccRCC is associated with loss of heterozygosity, which is caused 

by the partial or entire loss of the short arm of chromosome 3 (loss of 3p). This 

alteration is observed in approximately 90% of ccRCC cases (Zbar et al. 1987; Chen 

et al. 2009).   

With the chromosome 3p deletion, renal cells can simultaneously lose one copy of the 

four most frequently mutated tumor suppressor genes in ccRCC, which are localized 

on the p arm of chromosome 3 as well: Von Hippel-Lindau (VHL), Polybromo 1 

(PBRM1), SET domain containing protein 2 (SETD2) and BRCA1 associated protein-

1 (BAP1) (Fig. 3) (Peña-Llopis et al. 2013).  

 

 
Figure 3: Distribution of tumor suppressor genes on chromosome 3 
Schematic representation of the structure of chromosome 3 (region 3p and 3q). Loss or mutation of von 
Hippel-Lindau (VHL) is seen frequently besides the loss of the 3p part of chromosome 3 during 
development of RCC. Other tumor suppressors which are located on the 3p region of chromosome 3 
are: Polybromo 1 (PBRM1), SET domain containing protein 2 (SETD2) and BRCA1 associated protein-
1 (BAP1). (Adapted from Peña­Llopis et al., 2013) 
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Loss or mutation of the VHL gene is one of the decisive  

steps in the development of ccRCC (Gnarra et al. 1994; Nickerson et al. 2008). Loss 

of VHL can be found in both sporadic and familiarly ccRCCs and can be caused by 

somatic mutations or epigenetic inactivation through hypermethylation of the CpG 

island in the VHL promoter. 

Under physiological conditions, the VHL protein forms a multiprotein complex, exerts 

an E3 ubiquitin ligase function that ubiquitinate proteins and, subsequently, leads to 

degradation of these proteins, mainly hypoxia-inducible factor (HIF) (Kaelin 2007). In 

ccRCC with biallelic VHL inactivation, an accumulation of the HIF protein can be 

observed, which results in enhanced downstream activation of vascular endothelial 

growth factor and other genes involved in cell growth, survival and angiogenesis 

(Forsythe et al. 1996; Masson and Ratcliffe 2014).  

Although VHL inactivation is an important step during ccRCC development, the loss of 

VHL function per se is not sufficient to induce renal cell tumorigenesis, as shown in 

VHL-deficient mice (Kapitsinou and Haase 2008). Therefore, the development of 

ccRCC requires additional genetic events, e.g. the inactivation of additional tumor 

suppressor genes like PBRM1. 

Truncating mutations of PBRM1 are the second most frequent alterations of ccRCC 

(Varela et al. 2011). PBRM1 encodes the BAF180 protein, which is a component of 

the nucleosome remodeling complex switch/sucrose non-fermentable (SWI/SNF), 

which is repressing the seedling growth by controlling the DNA accessibility. In 

addition, mutations within the SETD2 tumor suppressor gene, which encodes a non-

redundant histone H3 lysine 36 trimethylating (H3K36me3) enzyme can be observed 

in 10-15% of ccRCC cases (Edmunds, Mahadevan, and Clayton 2008). Furthermore, 

BAP1 mutations occur in 10-15% of ccRCC patients and are associated with an 

advanced ccRCC phenotype (Guo et al. 2011; Peña-Llopis et al. 2012). 

 

1.2.1.2 Characteristics of mutations associated with ccRCC 

Mutations of BAP1, PBRM1 or SETD2 can result in a loss of protein function. 

Depending on their inactivating mutations in BAP1 and PBRM1, patients can be 

classified with different prognosis (Fig. 4) (Peña-Llopis et al. 2012). 
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Figure 4: Genetic classification of ccRCC based on the inactivation of BAP1 and PBRM1 
Representation of the relative distribution of BAP1, PBRM1 and other mutations in ccRCC. PBRM1 
mutations are the most frequent mutations (55%) in ccRCC and are associated with low tumor grade 
and a decreased mechanistic target of rapamycin complex 1 (mTORC1) activation. BAP1 mutations 
occur in 12% of ccRCC patients and are associated with a high tumor grade, an increased mTORC1 
activation and poor survival. ccRCC patients with simultaneous BAP1 and PBRM1 mutations (3%) show 
the poorest survival. 30% of ccRCC patients do not show BAP1 and PBRM1 mutations, but mutations 
independent of the aforementioned genes. (Adapted from Peña-Llopis et al., 2012, courtesy of Samuel 
Peña-Llopis) 

 

While alterations of PBRM1 and SETD2 can be frequently observed, alterations of 

BAP1 and PBRM1 are mutually exclusive (Peña-Llopis et al. 2013). However, 3% of 

ccRCC patients show a concomitant loss of both tumor suppressor genes, which is 

associated with highly aggressive tumors and the poorest patient survival (Peña-Llopis 

et al. 2013; Kapur et al. 2013). 

Besides the VHL loss, PBRM1 mutations also frequently occur in ccRCC patients 

(55%). Tumors with mutually exclusive PBRM1 mutations are less aggressive and 

associated with lower tumor grade and longer overall survival. Furthermore, ccRCC 

patients with exclusive PBRM1 mutations can be treated effectively with checkpoint 

immune inhibitor-based therapy (Hagiwara et al. 2021; Miao et al. 2018). 

In contrast, loss or inactivation of BAP1 leads to an aggressive tumor phenotype with 

high tumor grade, activated mechanistic target of rapamycin complex 1 (mTORC1) and 

poor survival rates (Peña-Llopis et al. 2012; Kapur et al. 2013).  
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The MTOR gene encodes the mTOR serine/threonine protein kinase, which is involved 

in the regulation of cell cycle and cell growth (Cuyas et al. 2014). Former investigations 

showed that a constitutive activation of the mTORC1 pathway can initiate 

carcinogenesis such as breast, cervical cancer, esophageal squamous cell carcinoma, 

lung and hepatic cancers, making the mTORC1 pathway a promising therapeutic 

target in different tumor entities (Tian, Li, and Zhang 2019; Krencz et al. 2018; Lee 

2017). However, for ccRCC patients with BAP1 mutations, there is no effective 

therapeutic treatment regimen available to date, highlighting the urgent need for 

identification of novel therapeutic targets in this devastating disease. 

 
1.2.2 Uveal melanoma 

1.2.2.1 Uveal melanoma: a rare and aggressive cancer  

Uveal melanoma (UM) is the most common primary intraocular malignancy in adults 

(85%), which develops from melanocytes colonized in the uveal tract. Different 

histological subtypes of UM can be classified based on the location of cancerous cells 

in the iris, ciliary body or the choroid (Krantz et al. 2017). 

In general, UM is a rare tumor entity (4.3 cases per one million individuals) with 

predominantly sporadically developing tumors, however, familial uveal melanoma is 

really rare (approximately 1% of UM patients) (Singh and Topham 2003; Helgadottir 

and Hoiom 2016).  

Since 1971, several publications have described the association between UM and 

other cancer types, e.g. cutaneous melanoma (CM), breast cancer, and prostate 

cancer (Johansson et al. 2019; Rednam et al. 1981; Henkind and Roth 1971). 

Additionally, 11.6% of UM patients have a risk for a hereditary predisposition (Abdel-

Rahman et al. 2011). Most likely the second cancer were found in the prostate (2.2%), 

breast (1.6%), lung (1.2%), genitourinary (1%), gastrointestinal (0.9%), and 

leukemia/lymphoma (0.8%) (Diener-West et al. 2005).  

The five-year survival rate of UM patients discovers with a primary tumor stage is 85% 

decreasing due to rising of metastasis, whereby up to 50% of UM patients develop 

metastasis within 5 years after diagnosis (Verma and Mehta 2016; Kujala, Makitie, and 

Kivela 2003). The median survival after development of metastasis for UM patients is 

six to twelve months. Distant UM metastasis can frequently be found in liver (89%), 

lung (29%), and bone (17%) (Diener-West et al. 2005; Carvajal et al. 2017). 
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While the primary tumor can be treated with potentially curative treatment options, e.g. 

brachytherapy, local resection, proton beam radiotherapy as well as iodine or 

ruthenium plaque radiotherapy, no effective therapy regimens are currently available 

against a metastatic UM disease state (Papastefanou and Cohen 2011). 

It is known that the aggressiveness of an UM tumor is associated with the mutational 

profile of the corresponding cancer cells. Furthermore, the most frequent mutations in 

UM are reported to be localized within the Guanine nucleotide-binding protein G 

(GNAQ/11), eukaryotic translation initiation factor 1A X-linked (EIF1AX), splicing 

factor 3B subunit 1 (SF3B1), and BAP1 genes (Parish et al. 2018; Robertson et al. 

2017).  

 

1.2.2.2 Genetic alteration in UM 

The most frequently occurring mutations can be detected in 85% of UM patients and 

are localized in the GNAQ and GNA11 genes. GNAQ and GNA11 encode for the 

guanine nucleotide-binding protein alpha (α subunit). The α subunit interacts with the 

β and γ subunits to form a heterotrimeric G protein, which regulates intracellular signal 

transduction pathways, e.g. the mitogen-activated protein kinase (MAPK) signaling 

pathway (Harbour 2012; Harbour and Chao 2014).  

The α subunit of the G-protein contains a GTP hydrolysis (GTPase) activity. The 

activity of a GTPase terminates the normal activity of the G-protein complex. Mutations 

at amino acid residues glutamine-209 and arginine-183 in GNAQ/GNA11 occur 

frequently in UM leading to a disable of the GTPase activity that prevent the inactivation 

of the G-protein followed by a constitutive activation of the MAPK pathway as well as 

other growth pathways (Harbour and Chao 2014). 

GNAQ/GNA11 mutations themselves are not showing any known prognostic value for 

UM phenotype. These mutations arise in similar frequency in metastatic and non-

metastatic tumors. The diagnosis of other mutations in driver genes, like in BAP1, are 

investigated to be more important for patient outcome (Harbour and Chao 2014; van 

Essen et al. 2014). 

 

1.2.2.3 Role of BAP1 mutations in uveal melanoma 

BAP1 is mutated in 47% of UM patients and is associated with monosomy 3 and impart 

poor survival. The relative percentage of BAP1 mutated patients increases in the 

metastasized disease state (up to 80%) and BAP1 mutations are associated with a 
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dedifferentiated, stem-like and clinically aggressive UM phenotype (Harbour et al. 

2010; Karlsson et al. 2020). 

BAP1 germline mutations are linked to a 4-fold increased risk of metastasis and poor 

survival in patients. Thereby, patients with BAP1 germline mutations show larger tumor 

diameter and a higher rate of ciliary body involvement (Gupta et al. 2015). It was 

reported that UM patients with germline mutations of the BAP1 gene exhibit the mean 

survival of 4.74 years after diagnosis, while patients without a BAP1 mutation showed 

a mean survival of 9.97 years following diagnosis (Kalirai et al. 2014). 

In conclusion, both somatic and germline mutations of BAP1 increase the risk of 

metastasis development in UM.  

 

1.2.3. Cholangiocarcinoma 

Cholangiocarcinoma (CCA) is a relatively rare and highly lethal adenocarcinoma, 

which arises from the biliary epithelium (cholangiocytes) of the hepatobiliary system, 

with an incidence rate of approximately seven per one million individuals (Shaib and 

El-Serag 2004). CCA is the second leading primary hepatobiliary malignancy and 

accounts for around 3% of all gastrointestinal cancers with a 5-year overall survival 

rate of less than 5% (Butt et al. 2012; Banales et al. 2020). 

Known risk factors for CCA development include liver fluke infestation, bile duct 

anomalies, primary sclerosing cholangitis, biliary papillomatosis, chemical 

carcinogens, e.g.  thorotrast and nitrosamines, nonalcoholic liver disease, obesity and 

viral hepatitis (Shaib and El-Serag 2004; Khan, Toledano, and Taylor-Robinson 2008). 

CCA can be classified into three different subtypes based on the anatomical location 

of the tumor, whereby differentiating between intrahepatic (iCCA), perihilar (pCCA) and 

distal (dCCA) cholangiocarcinoma. Each subtype is related to different genetic 

aberrations as well as molecular and histological characteristics and therapeutic 

approaches (Braconi and Patel 2010).  

 

1.2.3.1 Intrahepatic cholangiocarcinoma 

iCCA is an aggressive tumor entity that arises from the malignant transformation of 

cells from the intrahepatic biliary tract and accounts for around 10% of all CCAs 

worldwide (Esnaola et al. 2016).  

Microscopically, iCCA can be divided into a mass forming, a periductal-infiltrating and 

an intraductal-growing subtype based on the growth pattern, whereby the mass 
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forming subtype is the most frequent iCCA malignancy with a poor prognosis (Chung 

et al. 2009; Shaib et al. 2005).  

Due to the asymptomatic nature at early stages as well as the lack of specific tumor 

markers for early tumor detection, 60-70% of iCCA patients are diagnosed at an 

unresectable or metastatic state (Shaib et al. 2005; Jarnagin et al. 2002). However, 

the only curative treatment option is surgical resection of the primary tumor, which can 

be offered to approximately 20-40% of iCCA patients (Bridgewater et al. 2014). Despite 

successful primary tumor resection, approximately 60% of patients show tumor 

recurrence with a median survival of 36 months (Hyder et al. 2013). Besides surgery, 

there are no effective treatments such as chemotherapies or molecular target therapies 

available (Bridgewater et al. 2014). Therefore, iCCA patients would benefit of a deeper 

understanding of the molecular mechanisms of this malignancy. 

 

1.2.3.2 BAP1 as a tumor suppressor in iCCA 

Loss of chromosome 3p21 is a frequent event in iCCA patient (50-70%), which results 

in inactivation of BAP1 reported in up to 25% of iCCA cases associated with a 

metastatic phenotype and poor prognosis (Mosbeh et al. 2018; Sabbatino et al. 2020).  

Further, it was investigated that BAP1 mutations can be used as a predisposition value 

for iCCA development (Andrici et al. 2016). Another study investigated the value of 

BAP1 as a marker for iCCA, since BAP1 is frequently lost, thereby resulting in negative 

nuclear staining for BAP1 in iCCA (Mosbeh et al. 2018). 

However, to date, the mechanisms between BAP1 mutation and the development of 

an aggressive phenotype of iCCA are barely understood. 

 

1.3 BAP1 and cancer therapy 

To date, treatment options for cancer patients with BAP1 mutations are limited to 

standard therapies, However, tumors frequently show poor clinical response to the 

currently available therapeutic regimens, highlighting the urgent need to identify novel 

therapeutic targets directly associated with BAP1 mutation (Louie and Kurzrock 2020).  

One of these therapeutic targets is the enhancer of zeste 2 polycomb repressive 

complex 2 (EZH2). EZH2 is upregulated in BAP1-deficient tumors and is associated 

with poor patient survival (LaFave et al. 2015; Sun et al. 2018; Baas and Schunselaar 

2018). Recently, it was reported that in a phase ll clinical trial malignant mesothelioma 

patients with BAP1 alterations demonstrated a good response to an EZH2 inhibitor 
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tazemetostat as the majority of malignant mesothelioma patients showed some level 

of disease control after treatment with tazemetostat (Zauderer et al. 2018). 

Other inhibitors that are suggested to treat BAP1-deficient tumors are poly-

adenosyldiphosphate-ribose polymerase (PARP) inhibitors, which inhibit the single 

strand break repair pathway (Baas and Schunselaar 2018; Rouleau et al. 2010). As 

BAP1 mutations cause DNA damage repair gene defects, treating BAP1-deficient 

tumors with PARP-inhibitors to undergo other repair pathways such as the nucleotide 

or base excision repair mechanism shows a good option that has to be further 

investigated (Wu, Lu, and Yu 2010; de Koning et al. 2019).  

Furthermore, another treatment option for patients with BAP1 mutated tumors is 

immunotherapy, which is clinically already in use for the treatment of other aggressive 

tumor entities. In recent years, the association between BAP1 alterations and a number 

of immunological phenotypes in cancer was reported (Figueiredo et al. 2020). A study 

could demonstrate that mesothelioma patients with BAP1 mutations showed clinical 

response (in 20-30% of patients) to immune checkpoint inhibitors (Alley et al. 2017). 

However, immune checkpoint inhibitors showed no proof of benefit for UM patients 

(Yang et al. 2018).  

Besides immunotherapy, histone deacetylase (HDAC) inhibitors (HDACi) represent 

another potential therapeutic target for BAP1-deficient tumors (Sacco et al. 2015). 

Since 2006, HDACi are clinically utilized to treat patients suffering from different tumor 

types (Duvic and Vu 2007; Landreville et al. 2012).  

 

1.4 Histone deacetylases 

1.4.1 Histone deacetylases - Characteristics and functions 

HDACs are a class of enzymes that possess epigenetic regulatory functions (Delcuve, 

Khan, and Davie 2012). These enzymes remove acetyl groups from an amino acid on 

a histone, thereby supporting the suppression of gene expression, whereas histone 

acetyltransferases (HATs) have an opposite effect by opening the chromatin due to 

acetylating histones and allowing gene expression (Fig. 5) (Jenuwein and Allis 2001; 

Marks, Miller, and Richon 2003; Verdin and Ott 2015). 

To date, studies have discovered 18 highly conserved genes, which encode for 

different HDACs. HDACs are classified into Class I (HDAC1, -2, -3 and -8). Class IIa 

(HDAC4, -5, -7 and -9), Class IIb (HDAC6 and -10), Class III (sirt1-sirt7) and Class IV 

(HDAC11) HDACs based on phylogenetic analysis (Varricchio et al. 2014). Class I 
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HDACs are ubiquitously expressed and are localized in the cellular nucleus (Watamoto 

et al. 2003; Wada et al. 2009). In contrast, Class II and Class IV HDACs are localized 

in both the nucleus and cytoplasm (Wang and Yang 2001; Watanabe, Khodosevich, 

and Monyer 2014). Class III HDACs belong to the sirt family and are functionally 

unrelated to other HDACs as their deacetylase activity is dependent on nicotinamide 

adenine dinucleotide, whereas Class I, II and IV are zinc-dependent enzymes (Micelli 

and Rastelli 2015). 

In general, HDACs play a crucial role to regulate the gene expression of several 

oncogenes, tumor suppressor genes and inflammatory genes (Chen, Zhao, and Zhao 

2015).  

In addition to histones, HDACs are also involved in deacetylation of many other 

nonhistone proteins (Choudhary et al. 2009). The hyperexpression of diverse HDACs 

can impair the downstream gene regulatory network of HDACs targets that can lead to 

cancer progression. Such abnormalities could be investigated in different cancer 

entities (Prasad et al. 2014). 
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Figure 5: Schematic function of histone deacetylases (HDACs) and histone acetyltransferases 
(HATs) 
Showing chromatin modulation according to the balance of HDACs and HATs. HDACs deacetylate 
histones, resulting in compact, densely-packed chromatin and a suppression of gene expression. In 
contrast, HATs acetylate histones, resulting in open, less densely-packed chromatin and gene 
expression (Adapted from Verdin and Ott, 2015). 

 

1.4.2 Role of histone deacetylases in cancer development 

An abnormal expression of HDACs is associated with the development of different 

cancer types, since HDACs are involved in several mechanisms, which can contribute 

to tumor development (Chen et al. 2020). Studies showed that aberrant expression of 

HDACs can decrease the transcription of tumor suppressor genes as well as promote 

oncogenic signaling (Chen, Zhao, and Zhao 2015; Li, Tian, and Zhu 2020). 

A high level of HDACs has been shown to be associated with poor patient prognosis. 

It was shown that an increased expression of HDAC1, 2 and 3 correlates with poor 

patient outcomes in ovarian and gastric cancer (Weichert, Denkert, et al. 2008; 

Weichert, Roske, et al. 2008). In addition, a high level of HDAC8 in neuroblastoma, 

esophageal squamous cell carcinoma or cervical cancer is associated with an advance 

tumor stage and  poor patient survival (Oehme et al. 2009). 

 

A plethora of different studies has demonstrated that HDACs can support tumor 

progression by diverse cellular mechanisms (Fig. 6) (Hontecillas-Prieto et al. 2020). 
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Figure 6: Role of HDACs in cancer progression 
HDACs are inhibiting apoptosis and cell differentiation (inhibition: red arrow) and promote cell cycle 
progression, cell proliferation, angiogenesis as well as metastasis (promotion: blue arrow) (Hontecillas-
Prieto et al. 2020). 

 

HDACs have been shown to induce cell proliferation by deacetylating proteins involved 

in the cell cycle regulation (Glozak et al. 2005). 

Furthermore, an overexpression of HDAC1, HDAC6, or HDAC8 lead to an increased 

cell invasion regulated by a higher expression of metalloproteinase-9, which mediates 

degradation and remodeling of the extracellular matrix, in breast cancer cell lines (Park 

et al. 2011). Moreover, it was reported that HDAC6 and HDAC8 can induce cancer cell 

migration and invasion by α-tubulin acetylation which leads to cancer progression in 

different cancer entities e.g. cervical cancer (Ding et al. 2014; Vanaja, Ramulu, and 

Kalle 2018). 

Another possibility about how HDACs can influence cancer-associated pathways is by 

changing the expression of pro- and anti-apoptotic proteins, belonging to the B-cell 

lymphoma 2 family (Inoue et al. 2007). Additionally, it was reported that HDAC 
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inhibition can induce apoptosis by upregulation of cell surface death receptors and 

ligands, e.g. the Fas-receptor, apoptosis antigen 1 ligand or tumor necrosis factor 

receptor (Zhang and Zhong 2014). 

Besides, HDACs are involved in the cellular mechanisms of hypoxia-induced 

angiogenesis. Previous studies revealed an overexpression of HDAC1, HDAC2 and 

HDAC3 in cancer cell lines, such as RCC and lung cancer cell lines, under hypoxic 

conditions (Kim et al. 2001). Moreover, it was described that high levels of HDAC1 

mediated the suppression of the expression of the tumor suppressors p53 and von 

Hippel–Lindau protein, resulting in an overexpression of hypoxia-inducible Factor 1α 

and vascular endothelial growth factor (Kim et al. 2001; Deroanne et al. 2002).  

The current knowledge about HDACs, their molecular functions and the cellular 

pathways that are affected by HDAC activities was significantly impacted and improved 

by the development of HDAC inhibitors (HDACi). 

HDACi can be classified into different categories based on their functional range with 

inhibitors inhibiting all HDAC classes (not including sirtuins) being classified as pan-

HDACi, whereas HDACi exclusively targeting specific HDACs being classified as 

selective HDACi (Ceccacci and Minucci 2016). 

Some studies indicate that HDAC inhibition can result in a decreased tumor growth 

and an increased induction of apoptosis particularly in cancer cells, while minimally 

affecting normal tissue (Ungerstedt et al. 2005; Ceccacci and Minucci 2016). 

In general, targeting HDACs with HDACi has shown clinical efficiency in different types 

of cancer, resulting in the FDA-approval of vorinostat and romidepsin for the treatment 

of cutaneous as well peripheral T-cell lymphoma (Grant et al. 2010; Iyer and Foss 

2015). Additionally, it was shown that the treatment of diverse myeloma with the pan-

HDACi panobinostat reveal clinical success as it was shown to increase the median 

progression‐free survival of myeloma patients (Eleutherakis-Papaiakovou et al. 2020). 

In previous reports, it was suggested that cancers with BAP1 mutations could benefit 

of treatments with HDACi (Kuznetsov et al. 2019). 

 

1.4.3 Efficiency of HDAC inhibitors in BAP1-mutated cancers 

To date, several studies have investigated the efficiency of HDACi in tumors with BAP1 

mutations. 

Previous studies suggest treating UM patients with HDACi. They reported that BAP1 

loss causes hyperubiquitination of its target H2A, HDACi seems to prevent the 
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decrease excess of transcription factors to H2A. Therefore, HDACi suppressed tumor 

growth and reduced the metastatic spread of UM cells, resulting in a less aggressive 

phenotype (Landreville et al. 2012; Moschos et al. 2018). 

Furthermore, it was shown that HDAC1, HDAC-3, and HDAC-8 are highly expressed 

in BAP1-mutant UM and are associated with an inflammatory phenotype, correlating 

with increased infiltrating leukocyte-derived cytokine production (Souri et al. 2021).  

Another publication identified HDAC4 as a key target in BAP1-mutant UM. The authors 

demonstrated that the pan-HDAC inhibitor quisinostat lead to a decreased tumor 

growth and weight in BAP1-mutant UM tumors, but not in BAP1-wildtype UM, 

suggesting HDAC4 as the key target of quisinostat (Kuznetsoff et al. 2021). 

Interestingly, BAP1 loss was found to increase the sensitivity to HDACi leading to a 

decrease of cell viability in mesothelioma. Additionally, an increased expression of 

HDAC1 and a decreased expression of HDAC2 were observed in BAP1-mutant 

mesothelioma tumors. Furthermore, HDACi sensitivity was induced due to BAP1 

alterations in mesothelioma cell lines (Sacco et al. 2015).  

A phase lll clinical trial investigating the pan-HDACi vorinostat as a potential treatment 

option for malignant pleural mesothelioma patients  revealed only minimal 

improvement in overall survival compared to the placebo control group (Krug et al. 

2015). However, this clinical trial did not exclusively focus on BAP1-mutated malignant 

pleural mesothelioma patients, highlighting the need for additional studies focusing on 

HDACi in the context of BAP1 loss/ mutation-associated malignancies. 

 

1.5 Aim of the study 

A loss of the tumor suppressor gene BAP1 is associated with the development, 

progression and metastatic spread of several tumor entities, including clear cell renal 

cell carcinoma (ccRCC), uveal melanoma (UV) or intrahepatic cholangiocarcinoma 

(iCCA). In addition, cancer patients suffering from tumors containing a BAP1 

inactivation show poor clinical response to standard therapies, highlighting the urgent 

clinical need for the identification of novel therapeutic targets. 

Therefore, the aim of this study is the identification of a synthetically lethal target for 

BAP1-mutated tumors using a large-scale RNA interference screen. 

The shRNA screen was conducted to identify synthetic lethal interactors with BAP1 

mutations using the BAP1-deficient cell line UMRC-6 reconstituted with an empty 

vector (control cell line) or wild-type BAP1 expressing plasmid. We anticipated that the 
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knockdown of synthetically lethal genes within a BAP1 loss background results in a 

decrease of cell viability, proliferation and colony formation in BAP1 inactive cell lines, 

but not in wild-type BAP1 expressing cell lines. 

After the identification of the potential synthetically lethal target, we sought to 

characterize its specific role in BAP1-mutated tumors in vitro and investigate the effects 

of a synthetic lethal target inhibition on the growth of BAP1-mutated tumors in vivo 

using an iCCA murine xenograft model.  

The identification of novel targets for BAP1-deficient tumors may pave the way for the 

development of specific therapies for cancers with mutations in BAP1. 
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2. Materials 

2.1 Cell lines and bacterial strains 

Name Origin Source Growth 

Medium 

786-O Human (kidney 
carcinoma) 

ATCC RPMI 

786-O Cas9 Human (kidney 
carcinoma) 

Peña-Llopis Lab RPMI 

786-O sgBAP1 Human (kidney 
carcinoma) 

Peña-Llopis Lab RPMI 

92-1 Human (uveal 
melanoma) 

Michael Zeschnigk 

Lab 

RPMI 

92-1 B8-p.4 
(sgBAP1 #1) 

Human (uveal 
melanoma) 

Michael Zeschnigk 

Lab 

RPMI 

92-1 C8-p.4 
(sgBAP1 #2) 

Human (uveal 
melanoma) 

Michael Zeschnigk 

Lab 

RPMI 

Caki-1 Human (kidney 
carcinoma) 

ATCC McCoy's 5A 

DH5α Bacteria (Escherichia 
coli) 

Invitrogen LB-Medium 

GP-293 
(HEK293GP) 

Human (kidney) Stefan Fröhling Lab DMEM 

HEK293T Human (embryonic 
kidney) 

Stefan Fröhling Lab DMEM 

MDA-MB-231 Human (breast 
carcinoma) 

Stefan Fröhling Lab 
/ L. Garraway 

DMEM 

RCC4 Human (kidney 
carcinoma) 

ATCC RPMI 

TFK-1 Human 
(cholangiocarcinoma) 

Dr. Stephanie 

Rössler 

RPMI 

UMRC-6 Human (kidney 
carcinoma) 

Sigma-Aldrich DMEM 
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2.2  Plasmids 

Plasmid name Properties Manufacture 

pBabe­Hygro Empty backbone 
Hygromycin resistance 

Addgene #1765 

pBH-BAP1­C91S­HA Mutant BAP1 
Hygromycin resistance 

Addgene #154021 

pBH-BAP1­HA Wild-type BAP1 
Hygromycin resistance 

Addgene #154020 

pLKO.1-HDAC1 #1 shHDAC1 
Puromycin resistance 

Sigma MISSION® 

TRCN0000195467 

pLKO.1-HDAC1 #2 shHDAC1 
Puromycin resistance 

Sigma MISSION® 

TRCN0000195103 

pLKO.1-HDAC4 #1 shHDAC4 
Puromycin resistance 

Sigma MISSION® 

TRCN0000004832 

pLKO.1-HDAC4 #2 shHDAC4 
Puromycin resistance 

Sigma MISSION® 

TRCN0000314667 

pMD2.G Lentiviral envelope 
plasmid 

Addgene #12259 

psPAX2 Lentiviral packaging 
plasmid 

Addgene #12260 

pV2luc2 Luciferase expression 
YFP 

Trumpp Lab (DKFZ) 

pVSV­G Retroviral packaging 
plasmid 

Addgene #8454 
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2.3 Antibodies 

Antibody (target) Species/Manufacturer Dilution 

 Primary antibodies  

℗-S6 (S240/244) rabbit / Cell Signalling 1:1000 

BAP1 Antibody (C-4) mouse / Santa Cruz 1:500 

HDAC1 (10E2) mouse / Cell Signalling 1:1000 

HDAC4 (D15C3) rabbit / Cell Signalling 1:2000 

S6 Ribosomal Protein 
(5G10) Rabbit mAb 

 

rabbit / Cell Signalling 1:1000 

β-Actin Antibody 
(C4) - HRP 

mouse / Santa Cruz 1:1000 

 Secondary antibodies  

Anti-Mouse IgG 
(H+L) - HRP 

goat / Dianova (Jackson 
ImmunoResearch) 

1:2000 

Anti-Rabbit IgG 
(H+L) - HRP 

goat / Dianova (Jackson 
ImmunoResearch) 

1:2000 

 

 

2.4 Commercial kits 

 

  

Kit  Manufacturer  

AllPrep DNA/RNA Mini Kit  Qiagen 

FITC Annexin V Apoptosis Detection Kit I BD Bioscience 

Plasmid Plus Midi Kit Qiagen  

QIAprep Spin Miniprep Qiagen 

Trans-Blot Turbo Transfer Kit Bio-Rad Laboratories 
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2.5 Chemicals and reagents  

Product Manufacturer 

4-20% Mini-PROTEAN TGX Precast 
Protein Gels, 10-well 

Bio-Rad 

4-20% Mini-PROTEAN TGX Precast 
Protein Gels, 15-well 

Bio-Rad 

6x loading dye Thermo Fisher Scientific 

Ampicillin Karl Roth 

Bovine serum albumin (BSA) Sigma­Aldrich 

CellTiter Glo® Promega 

Crystal violet Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) AppliChem 

Dulbecco's Modified Eagle Medium 
(DMEM) 

Gibco / Thermo Fisher Scientific  

Dulbecco's Phosphate Buffered 
Saline (DPBS)  

Gibco / Thermo Fisher Scientific 

ECL Prime Western Blotting Detection 
Reagent 

Sigma-Aldrich 

Ethanol, absolute Fisher BioReagents™/ Fisher Scientific 

Fetal Bovine Serum (FBS) Life Technologies / Thermo Fisher 
Scientific 

Glycerol Sigma­Aldrich 

Glycine Fisher Scientific 

Halt™ Phosphatase Inhibitor Cocktail Fisher Scientific 

Halt™ Protease Inhibitor Cocktail 

 

Thermo Fisher Scientific 

HCl 37% Sigma­Aldrich 

Hygromycin B Life Technologies / Thermo Fisher 
Scientific 

Isoflurane Apotheke Universitätsklinikum Essen 

LB-Agar (Luria/Miller) Roth 

Luciferin Biozol Diagnostica 

Luria broth (LB) - Medium Roth 

Matrigel® Growth Factor Reduced (GFR) 
Phenol Red-free 

Corning Inc. 

McCoy's 5A Medium Life Technologies 

Methanol J. T. Baker / Fisher Scientific 

Nuclease-Free water 

 

Qiagen 
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Product Manufacturer 

Opti­MEM Reduced Serum Medium Life Technologies / Thermo Fisher 
Scientific 

Penicillin/Streptomycin 10,000 U/mL Life Technologies / Thermo Fisher 
Scientific 

Precision Plus Protein™ Dual Color 
Standards 

Bio-Rad Laboratories 

ProLong mounting medium ThermoFisher Scientific 

Propidium iodide Sigma-Aldrich 

Protein Assay Dye Reagent Concentrate Bio­Rad Laboratories 

Puromycin Dihydrochloride-10 × 1 mL Life Technologies 

Quisinostat Hölzel Diagnostika 

RNAse Qiagen 

Roswell Park Memorial Institute 
(RPMI) 1640 medium 

Gibco / Thermo Fisher Scientific  

S.O.C medium  Fisher Scientific 

SDS Solution 20% Serva Electrophoresis 

Sodium azide solution 1% VWR 

Sodium Chloride (NaCl) Roth 

Trans-Blot Turbo RTA Transfer Kit, 
nitrocellulose, mini  

Bio-Rad  

TransIT-LT1 transfection reagent Mirus Bio 

Tris Karl Roth GmbH + Co 

Triton X® 100  Roth 

Trypan Blue solution 0.4% VWR International 

Trypsin-EDTA (0.25%) Gibco / Thermo Fisher Scientific 

Tween20 Promega 
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2.6 Buffers and solutions 

Solution Ingrediens 

0.1% crystal violet solution 0.1% crystal violet 
25% methanol 

Antibody solution Antibody (AB) diluted in: 
5% BSA/TBS-T  
0.05% sodium azide 
 

Blocking solution 5% BSA in TBS-T 

LB medium 25 g/l LB powder 
ddH2O 

Propidium iodide (PI) staining solution 1 mg/mL propidium iodide 
20% TritonX100 
100 mg/mL RNase 

Protein lysis buffer 50 mM Tris-HCl (pH 7.4) 
250 mM NaCl 
0.5% Igepal 
ddH2O 

SDS running buffer (10 %) 30.2 g (MW 121.14) Tris Base 
1 % SDS 
144 g (MW 75.07) Glycine 
to 1000 m L ddH2O (pH 8.46) 

TBS (10x) 500 mM Tris 
1.5 M NaCl 
ddH2O (pH 7.6) 

TBST buffer 1x TBS 
0.1% Tween 
ddH2O 

Transfer Buffer 2x Transfer Buffer from Trans-Blot 
Turbo Transfer Kit 
20% Ethanol 
to 1000 mL ddH2O 

Western blot stripping-solution 3 g Glycine 
0.1% SDS 
2 mL Tween20 
to 200 mL ddH2O (pH 2.2) 
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2.7 Consumables 

Product Manufacturer 

12-well Clear TC-treated plates Corning Inc. 

384 well plates, clear, with lid, CC Fisher Scientific 

96 well, white plate, clear Bottom Santa Cruz 

BD MICROLANCE cannula 22 G BD Bioscience 

BD MICROLANCE cannula 27 G BD Bioscience 

BioCoatTM control inserts (8.0 µm) Corning 

BioCoatTM GFR Matrigel Invasion 
Chambers (8.0 µm)  

Corning 

Cell Culture plate, 24-well Sigma 

ColiRollers™ plating beads EMD Millipore 

Combitips advanced® 5 mL Eppendorf AG 

Corning® 100 mm × 20 mm Dish Corning Inc.  

Corning® 28 mm Syringe Filter, 0.2 μL Corning Inc. 

Corning® 28 mm Syringe Filter, 0.45 μL Corning Inc. 

Costar® Disposable Serological Pipette 
(2 mL, 5 mL, 10 mL, 25 mL and 50 mL) 

Corning Inc. 

Countness™ cell counting chamber 
slides 

Invitrogen 

Cover slips 24×50 mm VWR 

CyroPure Tube 1.6 ml white Sarstedt 

CytoOne 6well plate, TC-treated Starlab 

Digital Caliper 150 MM VWR 

Ear piercing pliers Roth 

EasYFlask™ 25 cm2 Thermo Fisher 

EasYFlask™ 75 cm2 Thermo Fisher 

FACS tubes  Greiner Bio-One 

Falcon® 14 mL Polypropylene Round- 
Bottom Tube 

Neolab 

Falcon® 50 mL Polypropylene Conical 
Tube 

Neolab 

Flask 175 cm2 Corning Inc. 

Glass Pasteur Pipettes, 145 mm Brand 

Microplate, 96 well, F-Bottom, clear Greiner BioOne 

Microplate, 96 well, FBottom, white Greiner BioOne 
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Product Manufacturer 

Microscope slides VWR 

Pasteur pipettes, 230 mm Karl Roth 

RNase-Free 1.5 mL Microfuge Tubes Ambion 

SafeLock tube, 1.5 mL Eppendorf 

SafeSealTips® professional 
(10 μL, 20 μL, 200 μL and 1250 μL) 

Biozym Scientific 

TBC-needle 1 mL Braun 

UltraCruz™ Cell scraper, 39 cm Santa Cruz 

 

 

2.8 Equipment and Machines 

Device Manufacturer 

Bead Bath M714 Lab ARMOR™  

Centrifuge 5810 and 5810R Eppendorf Eppendorf AG 

CO2 Incubator HERACell 240i Thermo Fisher Scientific 

Countness II FL Automated Cell 

Counter 

Thermo Fisher Scientific 

FACSVantage SE with FACSDiVA Option BD Bioscience 

Flow cytometer BD FACSCelesta™ BD Bioscience 

Ice pan (1 L, 4 L and 9 L)  Corning, Inc. 

Incubator FD 23 Klaus Binder Labortechnik 

IVIS Lumina II  Caliper Life Science 

Maxisafe 2020 Safety cabinet/ 

cell culture hood 

Fisher Scientific 

Microplate reader Spark® 10M Tecan Group 

Microscope Slide Scanner Axio Scan.Z1 Carl Zeiss AG 

Mini­Centrifuge 5424 and 5424R Eppendorf AG 

Mini­PROTEAN® Tetra Cell 4-gel Bio­Rad Laboratories 

Mini-PROTEAN® Tetra System  Bio­Rad Laboratories 

Mr. Frosty™ Freezing Container Thermo Fisher Scientific 

Multipette® E3 Multi dispenser Eppendorf AG 

NanoDrop™ Lite Spectrophotometer  Thermo Fisher Scientific 

Orbital Shaker-Incubator ES-20  Grant-bio / Fisher Scientific 
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Device Manufacturer 

pH Meter 766 Knick 

Pipetboy Pipetus® Hirschmann Laborgeräte GmbH 

Pipettes  
(2 μL, 10 μL, 20 μL, 200 μL and 1000 μL) 

Gilson 

PowerPac HC Power Supply  Bio-Rad Laboratories 

Primovert microscope  Carl Zeiss AG 

Rocking platform Polymax 1040 Heidolph Instruments 

Roller mixer/ Tube roller RS­TR05 Phoenix Instrument 

T100™ Thermal Cycler  Bio-Rad Laboratories 

ThermoMixer F1.5 Eppendorf AG 

Trans­Blot® Turbo™ Bio-Rad Laboratories 

Vortex Genie 2  Scientific Industries 

 
 

2.9 Software 

Product Provider 

BD FACSDiva FlowJo Software  BD Biosciences 

D300eControl Tecan 

FlowJo Software Tree Star Inc.  

GraphPad Prism Version 9 GraphPad Software 

ImageJ Wayne Rasband 

ImageLab™ Software  BioRad Laboratories 

NanoDrop 200 1.4.1 Thermo Fisher Scientific 

Servier Medical Art Les Laboratoires Servier 

SPARKCONTROL Dashboard Tecan 

Tick@Lab A-Tune Software AG 

Zen 2.6 (blue edition) Carl Zeiss AG 
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3. Methods 

3.1 Molecular biology methods 

3.1.1 Bacteria transformation 

Subcloning efficiency competent DH5α E. coli were used for the amplification of 

plasmid DNA under sterile conditions using a Bunsen burner. Frozen competent cells 

were thawed on ice.  

The next steps were performed for sterility reasons next to the flame. For one reaction, 

1 μL plasmid DNA was added in 25 μL of bacterial solution, mixed and incubated for 

30 min on ice. Next, bacteria were heat-shocked at 42 °C for 75 sec followed by a 

second incubation on ice for 4 min. For cell recovery, 100 μL Super Optimal Broth was 

added to the cells. Cells were shacked (50 g) for 45 - 90 min at 37 °C. Afterwards, cells 

were plated with ColiRollers™ plating beads (EMD Millipore Corp.) on pre-warmed 

Luria broth (LB) -agar plates supplemented with 100 mg ampicillin per 1 L LB media 

and incubated at 37 °C overnight. 

 

3.1.2 Plasmid DNA amplification and isolation 

A single colony of the previously transformed DH5α E. coli was picked with a sterile 

pipet tip and utilized for plasmid DNA amplification. The bacteria derived from a single 

colony were incubated with 4 mL LB medium containing 100 μg/mL ampicillin at 37 °C 

in a shaking incubator at 45 g overnight. To further increase the amount of plasmid 

DNA, 25 μL of the overnight culture were added into two separate 50 mL tubes 

containing 20 mL LB medium with 100 μg/mL ampicillin. The tubes were incubated at 

37 °C in a shaking incubator at 45 g overnight. 

Alternatively, the overnight culture was used for glycerol stocks for long-term storage. 

For this purpose, 500 μL of the overnight culture were mixed with 40% glycerol in LB 

medium and stored at - 80 °C. 

For plasmid DNA isolation, the two 50-mL tubes containing overnight cultured bacteria 

were pooled and centrifuged at 1,200 g for 15 min at 4 °C. The supernatant was 

discarded and the pellet was either stored at - 20 °C or directly used for plasmid DNA 

isolation.  

Plasmid DNA from the bacteria pellet was extracted by using the QIAGEN Plasmid 

Plus Midi Kit according to manufacturers’ protocol. 
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3.1.3 Determination of DNA concentration 

The quantity and quality of eluted DNA was determined by measuring concentration 

and purity using a UV spectrophotometer (NanoDrop™ UV/VIS spectrophotometer). 

The concentration of DNA eluates was quantified by measuring the absorbance at 

260 nm (A260). In addition, DNA purity was determined by measuring absorbance at 

280 nm (proteins) as well as at 230 nm (chaotropic salts). Measured absorbances were 

used to calculate the A260/A280 and the A260/A230 ratio. Samples with a A260/A280 

ratio between 1.8 – 2.0 as well as a A260/A230 ratio between 1.7 - 2.0 were assumed 

as high-quality samples, with minimal protein content or other contamination. 

Instrument calibration was performed prior to each experiment by utilization of elution 

buffer as blank value. 

 

3.2. Protein isolation and analysis 

3.2.1  Protein isolation 

For protein isolation, 1 × 106 cells were seeded in 6-well microtiter plates and incubated 

at 37 °C in humidified atmosphere containing 5% CO2 until reaching 80 – 90% 

confluency. The cell medium was removed and cells were washed with 2 mL cold PBS. 

Lysis was conducted by addition of 200 µL protein lysis buffer containing phosphatase 

inhibitor (Halt™ Phosphatase Inhibitor Cocktail) and proteinase inhibitor (Halt™ 

Protease Inhibitor Cocktail) to the cells and incubation for 10 min on ice. Afterwards, 

cells were scratched from the bottom of the 6-well microtiter plate with a cell scraper 

(UltraCruz™) on ice. Generated lysates were transferred to an Eppendorf 1.5 mL tube 

and centrifuged at 4 °C for 10 min at 5,000 g to separate cellular debris from the 

lysates. Cell lysates were stored at -20 °C until further processing. 

 

3.2.2 Bradford protein assay 

The protein concentrations were determined using the Bio-Rad Bradford protein assay. 

The Bradford reagent was used in a ratio of 1:5 with ddH2O. For generation of a protein 

standard curve, a bovine serum albumin (BSA; 1 mg/mL) with a protein concentration 

range from 0 to 10 μg/mL was prepared. To measure the protein concentration of 

samples, 2 µL of the protein lysate was mixed with 198 µL of diluted Bradford reagent. 

The mixture was vortexed and incubated for 10 min at room temperature. The 

absorption was measured for each sample in duplicates at 595 nm using the Spark 
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Microplate Reader by Tecan. The absorption of the negative control (0 μg/mL BSA) 

was subtracted from every sample and the average of each duplicate was calculated. 

The generated BSA standard curve was used for the calculation of the protein 

concentrations of the respective lysates. 

 

3.2.3 Western blot 

For sample preparation, a lysate volume containing 10 µg protein was mixed with 1x 

loading buffer and ddH2O to a total volume of 20 µL or 40 µL, respectively. Protein 

denaturation was performed by heating the samples at 95 °C for 10 min in a heat block. 

Afterwards, the whole sample volume was loaded onto a 10-well or 15-well Mini-

PROTEAN® TGX™ 4 - 15% gel and run in 1x SDS running buffer at 120 V for 

approximately 1 h using the Bio-Rad Mini Protean Gel system. 

Following, separated proteins were transferred from the gel to a nitrocellulose 

membrane (0.2 µm) using the Trans-Blot® Turbo™ RTA Mini Nitrocellulose Transfer 

Kit in a semidry Trans-Blot® Turbo™ Transfer system from Bio-Rad, applying the 

standard program for high molecular weight proteins.  

To prevent unspecific antibody binding, the membrane was blocked by incubation with 

a 0.1% Tween 20 in TBS (TBS-T) solution containing 5% bovine serum albumin (BSA) 

for an hour at room temperature on a shaker. Next, the membrane was once washed 

with TBS-T for 5 min and incubated with the respective primary antibody (AB) diluted 

in 5% BSA/TBS­T overnight at 4 ˚C. All used primary AB and their corresponding 

dilutions are listed in Chapter 2.3.  

On the next day, the membrane was washed three times for 10 min with TBS-T and 

incubated for an hour with a secondary antibody diluted 1:1000 in 5% BSA/TBST, 

which corresponded to the respective primary antibody species. Before protein 

detection, the membrane was washed three times for 10 min with TBST. 

Lastly, the chemiluminescence signal from the secondary antibody was visualized on 

a ChemiDoc™ MP Imaging System (Bio-Rad), by adding Amersham™ ECL™ Prime 

western blotting detection reagent (1:1 dilution of Solution A and B) on the membrane.  

 

3.2.4 Stripping of western blot membranes 

For reusing the western blot membrane following a first target protein detection, 

membrane-bound primary and secondary antibodies were removed from the 

nitrocellulose membrane through membrane stripping. First, the membrane was 
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washed with 1x TBST-T for 10 min before incubation with mild stripping-solution for 15 

min while shaking. Afterwards, the membrane was washed with ddH2O for 10 min 

followed by a wash with TBST-T for 5 min. The membrane was blocked with 5% 

BSA/TBST for 1 h on RT before incubating it with a new primary antibody overnight. 

 

3.3 Cell line establishment 

3.3.1 Cell line cultivation and cryopreservation 

Cell lines and their respective culture media are listed in Chapter 2.1. The cells were 

cultured on 37 °C and 5% CO2 in a water-saturated atmosphere in cell culture flasks. 

Unless otherwise stated, cell culture media was supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin (P/S). The work was performed under 

sterile conditions using heat sterilized materials. Cells were split when reaching a 

confluency of 75 - 85%. For this purpose, medium was removed and the cells were 

washed with 5 mL PBS. With the use of Trypsin-EDTA, the cells were detached from 

the bottom of cell culture flask, before Trypsin-EDTA was diluted by the addition of 

fresh medium. The cell suspension was centrifuged at 150 g for 5 min and supernatant 

was discarded. The cell pellet was resuspended in 1 mL corresponding medium and 

the respective cell number was transferred into fresh cultivation medium. Cell number 

and viability were determined by trypan blue staining. For this procedure, 10 μL of the 

respective cell suspension were mixed with 10 µL trypan blue. 10 µL of the mixed 

solution were transferred to a cell counting chamber slide and automatically counted 

by Countness™ (Thermo Fisher Scientific). 

For long-term storage, cells were cryopreserved by resuspending the cells in the 

respective complete growth medium supplemented containing 10% dimethyl sulfoxide 

(DMSO) and 30% FBS. Cryopreserved cells were stored in a freezer at - 150 °C.  

 

3.3.2 Virus production and transduction 

Virus transduced cell lines were generated by either retroviral or lentiviral transduction 

containing the respective plasmid of interest. All experiments involving virally 

transduced cell lines were performed following the official guidelines for laboratories of 

the Biosafety Level 2. 

  



                                                                                                                      METHODS                                                                                                                                                      
 

 

33 

3.3.2.1 Retrovirus production and transduction 

For generating stable TFK-1 and UMRC-6 cell lines expressing the empty vector (EV, 

control plasmid), wild-type BAP1 (BAP1-wt) or p.C91S BAP1 mutant plasmid cells 

were transduced with retrovirus and selected with hygromycin. 

 

3.3.2.1.1 Retrovirus production 

First, the retrovirus with the plasmid of interest was produced by seeding 1 × 106 

GP­293 cells into a p100 dish with DMEM medium. On the next day, the transfection 

was performed. Therefore, a plasmid transfection mix was prepared, containing 

Opti­MEM, the packaging plasmid pVSV­G, the retroviral plasmid DNA of interest and 

the Transfection Reagent TransIT­LT1 (Table 1). 
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Table 1: Composition of the retroviral plasmid-transfection mix 

Reagent Amount per 10 cm 

plate 

Opti-MEM 250 μL 

pVSV-G  

(packaging plasmid) 

3 μg 

retroviral expression 

plasmid 

3 μg 

TransIT-LT1 (transfection 

reagent) 

18 μL 

                               

The prepared plasmid­transfection mix was gently mixed by inverting ten times and 

incubated 30 min at room temperature. During incubation, the growth medium of 

GP­293 cells was replaced by 5 mL fresh complete DMEM medium. Next, the plasmid-

transfection mix was dropwise added to the cells and cells were placed into the 

incubator. After 24 h of transfection, the medium of the GP-293 cells was discarded 

and replaced with 5 mL of fresh DMEM medium. The next day, the virus was harvested 

by collecting the medium of the GP-293. The virus could be harvested by repeating 

switching and collecting the media of the GP-293 for three days. 

The retrovirus-containing medium was filtered through a 0.45-μL syringe filter and 

stored at 4 °C for short-term utilization or aliquoted and stored at ­ 80 °C for long-term 

storage. 

 

3.3.2.1.2 Retrovirus transduction and antibiotic selection 

Prior to transduction, 2.5 × 105 cells were seeded per 6-well plate to achieve a 

confluency of 30 - 40% and placed for incubation at 37 °C. On the next day, the 

medium was discarded and 1 mL of filtered retrovirus-containing medium was added 

to the cells. For transduction, cells were incubated for 48 h at 37 °C.  

Following retrovirus-containing medium incubation, transduced cells were antibiotically 

selected with hygromycin, since the retroviral plasmid encoded a gene for hygromycin 

resistance, resulting in a directed selection of successfully transduced cells.  
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For antibiotic selection, the virus-containing medium was discarded and replaced with 

complete growth medium supplemented with 250 μg/ml hygromycin. 

  

3.3.2.2 Lentivirus production and transduction 

For generating stable cell lines expressing the knockdown of HDAC1 and HDAC4, cell 

lines were transduced with lentivirus and selected with puromycin. 

 

3.3.2.2.1 Lentivirus production 

One day before transfection, 1 × 106 HEK293T cells were seeded into a 10-cm dish, 

to reach a target confluency of 50-60% at the time of transfection. On the next day, the 

transfection was performed. First, a plasmid-transfection mix of the psPAX2 packaging 

plasmid, pMD2.G envelope plasmid and OptiMEM was prepared according to Table 2. 

Next, 3 μg of desired pLKO.1-puro shRNA expression plasmids (compare Chapter 2.2) 

was added to the plasmid-transfection mix.  

 

Table 2: Composition of the lentiviral plasmid-transfection mix 

Reagent Amount per 10 cm 

plate 

Packaging plasmid 

(psPAX2) 

 

 

1.8 μg 

Envelop plasmid 

(pMD2.G) 
0.3 μg 

OptiMEM 20 μL 

 

In addition to the plasmid-transfection mix, 18 μL of TransIT-LT1 transfection reagent 

were diluted with 270 μL OptiMEM to prepare a transfection mix. Afterwards, the 

plasmid-transfection mix with the corresponding expression plasmid was added to the 

diluted TransIT-LT1 reagent, gently mixed by inverting ten times and incubated for 30 

minutes at RT.  

Following, the growth medium of HEK293T cells, plated in 10-cm dishes on the 

previous day, was removed and replaced by 5 mL of fresh complete DMEM medium. 

The incubated plasmid-transfection mix was added dropwise to the cells, and plates 
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were gently mixed. Next, cells were incubated overnight at 37 °C. After approximately 

16 h, transfection medium was removed and replaced by 5 mL of fresh DMEM medium. 

On the next day, the virus-containing medium was collected and stored at 4 °C. The 

procedure of medium replacement and virus harvest was repeated up to three times. 

Following, the virus-containing medium was filtered using a 0.45-μm sterile syringe 

filter and either immediately used or aliquoted and stored at - 80 °C for long-term 

storage. 

 

3.3.2.2.2 Lentivirus transduction and antibiotic selection 

Prior to transduction, 2.5 × 105 cells were seeded into each well of a 6-well tissue 

culture plate. On the next day, 1 mL of viral-containing medium was added to the cells 

Next, cells were incubated in a humidified incubator at 37 °C for 48 h. Afterwards, the 

virus containing medium was removed and replaced by the respective growth medium 

supplemented with the according amount of puromycin (see Table 3) to select for 

transduced cells.  

 

Table 3: Puromycin concentration used for transduced cells selection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell line Puromycin (µg/mL) 

UMRC-6 2 µg/mL 

TFK-1 1 µg/mL 

786-O 2 µg/mL 

Caki-1 2 µg/mL 

RCC4 2 µg/mL 

92-1 0.5 µg/mL 
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3.4 Proliferation and colony formation assays 

To compare the growth rates of different cell lines upon shRNA-mediated knockdown 

Cell Titer-Glo 2.0 assays and colony formation assays were performed. 

 

3.4.1 CellTiter-Glo 2.0 assay  

The CellTiter-Glo 2.0 assay determines the number of viable cells in culture by 

quantifying ATP, which indicates the presence of metabolically active cells. 

This assay was used to examine the cell viability and proliferation of the different cell 

lines upon shRNA-mediated knockdown.  

500 cells were seeded in 100 μL medium into 7 different white-bottom 96-well plates 

in triplicates. After 30 min, a baseline measurement (day 0) was performed. The 

remaining six 96-well plates were incubated at 37 °C, 5% CO2 for 24 h, 48 h, 72 h, 96 

h, 120 h or 144 h before measurement.  

Following the respective incubation time, 100 μL of CTG reagent (diluted 1:4 in PBS) 

was added to each well. The plates were shacked for 2 min and incubated for 8 min in 

the dark at room temperature to stabilize the luminescence signal. Following, live cell 

number was determined with the microplate reader Tecan SparkControl™ by detection 

of the luminescence signal, which is proportional to the number of living cells. 

Measured luminescence signals were normalized to the measurement of the baseline 

luminescence signal (day 0). 

 

3.4.2 Colony formation assay 

For the colony formation assay, either 1000 cells/well (TFK-1, UMRC-6, 786-O) or 

RCC4) or 3000 cells/well (Caki-1 or 92-1) were seeded into 6-well plates and cultured 

at 37 °C. Cells were allowed to grow for two weeks (UMRC-6, RCC4, Caki-1) or ten 

days (786-O, TFK-1 or 92-1) until the colonies were observed. Following, the medium 

was removed and cells were washed once with cold PBS. Colonies were fixed with 

cold 100% methanol for 10 min on ice and stained with 0.1% crystal violet solution on 

a shaking platform for 30 min. Cells were washed with H2O and dried overnight at room 

temperature before imaging. After air drying, plates were scanned using Epson 

Perfection V850 Pro and analyzed with the Image J software.  
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3.5 Cell migration and invasion assay 

The cell migration and invasion assay were used to study cell migration and invasion 

between HDAC1 expressed and HDAC1 knockdown cell lines. 

The migration and invasion assays were performed according to the manufacturer’s 

recommendations by using 24-well transwell chambers (Corning) with 8.0-µm pore 

size polycarbonate membrane, which were either coated (invasion assay) or not 

coated (migration assay) with BioCoat GFR Matrigel.  

First, 1 × 106 UMRC-6 cells were seeded into a 10-cm dish and incubated for around 

16 h at 37 °C. The following day, cells were washed twice with PBS and starved by 

addition of DMEM medium containing 0.5% FBS (starvation medium) for 4 h. 

Simultaneously, trans-well chambers were incubated with prewarmed starvation 

medium for at least 2 h at 37 °C. After incubation, 750 µL DMEM medium 

supplemented with 10% FBS (to function as chemoattractant) was added into the lower 

chamber, and 500 µL starvation medium containing 3 × 104 cells were added into the 

upper chamber.  

After 24 h incubation at 37 °C, the non-migratory cells and the Matrigel on the upper 

side of the membrane were removed with a cotton swab. The migrated or invasive cells 

on the bottom side of the membrane were then fixed with 70% ethanol for 1 h at room 

temperature and stained with a 0.1% crystal violet solution on a shaking platform for 

20 min. After several washing steps with water, the membrane was removed with a 

scalpel from the insert and sticked with ProLong mounting medium on slides. Slides 

were scanned with the Axio Scanner Z.1. and five pictures per membrane of randomly 

chosen, separated areas were taken with a 10x objective magnification. The cells were 

counted and averaged to observe the cell number of migrated and invasive cells.  

 

3.6 Flow cytometry 

Flow cytometric experiments were conducted on a BD Celesta flow cytometer. The 

three lasers (blue (405nm), violet (488nm) and yellow/green (561nm)) and 13 filters 

enable concomitant detection of up to 10 colors. Intra- and inter-laser beam spillover 

correction was calculated with the corresponding FlowJo software.  

 



                                                                                                                      METHODS                                                                                                                                                      
 

 

39 

3.6.1 Cell cycle analysis 

Propidium iodide (PI) staining was performed for analyzing the cell cycle distribution of 

HDAC1 knockdown cell lines. Thus, 1 × 106 cells were harvested and pelleted by 

centrifugation at 200 g for 5 min. The cell pellet was washed twice with cold PBS and 

each pellet was resuspended in 300 µL cold PBS and transferred to a FACS tube. The 

cells were subsequently fixed by dropwise addition of 700 µL 100% cold ethanol and 

incubated overnight at 4 °C. On the next day, the fixed cells were pelleted by 

centrifugation at 200 g and the cell pellet was resuspended once with 3 mL PBS and 

incubated for 15 min at RT. After centrifugation at 200 g for 5 min, the supernatant was 

discarded and cells were stained with 350 µL of PI staining-solution and incubated at 

least 30 minutes in the dark at 4°C before flow cytometry was carried out. Flow 

cytometry data were analyzed using the FlowJo software to calculate the percentage 

of cells in each cell cycle phase. 

 

3.6.2 Apoptosis assay 

The apoptotic rates of HDAC1 and HDAC4 knockdown cells were measured by flow 

cytometry using the Annexin V Apoptosis Detection kit I (BD Biosciences) according to 

the manufacturer's protocol. 

First, cells with a concentration of 1 × 106 cells/mL were harvested. Afterwards, cells 

were washed with cold PBS, and centrifuged at 200 g for 5 min. Following, cells were 

washed with 2 mL 1x binding buffer (diluted 1 to 9 with distilled water) and 

centrifugation at 200 g for 5 min. Next, the cell pellet was resuspended in 100 μL 

1x binding buffer and transferred into a FACS tube. The cells were stained by addition 

of 5 μL FITC-conjugated Annexin V and incubated 15 min at RT in the dark. Following 

the Annexin V staining, 2 mL of 1x binding buffer was added to the cells and the cells 

were centrifuged at 200 g on RT for 5 min. The supernatant was discarded and the cell 

pellet was resuspended in 200 μL of 1x binding buffer. Afterwards, 5 μL of PI solution 

was added to the cells and the solution was incubated for 15 min at room temperature 

in the dark. Following incubation, samples were analyzed by flow cytometry using 

lasers to detect FITC and PI. As controls and for determination of the appropriate flow 

cytometric laser settings, unstained cells, cells exclusively stained with FITC-annexin 

V and cells stained exclusively with PI were used. FACS data were analyzed using the 

software FlowJo to measure the percentage of cells in different apoptotic stages: Cells 
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which were Annexin V positive and PI negative were counted as early apoptotic cells, 

cells which were Annexin V and PI positive cells were assumed as late apoptotic cells.  

 

3.7 Drug treatment 

To compare the effect of Quisinostat on BAP1-competent and BAP1-null cell lines in 

vitro, cytotoxicity assays were performed. 

Before performing the drug screen, the optimum cell number (to avoid too high 

confluency of cell at the end of the assay) was determined for each established and 

primary cell lines. For this purpose, a range of 100 to 2,500 cells/well from each well 

cell line were seeded as triplicates in both 384-well white flat bottom plates and 

384-well clear flat bottom plates for visual inspection. The plates were incubated at 37 

°C for 48 h and the optimum cell number was detected by performing CTG assay (see 

3.4.1) and by visual inspection of each well under the microscope.  

Quisinostat was dissolved in DMSO to reach a concentration of 100 mM and printed 

at nine concentrations ranging from 1 nM to 1 µM into triplicates in 384-well white flat 

bottom plates using a Tecan D300e Digital Dispenser (Tecan) and the corresponding 

software D300e Control (v3.1.3, Tecan). DMSO was used as a negative control to 

investigate the influence of the dissolvent on the cells. The drug pre-printed plates were 

stored at -80 °C until used.  

Following pre-printed plate thawing at room temperature for at least 30 min, previously 

optimized cell numbers for each respective cell line were transferred into each well in 

30 µL medium. The plates containing different concentrations of Quisinostat and cells 

were incubated at 37 °C and 5% CO2 for 48 h before the CTG assay was conducted. 

 

3.8 shRNA screen  

To identify potential synthetic lethal interactors with BAP1 loss, Dr. Peña-Llopis 

performed a shRNA screen with isogenic cell lines. 2×10-6 UMRC-6 cells reconstituted 

with empty vector, wild-type BAP1 and p.C91S mutant BAP1 in 14 15-cm dishes were 

transduced for 24 h with the necessary amount of module 1 of the DECIPHER library, 

which covers 27,500 pooled shRNAs targeting 4,625 genes involved in the most 

important cell signaling pathways. 

Cells were harvested after 3 days and after 12 days, splitting them every 3 days to 

enable enough doublings for the drop out of shRNAs synthetic lethal with BAP1 loss. 
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DNA was extracted and two rounds of PCR were conducted to amplify barcoded 

plasmids, which were sequenced by multiplexed high-throughput sequencing at the 

High-Throughput Sequencing Unit of the Genomics and Proteomics Core Facility at 

the German Cancer Research Center (DKFZ).  

Thus, sequencing data was deconvoluted using the DECIPHER Bar Code 

Deconvoluter, to match the read counts of the exact barcode sequences to the 

corresponding shRNAs. Farther, shRNAs with less than 100 read counts for the 

baseline condition were excluded. Subsequently, the remaining read counts were 

normalized by dividing the individual counts of each shRNA by the mean of the total 

read counts. Following this internal normalization, the depletion ratio of each individual 

shRNA was calculated by division of the normalized read counts of the dropout sample 

by the normalized read counts of the baseline sample. Consequently, a depletion ratio 

below 1 indicates, that the respective shRNA reduced cell viability. The depletion ratios 

were further transformed to log2 fold change (LFC) scores using R. The obtained LFC 

scores of the different isogenic cell lines and conditions were rescaled using the peak 

median absolute deviation method (PMAD) of the NormLines pipeline from 

GenePattern (as described in Cheung et al., 2011). Following, the PMAD normalized 

LFC scores were analyzed with RIGER. RIGER calculates the differential effect 

between three independent replicates of UMRC-6 EV and three replicates of UMRC-6 

BAP1-wt cells and ranked shRNAs accordingly. Thereby, the shRNAs, which were 

strongest depleted in UMRC-6 EV and least depleted in UMRC-6 BAP1-wt cells, 

received the highest scores. The single shRNA scores were assigned to their 

respective genes and grouped to become a normalized enrichment score (NES) of the 

target gene. The final output of the analysis was a list of ranked genes based on their 

NES. This hit list was further limited by excluding all hit genes with p-values greater 

than 0.05. 

 

3.9 Microarray Analysis 

Samples for microarray analysis of 786-O sgCas9 and sgBAP1 containing shRNA for 

HDAC1 or scrambled control were seeded in a ratio of 1 × 106 cell per 6-well plate. On 

the next day, the total RNAs were extracted using RNeasy (Qiagen) and quantified 

using Nanodrop. RNAs were hybridized on Affymetrix Clariom S human arrays by the 

Microarray Unit of the Genomics and Proteomics Core Facility at the German Cancer 
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Research Center (DKFZ). Quantile-normalized expression data were analyzed as 

previously described (Peña-Llopis et al. EMBO J. 2011). 

 

3.10 In vivo experiments  

Female nude mice (NMRI-Foxn1nu) were used for all in vivo experiments, which were 

purchased from Envigo at an age of five weeks. All mice were acclimatized for at least 

one week before entering an experiment. Animals used in all experiments were 

approved by the LANUV (Landesamt für Natur, Umwelt und Verbraucherschutz 

Nordrhein-Westfalen) and has been assigned No. 81-02.04.2019.A185 by the 

commission.  

 

3.10.1  In vivo experiments – Cell line generation 

The BAP1-deficeint cell lines UMRC-6, TFK-1 and the breast cancer cell line 

MDA-MB-231 cell line, which were used for this project, were engineered by lentiviral 

transduction (as described in Chapter 3.3.2.2) to express yellow fluorescent protein 

(YFP) and Luciferase (Luc).  To select only YFP/Luc positive cells, cells were sorted 

according to YFP fluorescence using BD FACSVantage SE with BD FACSDiVA Option 

(BD Biosciences). Afterwards, YFP+/Luc+ positive cells were transduced to express 

either an empty vector (EV) as a control, wild-type BAP1 (BAP1-wt) or a plasmid 

encoding a mutated BAP1 (p.C91S) plasmid (described in Chapter 3.3.1.2). 

Additionally, TFK-1 cell lines were transduced with shRNA plasmids to generate a 

HDAC1 or HDAC4 knockdown. 

 

3.10.2 Establishment of a metastatic mouse model 

For the establishment of a metastatic mouse model, Luc positive cell lines were 

injected into the heart of nude mice for systemic tumor cell dissemination. 

MDA-MB-231 cells were used as a control cell line as it was already reported that this 

cell line can develop successful metastasis after intracardiac injection into nude mice 

(Jenkins et al. 2005). Following, potential metastases were visualized with 

bioluminescence imaging (BLI). 

 

3.10.2.1 Intracardiac injection of transduced and sorted tumor cells 

For the establishment of a metastatic mouse model, the transduced BAP1-deficient 

ccRCC cell line UMRC-6 YFP+/Luc+ (cell line of interest) as well as the transduced 
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MDA-MB-231 YFP+/Luc+ cell line (control cell line) were used for intracardiac injection. 

For this purpose, 1 × 105 cells in 0.1 mL PBS with 0.5% FBS were injected with a 27 G 

needle into the left ventricle of nude mice (6 –7 weeks of age), which obtain isoflurane 

anesthesia during the injection. Immediately after the procedure, whole body BLI 

(described in Chapter 3.10.2.2) was performed to confirm successful intracardiac 

tumor cell injection. BLI was performed weekly until the mice were sacrificed after 4 

months following intracardiac injection. 

 

3.10.2.2 Bioluminescence imaging 

Bioluminescence is generated by an enzymatic reaction between the luciferase 

enzyme of luciferase-expressing cells and its substrate luciferin. The reactions 

between luciferase and luciferin result in an emission of light, which can be detected 

by detectors of the IVIS spectrum, enabling this technique to visualize 

luciferase-expressing, disseminated tumor cells within murine bodies following luciferin 

addition.  

Therefore, BLI was used to follow in vivo tumor growth and development of metastases 

by using an IVIS Lumina II (Caliper Life Science) at the Imaging Center Essen (IMCES) 

of the University Hospital Essen.  

Before performing BLI, luciferin was diluted in PBS (30 mg/mL), filtrated through a 

0.2-µm filter and stored in the dark at –20 °C. Immediately before BLI, mice were 

injected intraperitoneally (i. p.) with 100 µL luciferin solution. After the injection, mice 

were placed into a narcosis chamber flooded with 2.5% isoflurane in oxygen. When 

the mice were narcoticized, they were placed into the IVIS spectrum. During BLI, mice 

were kept anesthetized with 2% isoflurane using a nose coin dispensing the isoflurane. 

Mice were imaged 10 min after the injection (optimum reaction time). Pictures exposed 

for 1 s, 10 s, 20 s and 1 min during imaging were taken. 

 

3.10.3 Subcutaneous murine xenograft model 

Tumor growth was compared between HDAC1 knockdown and control cell lines using 

TFK-1 EV and BAP1-wt cell lines by performing subcutaneous (s. c.) injection in nude 

mice. Respective cells were prepared in Matrigel diluted 1:1 with PBS. Mice were s. c. 

injected with 100 µL cell solution (1 × 106 cells per injection) using a 22 G needle into 

the left flank of the mice. The subcutaneous tumor size was measured by a caliper and 

monitored with BLI imaging weekly (described in Chapter 3.10.2.2).  
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The tumor volume was determined by the following formula:  

 

𝑇𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑚3) =  
𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑤𝑖𝑑𝑡ℎ2

2
 

 

3.11 Statistics 

GraphPad Prism 9 software was used for statistical analysis applying two-tailed non-

parametric Mann-Whitney test and ANOVA to determine statistical significance. If not 

stated otherwise, graphs show mean ± SEM. The following representations for 

p-values (level of significance) were used:  p<0.05 (*), p<0.01 (**), p<0.001 (***) and 

p<0.0001 (****). 
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4. Results 

4.1 Synthetic lethality screen  

4.1.1 shRNA screen layout 

A shRNA synthetic lethality screen was performed to identify genes that are essential 

in BAP1-deficient, but not in BAP1-expressing cell lines (Fig. 1). For the performed 

screen, the BAP1-depleted RCC cell line UMRC-6 was modified to either stably 

expressing an empty vector (EV) or wild-type BAP1 (BAP1-wt) plasmid. Both cell lines 

were transduced using module 1 (targeting key signaling pathways related genes) of 

the Cellecta DECIPHER lentiviral shRNA library, which is a pooled barcoded shRNA 

library targeting over 11,000 human genes, with five or six shRNAs per gene.  

After three days of transduction, a baseline sample of UMRC-6 EV and UMRC-6 

BAP1-wt cell lines was collected. Afterwards, cells were selected with puromycin.  

On day 12 after transduction, another round of samples was harvested and compared 

to the baseline samples by performing high-throughput (HT) sequencing. By using HT, 

genes essential in BAP1-deficient cancer cell lines were identified. 

 

 

Figure 7: Scheme of the shRNA screen for identifying BAP1-specific vulnerabilities 
UMRC-6 EV (BAP1-deficient) and UMRC-6 BAP1-wt (BAP1 expressed) cell lines were transduced in 
triplicates with a pooled DECIPHER shRNA library using lentiviral transfer. On day 3 after transduction, 
samples of both cell lines were harvested as baseline control. After selection of infected cells with 
puromycin, again samples of both cell lines were harvested on day 12 post-infection. Harvested samples 
were determined by high-throughput (HT) sequencing of vector barcodes. By detecting shRNAs that are 
depleted only in UMRC-6 EV cells and not in UMRC-6 BAP1-wt cells essential genes for BAP1-mutation 
were identified. 
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4.1.2 Identification of possible synthetic lethality genes 

To identify genes causing synthetic lethality in BAP1-deficient cancer cells, data 

obtained from HT sequencing was analyzed using RIGER analysis as described in 

Chapter 3.8 (Fig. 8). Genes were scored based on their shRNA counts: Genes at the 

top of the ranking list have the lowest shRNA counts in the BAP1-deficient cells 

(UMRC-6 EV) while the genes at the bottom have the lowest shRNA counts in 

BAP1-expressing (UMRC-6 BAP1-wt) cells. 

 

Figure 8: shRNA screen identifies novel synthetic lethal partners 
Genes were ranked based on the power of the shRNAs to discriminate UMRC-6 EV cells and UMRC-6 
BAP1-wt cells. Genes on top of the ranking list had lower shRNA counts in UMRC-6 EV cells and genes 
on the bottom had lower shRNA counts in UMRC-6 BAP1-wt cells. HDAC1, TOP3A and RECQL were 
identified as one of the best synthetic lethal hits based on the shRNA screen. In contrast, HDAC4 is not 
showing enrichment in the shRNA screen. 

 

With the shRNA screen we identified many genes which are essential in UMRC-6 EV 

cells but not in UMRC-6 BAP1-wt cells (Fig. 8). RECQL and TOP3A (DNA 

Topoisomerase III Alpha) were validated as UMRC-6 EV dependent genes and 

HDAC4, although it was published by Kuznetsoff et al. as a target for BAP1-mutant 

cancers, was not showing an enrichment in the performed shRNA screen. 

In addition, HDAC1 was ranked as one of the most prominent hits in the performed 

synthetic lethality screen.  

As described in Chapter 1.4.2 HDACs are key players in cancer development and 

represent potential therapeutic targets for cancer therapy. Therefore, we picked 

HDAC1 for further validation as a possible target for BAP1-mutant cancers. 
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4.2 Effect of HDAC1 knockdown on BAP1-deficient 

cell lines 

As HDAC1 was identified in a synthetic lethality shRNA screen as a possible target for 

BAP1-deficient ccRCC cancer cells, we compared the effect of a HDAC1 knockdown 

on BAP1-deficient cell lines: UMRC-6 (ccRCC) and TFK-1 (ICC), expressing either the 

EV, BAP1-wt or the BAP1 p.C91S mutant plasmids.  

 

4.2.1 Generation of HDAC1 knockdown in BAP1-deficient cell lines 

For visualizing the success of the HDAC1 knockdown in BAP1-loss cell lines (TFK-1 

and UMRC-6) a western blot was performed (Fig. 9). 
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Figure 9: HDAC1 knockdown in BAP1-deficient cell lines 
Western Blot of A): TFK-1 (ICC) B): UMRC-6 (ccRCC) cell lines expressing the EV, BAP1-wt and BAP1 
p.C91S (C91S) mutant plasmids. A stable shRNA knockdown of HDAC1 in both cell lines with two 
different shRNAs (shHDAC1 #1 and shHDAC1 #2) was performed. β-actin was used as loading control. 
A): N = 3; B): N = 2. 

 

A shRNA knockdown was performed in cell lines expressing wild-type BAP1 (BAP1-

wt) or with BAP1 loss (EV and C91S) (Fig. 3). The knockdown leads to a decrease of 

HDAC1 expression in both cell lines: TFK-1 and UMRC-6. Although, both shRNAs 

(shHDAC1 #1 and shHDAC1#2) result in a successful knockdown of HDAC1, 

shHDAC1 #2 showed a more effective HDAC1 knockdown, compared to shHDAC1 #1, 

which can be detected by western blot (Fig. 9). 

 

4.2.2 Validation of HDAC1 knockdown in BAP1-deficient cell lines 

Next, a validation of the effect of HDAC1 knockdown in BAP1-deficient cell lines was 

sought. Therefore, cell proliferation assays using the cell titer glow 2.0 method and 

colony formation assays were performed to compare effects of HDAC1 knockdown on 

the cell survival and proliferation between BAP1-deficient cell lines expressing either 

EV, BAP1-wt or p.C91S plasmid (Fig. 10). 

A HDAC1 knockdown in TFK-1 and UMRC-6 cell lines led to a significant decrease of 

cell proliferation in EV and C91S expressed cell lines, but not in BAP1-wt expressed 

ones (Fig. 10A). This result was confirmed by analyzing the colony formation assay 

data (Fig. 10B and 10C). Although, the HDAC1 knockdown showed no significant 

downregulation of colony formation in UMRC-6 EV and C91S cell lines a tendency of 

decreased number of colonies was visualized (Fig. 10B). In the TFK-1 EV and C91S 

cell lines shHDAC1 #2 showed a higher (significant) reduction of colony formation in 

comparison to shHDAC1 #1. These results can be explained by the stronger HDAC1 

knockdown with shHDAC1 #1 than shHDAC1 #2 in TFK-1 cell lines (see Fig. 9A). 

However, HDAC1 knockdown increased (especially shHDAC1 #2) the number of 

colonies in BAP1-wt expressed cell lines (Fig. 10B and Fig. 10C). Although, this effect 

was seen in both cell lines, it was stronger in TFK-1 BAP1-wt cells compared to 

UMRC-6 BAP1-wt cells. 
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Figure 10: HDAC1 knockdown decrease cell proliferation and colony formation of 
BAP1-deficient cell lines 
A): Proliferation curves for TFK-1 and UMRC-6 cell lines expressing EV, BAP1-wt or BAP1 p.C91S 
mutant plasmid transduced with scrambled (Scr). control or two different shRNAs against HDAC1, 
normalized to data of day one. B-C): Representative colony formation assay (B) and its quantification 
(C) normalized to Scr of TFK-1 and UMRC-6 cells expressing the EV, BAP1-wt or p.C91S plasmid and 
transduced with Scr. control or shHDAC1 #1/#2. N = 3 for all experiments. Significance was assessed 
using nonparametric Kruskal-Wallis test. p-values: p<0.05 (*), p<0.01 (**) and p<0.001 (***). 

 

4.3 Effect of HDAC1 knockdown on BAP1-expressing 

cell lines 

To validate HDAC1 as a potential target in BAP1-mutant tumors and to demonstrate 

that HDAC1 knockdown is only lethal in BAP1-deficient cancer cells, colony formations 

and cell survival assays were performed with two ccRCC cell lines (Caki-1 and RCC4) 

expressing endogenous wild-type BAP1. 

 

4.3.1 Generation of HDAC1 knockdown in BAP1-expressing cell 

lines 

To visualize the knockdown of HDAC1 in intrinsically BAP1-expressing cell lines a 

western blot was performed of Caki-1 and RCC4 cells (Fig. 11). 

 

 

Figure 11: HDAC1 knockdown in intrinsically BAP1-expressing cell lines 
Western Blot of A): Caki-1 and B): RCC4 ccRCC cell lines. A stable shRNA knockdown of HDAC1 in 
both cell lines with two different shRNAs (shHDAC1 #1 and shHDAC1 #2) was performed. β-actin was 
used as a control. N = 3 for all experiments. 

 
The western blot in Figure 11 displays the protein expression of HDAC1, BAP1 and β-

actin in Caki-1 and RCC4 HDAC1 knockdown cell lines. For both cell lines a successful 
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knockdown of HDAC1 can be detected using both shRNAs (shHDAC1 #1 and 

shHDAC1 #2). The second shRNA against HDAC1 (shHDAC1 #2) is more efficient in 

preventing HDAC1 expression in both ccRCC cell lines compared to shHDAC1 #1 (Fig. 

10B). 

 

4.3.2 Validation of HDAC1 knockdown in BAP1-expressing cell lines 

The effect of HDAC1 knockdown on Caki-1 and RCC4 cell lines was validated by 

performing proliferation and colony formation assays. Assumed, if HDAC1 is a possible 

synthetic lethal interactor of BAP1-mutated tumors, a HDAC1 knockdown should not 

have a strong effect on the proliferation and colony formation of BAP1-expressing cell 

lines compared to BAP1-deficient ones (Fig. 12). 

 
 

 
Figure 12: HDAC1 knockdown has no effect on the proliferation of BAP1-expressing cell lines 
A): Proliferation curves for Caki-1 and RCC4 (ccRCC) cell lines transduced with Scr control or two 
different shRNAs against HDAC1 (shHDAC1 #1/ #2), normalized to data of day one. 
B-C): Representative colony formation assay (B) and its quantification (C) normalized to the control cell 
line (Scr) of Caki-1 and RCC4 cells cell lines. N = 3 for all experiments. Significance was assessed using 
nonparametric Kruskal-Wallis test. p-values: p<0.05 (*). 
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Although, the HDAC1 knockdown decreased slightly the cell viability of RCC4 cells, no 

significant difference between the proliferation rate of control (Scr) and HDAC1 

knockdown (shHDAC1 #1 and shHDAC1 #2) cell lines in both intrinsically 

BAP1-expressing cells were detected (Fig. 12A). 

These findings were confirmed with the colony formation results of the Caki-1 and 

RCC4 cell lines (Fig. 12B). As already for the proliferation, HDAC1 knockdown using 

shHDAC1 #1 showed no significant effect on the colony formation number of both 

BAP1-expressing cell lines. Moreover, shHDAC1 #2 cell lines exhibited a significant 

increase of colony formation in Caki-1 and RCC4 cells (Fig. 12B). 

 

4.4 Comparison of the effect of HDAC1 and HDAC4 

knockdown on BAP1-expressing and BAP1 knockout cell 

lines 

BAP1 knockout 786-O (RCC) and 92-1 (UM) cell lines were used to uncover whether 

HDAC1 is a stronger candidate than HDAC4 to target BAP1-mutated cancers since 

HDAC4 was previously suggested to be an important target of BAP1-mutated UM 

tumors (Kuznetsov et al.,2019). 

 

4.4.1 Generation and characterization of HDAC1 and HDAC4 

knockdown in renal cancer BAP1 knockout cells 

4.4.1.1 Establishment of HDAC1 and HDAC4 knockdown in BAP1 knockout 

RCC cells 

The success of the HDAC1 and HDAC4 knockdown in 786-O Cas9 (BAP1-expressing) 

and 786-O sgBAP1 (BAP1 knockout) cell lines was visualized with western blot (Fig. 

13). 

 

The representative western blot in Figure 13 show the difference in the expression of 

BAP1 between control (786-O transfected with Cas9 only) and BAP1 knockout cells 

(786-O cells transfected with BAP1 guide RNA). In addition, a decrease in the protein 

levels of HDAC1 and HDAC4 was observed after the transduction of 786-O cell lines 

with shRNA #2 but not shRNA #1 against their corresponding targets HDAC1 and 

HDAC4. 
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Figure 13: Generation of HDAC1 and HDAC4 knockdown in a renal cell carcinoma cell line 
Western Blot of 786-O cell lines expressing BAP1 (Cas9) or containing a BAP1 knockout (sgBAP1) 
transduced with a stable shRNAs against HDAC1 (shHDAC1 #1 and shHDAC1 #2) or HDAC4 
(shHDAC4 #1 and shHDAC4 #2). β-actin was used as a control. N = 3. 

 

4.4.1.2 Characterization of the effects of a HDAC1 knockdown on 

BAP1 knockout RCC cells 

To analyze the effects of a HDAC1 knockdown on BAP1-expressing and BAP1 

knockout 786-O cell lines, proliferation and colony formation assays were performed. 

 

The proliferation assay firm up that HDAC1 knockdown led to a significant decrease in 

proliferation in BAP1 knockout (sgBAP1) 786-O cells but showed no effect in 

BAP1-expressing (Cas9) 786-O cells (Fig. 14A). Furthermore, HDAC1-expressing 

786-O sgBAP1 cells exhibit a 4x higher cell viability in comparison to HDAC1 

knockdown cells on the 7th day of the CellTiter-Glo assay. 

Additionally, the colony formation assay confirmed the strong effect of a HDAC1 

knockdown on BAP1 knockout cells (Fig. 14B and 14D). Representative colony 

formations pictures of 786-O cell lines demonstrated that less colonies formed in BAP1 

knockout (sgBAP1) cells compared to BAP1-expressing (Cas9) cells after HDAC1 

knockdown (Fig. 14B and 14D). Nevertheless, HDAC1 knockdown led to a significant 

reduction in the number of the colonies formed by both BAP1 knockout and 

BAP1-expressing 786-O cell lines in comparison to HDAC1-expressing (Scr) 786-O 

cell lines (Fig. 14C). However, the comparison of the colony formation rate of the 
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786-O Cas9 and the 786-O sgBAP1 cell lines showed a significant decrease in colony 

formation in 786-O sgBAP1 shHDAC1 #2 cells compared to 786-O Cas9 shHDAC1 #2 

cells (Fig. 14D). 
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Figure 14: Knockdown of HDAC1 results in decreased proliferation and colony formation in 
BAP1-knockout cells. 
786-O (renal cell carcinoma) cells expressing BAP1 (Cas9) or containing a BAP1 knockout (sgBAP1) 
transduced with Scr control or two different shRNAs against HDAC1. A): Proliferation curves for 786-O 
cell lines normalized to data of day one. B): Representative colony formation assay (C-D) and its 
quantification normalized to Scr of 786-O Cas9 or sgBAP1 cells. N = 3 for all experiments. Significance 
was assessed using A-C) nonparametric Kruskal-Wallis test and D) two-way ANOVA test. p-values: 
p<0.05 (*), p<0.01 (**) and p<0.001 (***). 

 

4.4.1.3 Characterization of the effects of a HDAC4 knockdown on 

BAP1 knockout RCC cells 

 

For the comparison of the effect of HDAC1 and HDAC4 knockdown on 786-O cell lines 

we performed proliferation and colony formation for HDAC4 knockdown 786-O cell 

lines too. 

 

In contrast to HDAC1 (Fig. 14), HDAC4 knockdown had no significant effect on the 

proliferation or the colony formation of both BAP1-expressing and BAP1 knockout 

786-O cell lines (Fig. 15A and 15D). 
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Figure 15: HDAC4 knockdown shows no effect on BAP1 knockout cells 
786-O (renal cell carcinoma) cells expressing BAP1 (Cas9) or containing a BAP1 knockout (sgBAP1) 
transduced with Scr control or two different shRNAs against HDAC4. A): Proliferation curves for 786-O 
cell lines normalized to data of day one. B): Representative colony formation assay (C-D) and its 
quantification normalized to Scr of 786-O Cas9 or sgBAP1 cells. N = 3 for all experiments. Significance 
was assessed using A-C) nonparametric Kruskal-Wallis test and D) two-way ANOVA test. 
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4.4.2 Generation and characterization of HDAC1 and HDAC4 

knockdown in uveal melanoma BAP1 knockout cells 

4.4.2.1 Establishment of HDAC1 and HDAC4 knockdown in 92-1 BAP1 knockout 

cells 

To compare the effect of HDAC1 and HDAC4 knockdown on UM 92-1 cell lines, 

expressing BAP1 (WT) or containing a BAP1 knockout (sgBAP1 #1 and sgBAP1 #2), 

the UM cell lines were transduced with shRNAs against HDAC1 (shHDAC1 #1 or 

shHDAC1 #2) or against HDAC4 (shHDAC4 #1 or shHDAC1 #2). 

The success of these knockdowns was visualized by performing western blotting 

(Fig. 16). 

Figure 16 demonstrates the reduction in the protein expression of HDAC1 and HDAC4 

after transduction with shRNAs against the mentioned targets in 92-1 cell lines. As 

already showed before for the other cell line models (Fig. 9, Fig. 11 and Fig.13), the 

second shRNA against HDAC1 (shHDAC1 #2) led to a stronger decrease of HDAC1 

protein expression than the first one (shHDAC1 #1) in 92-1 cell lines (Fig. 16A). 

However, the shHDAC4 #1 shRNA guided to a lower HDAC4 protein expression than 

shHDAC4 #2 in the 92-1 cell line (Fig. 16B). 
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Figure 16: Generation of a HDAC1 and a HDAC4 knockdowns in UM 92-1 cell lines 
Western Blot of three different 92-1 (UM) cell lines: 1. expressing BAP1 (WT) or 2-3. containing a BAP1 
knockout (sgBAP1 #1 and sgBAP1 #2) transduced with a stable shRNAs against HDAC1 (shHDAC1 #1 
and shHDAC1 #2) or HDAC4 (shHDAC4 #1 and shHDAC4 #2). β-actin was used as a control. N = 3. 

 

4.4.2.2 Comparison of the effect of HDAC1 and HDAC4 knockdown on 92-1 

cell lines with BAP1 knockout 

To solidify HDAC1 as a more effective target than HDAC4 for BAP1-mutant tumor 

entities, the effect of HDAC1 and HDAC4 knockdown on the 92-1 UM cell lines was 

compared by performing proliferation and colony formation assays (Fig. 17). 

 
 



                                                                                                                       RESULTS                                                                                                                                                        
 

 

59 

 
Figure 17: HDAC1 knockdown has a stronger effect on UM BAP1 knockout cells than a HDAC4 
knockdown 
92-1 (UM) cells expressing BAP1 (WT) or containing a BAP1-knockout (sgBAP1 #1 and sgBAP1 #2) 
transduced with a control plasmid (Scr) or two different shRNAs against HDAC1 (shHDAC1 #1 or 
shHDAC1 #2) or HDAC4 (shHDAC4 #1 or shHDAC4 #2). A): Proliferation curves for 92-1 cell lines 
normalized to data of day one. B): Representative colony formation assay (C-D) and its quantification 
normalized to Scr of 92-1 Cas9 or sgBAP1 cells. N = 3 for all experiments. Significance was assessed 
using A-C) nonparametric Kruskal-Wallis test and D) two-way ANOVA test. p-values: p<0.05 (*), p<0.01 
(**), p<0.001 (***) and p<0.0001 (****). 
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Knockdown of HDAC1 and HDAC4 did not affect the proliferation ability of 92-1 WT 

cells (Fig. 17A). In contrast, knockdown of HDAC1 and HDAC4 significantly decreased 

the cell viability of 92-1 BAP1 knockout cell lines. After a HDAC1 knockdown a 

significantly lower proliferation rate was seen in both 92-1 BAP1 knockout cell lines 

(sgBAP1 #1 and sgBAP1 #2), however for HDAC4 only one of the shRNAs 

(shHDAC4 #1) demonstrated a decrease in the proliferation ability in the same cell 

lines. Further, only a knockdown of HDAC1 and not of HDAC4 was associated with a 

decrease in proliferation in the second BAP1 knockout cell line (sgBAP1 #2) (Fig. 

17.A). 

Results from the colony formation assays underline that HDAC1 as well as HDAC4 

knockdown did not have any effect on the growth rate of the 92-1 WT cell line (Fig.  17B 

and 17C). Nevertheless, in both 92-1 BAP1 knockout (sgBAP1 #1 and sgBAP1 #2) cell 

lines, the knockdown of HDAC1 led to a significant decrease in colony formation 

(Fig. 17C and 17D). In contrast, HDAC4 knockdown had only a significantly effect on 

the colony growth rate in one of the 92-1 BAP1 knockout (sgBAP1 #1) cell lines (Fig. 

17C and 17D). 

 

4.5 Efficiency of HDAC1 inhibition in RCC cell lines 

Since HDAC1 knockdown effectively prevented cell growth and proliferation in BAP1-

deficient cells, the pan-HDAC inhibitor quisinostat was used to validate HDAC1 as a 

target in clinical settings. 

As quisinostat has the highest selectivity and potency for HDAC1 compared to other 

HDACs (Venugopal et al. 2013; Lo Cascio et al. 2021), quisinostat was used to 

compare the effect of HDAC1 inhibition on the cell viability of BAP1-expressing and 
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BAP1-deficient renal cancer cell lines (Fig. 18).

 

Figure 18: HDAC1 inhibition decreased cell viability of BAP1-loss cell lines 
Dose-response curves of renal carcinoma cell lines treated with quisinostat (from 1nM to 1µM) for three 
days. A) Dose-response curves of A) TFK-1 and UMRC-6 cell lines expressing EV, BAP1-wt or BAP1 
p.C91S mutant plasmid and 798-O BAP1 knockout (sgBAP1) and Cas9 control cell line. Comparison of 
B) dose-response curves and C) IC50 of BAP1-expressing (green symbols) and BAP1-deficient (red 
symbols) cell lines. Cell viability is present as normalized values in percentage to DMSO controls. N = 
3 for all experiments. Significance was assessed using nonparametric Mann-Whitney test. p-value: 
p<0.01 (**). 

 

No difference in cell viability was observed between the EV, BAP1-wt and p.C91S 

transduced cell lines (both TFK-1 and UMRC-6) when the cells were treated with 

quisinostat (Fig. 18A). Similarly, HDAC1 inhibition with quisinostat did not show any 

difference in cell viability between BAP1-expressing (Cas9) and BAP1 knockout 

(sgBAP1) 786-O cell lines.   

Conversely, intrinsically parental BAP1 competent cell lines, RCC4, Caki-1 and 786-O 

cells, were less sensitive to HDAC1 inhibition with quisinostat compared to 

BAP1-deficient cell lines, UMRC-6 and TFK-1 (Fig. 18A). 
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The IC50 values for BAP1-deficient cell lines were, in total, significantly lower 

compared to BAP1-expressing cell lines (Fig. 18C). In total, IC50 values for BAP1-

expressing cell lines were six times higher than the IC50 values of BAP1-deficient cell 

lines, indicating the higher sensitivity for quisinostat in BAP1-deficient cells. 

 

4.6 Association between HDAC1 inhibition and cell 

migration/ invasion in BAP1 knockout cells  

  

In order to further validate HDAC1 as synthetic lethal partner of BAP1-mutated tumors, 

an established trans-well model was used to assess the effects of HDAC1 knockdown 

on the migratory and invasive capacity of 786-O BAP1-expressing and 786-O BAP1 

knockout cells in vitro (Fig. 19). 

HDAC1 knockdown resulted in a suppression of cell migration of BAP1 knockout cells 

comparing to BAP1-expressing 786-O cells (Fig. 19 B). However, the number of 

migrated and invasive cells between HDAC1 competent and knockout cells was not 

statistically significant, although the migrated and invasive cell numbers were lower in 

BAP1 knockout 786-O cells compared to BAP1-expressing 786-O cells (Fig. 19B and 

19C). 
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Figure 19: Suppression of HDAC1 decreased cell migration in 786-O cells with BAP1 knockout  
The effect of a HDAC1 knockdown (#1 and #2) on migration and invasion of 786-O cell lines expressing 
BAP1 (Cas9) or containing a BAP1 knockout (sgBAP1) were calculated by performing trans-well 
migration/ invasion assay. A) Representative migration and invasion pictures. Scale bar: 100 µm. B) 
Average cell number of migrated and invaded cells counted of five independent pictures of two 
membranes for each experiment C) Relative invasion was calculated by dividing the mean number of 
invading by the mean number of migrating cells. N = 3 for all experiments. Significance was assessed 
using nonparametric Kruskal-Wallis test. p-value: p<0.05 (*). 




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4.7 HDAC1 knockdown leads to a G1-Arrest in BAP1 

knockout cells 

As previously showed, HDAC1 knockdown led to decrease in proliferation and growth 

rates of BAP1-deficient cells (see Chapter 4.2.4.4). Therefore, cell cycle analysis was 

performed to evaluate whether a cell cycle arrest is the reason (or not) of the decrease 

in proliferation and growth (Fig. 20). 

 

For the cell cycle arrest assay BAP1-deficient TFK-1 and UMRC-6 cell lines expressing 

one of the three plasmids: EV (control), BAP1-wt or p.C91S (BAP1 inactive mutant) 

were used. HDAC1 knockdown did not caused any difference or change in the 

distribution of cells through the different cell cycle phases (G0/G1, S-Phase and G2/M) 

(Fig. 20A) in both TFK-1 and UMRC-6 cell lines. 

In contrast, the difference in the distribution of cells through distinct cell cycle phases 

was observed between BAP1-expressing (Cas9) and BAP1 knockout (sgBAP1) 786-O 

cells (Fig. 20B and 20C). 

HDAC1 knockdown increased the numbers of the cells arrested in G0/G1 phase and 

significantly reduced the numbers of cells arrested in S-Phase in BAP1 knockout 786-O 

cells compared to BAP1-expressing 786-O cell lines. 

Overall, these results suggest that HDAC1 knockdown leads to a reversible arrest in 

the G1 phase of the cell cycle in BAP1 knockout cells, but has no effect on the cell 

cycle distribution of the three plasmids model cell lines. 


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Figure 20: Influence of HDAC1 knockdown on cell cycle distribution in BAP1-deficient cell lines 
For cell cycle distribution analyses, PI-staining was performed and fixed cells were measured via flow 
cytometry. The effect of HDAC1 knockdown (shHDAC1 #1 and shHDAC1 #2) on the cell cycle 
distribution of A) TFK-1 and UMRC-6 cell lines expressing EV (control), BAP1 wt or p.C91S (BAP1 
mutant) as well as on B-C) 786-O cells expressing BAP1 (Cas9) or containing a BAP1 knockout 
(sgBAP1) was analyzed. N = 3 for all experiments. Significance was assessed using nonparametric 
Kruskal-Wallis test. p-values:  p<0.01 (**), p<0.001 (***) and p<0.0001 (****). 

 

4.8 Influence of HDAC1 knockdown on apoptosis 

To see whether the G0/G1 arrest upon HDAC1 knockdown in BAP1 knockout 786-O 

cells was caused by the induction of apoptosis, 786-O cell lines with annexin V (AV) 

and PI to determine the number of cells in early (AV positive and PI positive) and late 

(AV negative and PI positive) apoptosis (Fig. 21). Additionally, the same staining was 

conducted with HDAC4 knockdown 786-O cell lines to compare the efficiency of 

HDAC1 with HDAC4 as targets for BAP1-mutated cancers. 

 



Figure 21: Influence of HDAC1 knockdown on apoptosis in 786-O cell lines 
For the apoptosis assay, cells were stained with PI and annexin V (AV), fixated and measured via flow 
cytometry. 786-O cells expressing BAP1 (Cas9, blue) or containing a BAP1-knockout (sgBAP1, red) 
were transduced with shHDAC1 (#1 and #2) or with shHDAC4 (#1 and #2) and the apoptosis of the cells 
was determined. A) Early apoptosis (PI positive and AV positive) B) Late apoptosis (PI positive and AV 
negative). N = 3 for all experiments. Significance was assessed using nonparametric Mann-Whitney 
test. p-value:  p<0.01 (**). 

 

Figure 21 is representing the percentage of 786-O cells located in early and late 

apoptotic stages. First, no shift of cell numbers in the early apoptosis stage after a 

HDAC1 or HDAC4 knockdown in 786-O cell lines was determined (Fig. 21A). However, 

a tendency of cell reduction in the late apoptosis stage after HDAC1 and HDAC4 

suppression in 786-O BAP1 knockout (sgBAP1) cells was detected (Fig. 21B). 

Furthermore, a significant increase of cell in the late apoptosis stage in the 786-O 
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BAP1 knockout cell line compared to BAP1-expressing (Cas9) cell line was 

investigated. 

 

4.9 Xenograft tumor models 

4.9.1 Metastatic mouse model 

HDACs are involved in metastasis progression. Therefore, a metastatic mouse model 

was established to analyze the association of HDAC1 inhibition and metastatic ability 

in BAP1-mutated cancers. 

For this, BAP1-deficient UMRC-6 cells were injected into the left ventricle via 

intracardiac injection of nude mice. Afterwards, metastatic spread was followed by 

using bioluminescence imaging. In addition, a metastatic breast cancer cell line 

MDA-MB-231 was used as a control cell line since it was showed that these cells 

successfully develop metastases after intracardiac injection into nude mice (Jenkins et 

al. 2005). 
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Figure 22: UMRC-6 cells are not forming metastasis 
MDA-MB-231 (metastatic breast cancer cells, control group) and UMRC-6 (ccRCC, group of interest) 
cells were injected via intracardiac injection into the left heart ventricle. Bioluminescence was performed 
directly after injection (Day 0). Afterwards, two times a week until day 30 after injection. Five mice per 
group were used. After 30 days only three mice of the MDA-MB-231 group survived. 

 

Figure 22 is representing the bioluminescence imaging of nude mice directly after 

intracardiac injection of MDA-MB-231 and UMRC-6 cells. However, bioluminescence 

floating over the whole body of nude mice was a sign of successful intracardiac 

injection. After 30 days, only the control group MDA-MB-231 showed bioluminescence 

signal.  

The bioluminescence images from the control group indicate that MDA-MB-231 cells 

formed metastases especially in lung, heart and liver after intracardiac injection. 

Moreover, only three mice of the control group survived for 30 days after injection and 

the other two mice died possibly because of metastatic disease. 

In contrast, mice injected with UMRC-6 cells (group of interest) survived for 30 days 

and none of them showed any signal on the day 30, indicating that UMRC-6 cells were 

not able to develop metastasis after injection. 

 

4.9.2 Cholangiocarcinoma xenograft mouse model 

The in vitro results indicated that HDAC1 knockdown decreased the proliferation of 

BAP1-deficient cancer cells (described in Chapter 4.2-4.4). Therefore, the behavior of 

tumor growth of BAP1-deficient cells with or without a HDAC1 knockdown was 

investigated to validate HDAC1 as a possible synthetic lethal partner of BAP1-mutated 

cancers in vivo.  

To establish the murine xenograft model, cholangiocarcinoma TFK-1 cells were 

injected subcutaneously (s. c.) into nude mice and followed the tumor growth. 

  

4.9.2.1 Characterization of in vivo cell line xenografts 

TFK-1 cell lines were used to generate the subcutaneous mouse model. First, TFK-1 

cells were transduced with a Luc-Venus plasmid (pV2luc2) expressing luciferase and 

YFP. Luciferase expression was used to visualize the tumors growth over time 

noninvasively by bioluminescence imaging. On the other hand, YFP expression was 

used for cell sorting. After sorting, cells were transduced again with plasmids 

expressing EV, BAP1-wt or p.C91S.  



                                                                                                                       RESULTS                                                                                                                                                        
 

 

69 

Before these cell lines were used to create a xenograft mouse model, they were 

characterized in vitro (Fig. 23). 

The success of the transduction of TFK-1 cells with the three plasmids (EV, BAP1-wt 

and p.C91S) was confirmed via western blot (Fig. 23A). The TFK-1 EV cells did not 

express BAP1 and TFK-1 BAP1-wt and C91S cells showed a BAP1 protein expression, 

although the BAP1 expression was higher in BAP1-wt cells than in C91S cells. 

The CellTiter-Glo assay showed a significant decrease in cell proliferation in BAP1-wt 

and BAP1-mutant (C91S) TFK-1 cells compared to EV-expressing TFK-1 cells. 

However, only BAP1-wt, but not C91S, TFK-1 cells presented a lower colony number 

compared to EV TFK-1 cells (Fig. 23C and 23D). 

 

 
Figure 23: Characterization of TFK 1 Luc-Venus cell line 
The TFK-1 cell line was transduced and sorted for a Luciferase/YFP expressing plasmid. Afterwards, 
TFK-1 cells were transduced with EV, BAP1-wt or a p.C91S (BAP1-mutant) expressing plasmid. The 
three cell lines were analyzed by performing A) western blot, B) proliferation assay and C-D) colony 

formation assay. N = 3 for all experiments. Significance was assessed using nonparametric Kruskal-

Wallis test. p-values: p<0.05 (*), p<0.01 (**). 
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4.9.1.2 Validation of synthetic lethality of HDAC1 knockdown with BAP1 loss in 

TFK-1 cell lines in vivo 

The BAP1-deficient TFK-1 cell line was used to investigate the association of HDAC1 

and tumor growth of BAP1-mutated tumors. TFK-1 EV and TFK-1 BAP1-wt cells 

described in Chapter 4.9.1.1 were transduced with shHDAC1 or Scr (control) plasmids 

and injected subcutaneously into the left flank of nude mice. Throughout the 

experiment, the tumor sizes were measured weekly with bioluminescence imaging and 

manually with a caliper. 

 

 
Figure 24: Bioluminescence images of TFK-1 cell lines 
A HDAC1 knockdown was performed in TFK-1 EV and BAP1-wt cell lines. A) The knockdown of HDAC1 
was validated by western blotting. Cells were injected into the left flank of nude mice and the mice were 
imaged every week with an IVIS Lumina II (bioluminescence imager). B) Bioluminescence pictures were 
taken after eight weeks of injection C) and the total flux from each image was quantified.  
Five mice per group were used. Significance was assessed using nonparametric Kruskal-Wallis test. 
p-value: p<0.01 (**). 
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The success of the HDAC1 knockdown in the TFK-1 cell lines was verified by western 

blot, where shHDAC1 cell lines are showing a clearly downregulation of HDAC1 protein 

expression (Fig. 24A).  

The bioluminescence imaging clarified the effect of a HDAC1 knockdown on 

BAP1-defient cell lines (Fig. 24B and 24C). The bioluminescent pictures were taken 

eight weeks after cell injection (Fig. 24B) showing that the BAP1-depleted control 

tumors (TFK-1 EV Scr) were growing faster than the BAP1-expressing tumors (TFK-1 

BAP1-wt Scr) (Fig. 24C). The HDAC1 knockdown led to a decrease in tumor size in 

tumors with BAP1 loss while it had no effect on the tumor size in BAP1-wt tumors (Fig. 

24C).  

The results of the bioluminescence imaging were confirmed by the manual 

measurements of the tumor volume with the caliper (Fig. 25A). After four weeks of 

subcutaneous injection of TFK-1 cells, the tumors started to grow with different rates 

(Fig. 25B). The tumor growth of TFK1 BAP1-wt Scr and TFK-1 EV shHDAC1 were 

similar. In contrast, TFK-1 BAP1-wt shHDAC1 tumors were growing faster compared 

to the tumor size of BAP1-wt ones. Moreover, the TFK-1 EV Scr tumors showed in 

comparison to the other tumor groups the fastest growth rate. The tumor volume of 

TFK-1 EV Scr was significantly bigger than the other tumors after eight weeks of 

subcutaneous injection (Fig. 25C). However, the volume of TFK-1 EV shHDAC1 

tumors were decreased in comparison of the control TFK-1 EV tumors. Besides, the 

HDAC1 knockdown did not had any effect on the tumor volume of TFK-1 BAP1-wt 

ones. 

The in vivo results underline that HDAC1 knockdown only affects BAP1-mutated 

cancers and not BAP1-expressing tumors, strongly suggesting a synthetic lethal 

interaction of HDAC1 with BAP1 loss in vivo. 
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Figure 25: HDAC1 knockdown decreases tumor growth of BAP1-deficient tumors 
TFK-1 EV and BAP1-wt transduced with Scr (control) or shHDAC1 and injected subcutaneously into the 
left flanks of nude mice. A) Picture of comparison of xenograft tumors after eight weeks of injection. 
B) Tumor sizes were measured every week for 56 days with a caliper. C) The tumor volume of the last 
measurement was quantified. Five mice per group were used. Significance was assessed using 
nonparametric Kruskal-Wallis test. p-value: p<0.01 (**). 
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5. Discussion  

Curative treatment is the desired goal for every cancer patient, but for most tumor 

entities, curative treatment options are – due to multifactorial reasons - currently rare. 

This unfortunate reality also holds true for cancer patients with BAP1 mutations, which 

are showing frequently a poor overall survival (Uner et al. 2021; Wang et al. 2016; da 

Costa et al. 2019; Kapur et al. 2013). 

Recently, it was reported that early detection and screening for BAP1-mutated tumors 

can be life saving for different tumor entities, however, the detection of BAP1-mutated 

tumors at an early stage is a rare clinical event and most patients are diagnosed at a 

later disease stage (Kittaneh and Berkelhammer 2018).  

Notably, several studies suggested the clinical administration of PARP-1 inhibitors for 

several different BAP1-mutated tumors; even though, a recently published clinical 

report showed only limited effects of the PARP-Inhibitor olaparib on the treatment of 

mesothelioma, including patients with BAP1 mutations, showing no improvement of 

the overall  survival of mesothelioma patients after olaparip treatment (Sabbatino et al. 

2020; de Koning et al. 2019; Hassan et al. 2019). 

To meet this still unmet clinical need, we performed a synthetic lethality screen to 

identify a potential target for BAP1-mutated tumors (Fig. 6).  

 

5.1 HDAC1 as a target in BAP1-mutated tumors 

Synthetic lethality screens are performed to identify tumor-specific vulnerabilities which 

are associated with tumor-specific mutations that can be therapeutically targeted. 

A shRNA screen was conducted to identify synthetically lethal interactors with BAP1 

deficiency using the BAP1-deficient cell line UMRC-6, which got reconstituted with an 

empty vector as a control cell line or a wild-type BAP1-expressing plasmid, 

respectively. We expected that the knockdown (KD) of synthetically lethal genes of 

BAP1-mutated tumors results in decreased cell viability, proliferation and colony 

formation in BAP1-mutant cell lines, but not in BAP1-wildtype expressing cell lines (Fig. 

7). Using the Cellecta DECIPHER lentiviral shRNA library for our synthetic lethality 

screen identified several potential synthetically lethal candidates for BAP1-mutated 

tumors (Fig. 7, Fig. 8 and Supplementary Fig. 1). 

First, we performed a shRNA screen, which included two biological replicates. In the 

shRNA library screen, there was an overexpression of DNA double-strand break (DSB) 
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repair genes in the top candidate hits (Supplementary Fig. 1). Two of the most 

prominent genes were TOP3A and RECQL both playing a crucial role in DSB repair 

machinery. Therefore, at the beginning the investigations focused on TOP3A and 

RECQL as potential synthetically lethal targets of tumors with BAP1 mutations. 

Interestingly, BAP1 mutations have been shown to play a crucial role in the DSB repair 

pathway, specifically in the homologous recombination pathway (Ismail et al. 2014; 

Carbone, Arron, et al. 2020). Thus, BAP1 deficiency is associated with defects in the 

repair of DSBs. Based on this observation, it was suggested to treat patients with 

BAP1-mutated tumors by inhibiting genes involved in the DSB repair machinery 

(Carbone, Arron, et al. 2020). However, so far, there is a lack of knowledge on inhibition 

of BAP1-target proteins involved in the DSB repair pathway.  

The proliferation assay results of this study (Supplementary Fig. 2) demonstrated that 

the knockdown of RECQL as well as a TOP3A decreased the proliferation of BAP1-wt 

expressing as well as of BAP1-inactive (EV and p.C91S mutant) UMRC-6 cell lines, 

indicating that RECQL and TOP3A might not be synthetically lethal targets for BAP1-

mutated tumors, since both knockdowns showed a BAP1-independent effect on the 

cell proliferation. These observations were supported by results from additional 

proliferation and colony formation assays in different RCC and ICCA cell lines, which 

were generated by our laboratory (data not shown).  

Afterwards, performing a second synthetic lethality screen using three biological 

replicates, HDAC1 was identified as one potential synthetically lethal target of BAP1 

mutated tumors (Fig. 8). Since HDACs have been shown to regulate the expression 

and activity of numerous proteins, which are involved in tumor progression and 

initiation (Glozak et al. 2005), and since previous studies revealed that tumors with 

BAP1 loss can be sensitive to HDAC inhibitors, we decided to focus our investigations 

on HDAC1 as a potential synthetically lethal target. 

The proliferation assays of the BAP1-deficient cell lines TFK-1 and UMRC-6 containing 

a HDAC1 knockdown showed a significant decrease of cell viability in cells not 

expressing BAP1 (EV) and cells expressing mutant BAP1 (p.C91S) in comparison to 

the wild-type BAP1 expressing cells (BAP1-wt) (Fig. 10A). In addition, colony formation 

assays revealed that the BAP1-deficient HDAC1 knockdown cell lines expressing EV 

and p.C91S plasmids showed a tendency of reduced colony formation compared to 

wild-type BAP1 cell lines (Fig. 10B and 10C). The possibility of identifying HDAC1 as 

a potential synthetic lethal partner with BAP1 vulnerabilities could be manifested by 
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the use of generated BAP1 knockout cell lines using 786-O (RCC) and 92-1 (UM) cells 

(Fig. 13 and Fig. 16). The results of the proliferation and colony formation assays of 

786-O and 92-1 cell lines showed a suppression of their cell growth and cell viability 

only in the combination of BAP1 loss and HDAC1 knockdown, emphasizing the strong 

effect of a HDAC1 knockdown in BAP1 knockout cell lines, but not in BAP1-wt 

expressing cells (Fig. 14 and Fig. 17). These findings additionally supported the further 

investigation of HDAC1 as a potential synthetically lethal target for BAP1-deficient 

tumors. 

In the past, different studies highlighted the importance of HDAC1 as a key player for 

cancer progression. Studies focusing on HDACs and small interfering RNA revealed 

an important role of HDACs in the regulation of proliferation and cancer cell survival 

(Glaser et al. 2003). Further, it was reported that HDAC1 can promote proliferation of 

breast cancer cells by suppressing the transcription of the estrogen receptor alpha 

(Kawai et al. 2003).  

In addition to the above-mentioned studies, the data presented in this work indicate 

that HDAC1 particularly increased the proliferation of BAP1-deficient tumor cells (Fig. 

10, Fig. 14 and Fig. 17), but not in tumor cells expressing the wild-type BAP1 protein 

(Fig. 12). Furthermore, the proliferation of Caki-1 and RCC4 cells – which are BAP1-wt 

expressing ccRCC cell lines – was not affected by a knockdown of HDAC1 (Fig. 12). 

To further understand the role and importance of HDAC1 as a target protein in other 

BAP1-deficient cancer types, the effect of HDAC1 inhibition on additional 

BAP1-deficient tumor types as well as the effects of HDAC1 inhibition on normal 

tissues needs to be further investigated in the future. 

Previously generated data by our laboratory (data not shown) showed a significant 

overexpression of HDAC1 in BAP1-deficient UM cell lines in comparison to BAP1-wt 

expressing cells lines. These data are in line with observations from other groups, who 

reported an overexpression of HDAC1 at the mRNA and protein level in different tumor 

entities, including colon, breast, prostate, gastric, pancreatic and lung cancer as well 

as in hepatocellular carcinoma (Wilson et al. 2006).  

 

Another evidence for HDAC1 being a potential synthetically lethal target in BAP1-

mutant tumors is based on the observation that the HDAC1 inhibitor quisinostat 

decreased the cell viability of BAP1-deficient cancer cell lines stronger than the cell 

viability of BAP1-expressing cancer cell lines (Fig. 18B and 18C).  
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Previously, quisinostat has shown antitumor effects in advanced solid tumors, such as 

metastatic melanoma, with prolonged clinical responses in patients and without 

causing severe side effects in comparison to other HDACi (Morales Torres et al. 2020; 

Venugopal et al. 2013). 

Moreover, a recent study demonstrated that quisinostat treatment inhibited tumor 

growth in a BAP1-deficient UM xenograft model (Kuznetsoff et al. 2021). Interestingly, 

the same study showed that quisinostat did not affect the tumor growth of BAP1-wt 

expressing UM tumors, although the authors claim that the effect was mediated by 

HDAC4. 

Even though quisinostat is a pan-HDACi, which can inhibit different classes of HDAC 

proteins simultaneously, it was shown that quisinostat is inhibiting HDAC1 with a higher 

sensitivity than other HDACs (Venugopal et al. 2013; Lo Cascio et al. 2021). However, 

whether the effect of quisinostat on cell viability of BAP1-deficient tumor cells is 

exclusively mediated by inhibition of HDAC1 or whether a concomitant inhibition of 

different HDAC proteins is responsible for the observed effects in the abovementioned 

experiments needs to be further addressed.  

In contrast to the abovementioned parental BAP1-deficient and BAP1-wt expressing 

tumor cell lines, quisinostat exhibited no differential effect on the cell viability of 

BAP1-deficient cell lines (UMRC-6 and TFK-1 cells), which were reconstituted with an 

EV, a BAP1-wt expressing plasmid and a mutated, dysfunctional BAP1-expressing 

plasmid (p.C91S) as well between 786-O BAP1 knockout and 786-O BAP1-wt cells 

(Fig. 18A). A potential reason for this discordant result could be that the reintroduction 

of BAP1 into BAP1-deficient cells was not sufficient to fully compensate and restore 

BAP1 protein function. In addition, it is possible that a portion of the BAP1-reconstituted 

cells might have had a decreased BAP1 protein expression in comparison the other 

BAP1-reconstituted cells. This could potentially result in an increased proliferation rate 

of the BAP1-reconstituted cells with decreased BAP1 protein levels, resulting in a 

relative increase of these cells during the course of cell cultivation, concomitantly 

decreasing the relative number of cells with a higher BAP1 protein expression. This 

might explain the diminished effect of quisinostat on the cell viability of the BAP1-

reconstituted (BAP1-wt) cells in comparison to BAP1-deficient cells (EV).  

However, additional experiments focusing on the potential benefit of HDAC1 inhibitors 

in BAP1-mutated tumors should be conducted to enable evidence-based decision-

making on potential HDAC1-targeted therapies in the future. 
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A novel HDAC1 inhibitor, CBUD-1001, showed anti-tumor effects by inducing tumor 

cell apoptosis and repressing the epithelial-to-mesenchymal transition in colorectal 

cancer cells (Kim et al. 2020). Further investigations comparing the sensitivity of 

CBUD-1001 on BAP1-deficient and BAP1-expressing cancer cells could help to shed 

light on HDAC1 as a synthetically lethal target for BAP1-mutated tumors. 

Besides promoting proliferation and cell survival, HDACs have been shown to play a 

crucial role in cell migration and invasion (Jeon and Lee 2010), so we sought to 

investigate the association between HDAC1 and the migration and invasion of 786-O 

BAP1 knockout cells (Fig. 19). The results indicated that the HDAC1 knockdown 

suppressed the migration of BAP1-deficient cells stronger than the migration of 

BAP1-expressing cells (Fig. 19A and 19B). Moreover, BAP1 knockout cells showed a 

tendency of decreased invasion following HDAC1 knockdown (Fig 19A - 19C). 

In the past, studies revealed a correlation between HDAC1 expression and cancer cell 

invasion in different cancers, including glioma, liver cancer and RCC (Xie et al. 2012; 

Park et al. 2011; Ramakrishnan et al. 2016). 

One of these studies reported that HDAC1 promotes the invasion of RCC cells by 

increasing the expression of the matrix metalloprotease-2 /9, indicating an important 

role of HDAC1 in tumor progression and metastatic spread of RCC (Ramakrishnan et 

al. 2016). 

In addition to the investigations focusing on tumor cell migration and invasion in vitro, 

we sought to examine the impact of cancer cell-derived HDAC1 expression on the 

metastatic ability of BAP1-deficient ccRCC cells (UMRC-6) in vivo by establishing a 

metastatic ccRCC mouse model in nude mice through intracardiac injection of tumor 

cells (Fig. 23). In comparison to MDA-MB-231 cells, which formed metastasis and 

served as a control for the successful establishment of the experimental in vivo system, 

UMRC-6 cells did not form metastasis in the injected nude mice (Jenkins et al. 2005). 

This finding is in agreement with previous studies that reported that the UMRC-6 cell 

line is not able to form tumors in nude mice (Grossman, Wedemeyer, and Ren 1985), 

therefore, another renal cell carcinoma BAP1-deficient cell line should be chosen to 

investigate the metastatic role of HDAC1 in BAP1-mutated tumor cells in future 

experiments.  

Most importantly, by using a subcutaneous xenograft mouse model of BAP1-deficient 

intrahepatic cholangiocarcinoma (TFK-1), a significant decrease of tumor growth by 

either the knockdown of HDAC1 or the reconstitution of wild-type BAP1 without any 
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additional effect by the combination of both could be identified (Fig. 24 and Fig. 25). This 

finding indicated that HDAC1 inhibition might lead to a less aggressive phenotype of 

BAP1-mutated tumors, validating HDAC1 as a synthetic lethal interactor of iCCA BAP1 

loss tumors in vivo and hinting towards a clinical benefit of HDAC1-targeted therapies 

for patients with BAP1-mutated tumors. 

The obtained results are supported by a study showing that HDACs are involved in 

tumor growth and tumor cell survival (Schmidt et al. 2021). In addition, it was shown 

that HDAC1 is involved in the modulation of angiogenesis by the regulation of the 

transcription factor hypoxia-inducible factors 1 α (HIF-1α). HDAC1 is directly blocking 

the degradation of HIF-1α through its deacetylation (Yoo, Kong, and Lee 2006). HIF-

1α itself can increase the transcription of numerous angiogenesis-associated genes, 

thereby supporting tumor cells survival and tumor growth (Carmeliet et al. 1998). 

Moreover, it was found that an overexpression of HDAC1 correlated with poor patient 

prognosis and survival in different tumor entities (Cao, Song, et al. 2017; Cao, Yue, et 

al. 2017). Future clinical trials could particularly focus on the recruitment of BAP1-

deficient cancer patients to gain more insights into HDAC1 as a synthetically lethal 

target and to increase our understanding of the role of HDAC1 in BAP1-deficient 

tumors. 

 

6.2 Comparison of the effect of HDAC1 and HDAC4 

inhibition on BAP1-deficient tumor cells 

As described above, HDAC1 has been shown to support tumor cell survival and growth 

by different cellular mechanisms. However, HDAC1 is not the only HDAC family 

member that can support BAP1-mutated cancer cells, since Kuznetsoff and colleagues 

also identified HDAC4 as a key target in BAP1-mutant UM (Kuznetsoff et al. 2021).  

In the past, several studies showed tumor promoting functions of HDAC4 in different 

cancer types (Zeng et al. 2016; Cai et al. 2018). Like HDAC1, HDAC4 can support 

tumor growth by HIF-1α stabilization (Geng et al. 2011). For this stabilization, HDAC4 

directly binds to HIF-1α, forming a complex that regulates HIF-1α-mediated gene 

expression, glycolysis and chemoresistance of cancer cells. 

In addition, studies demonstrated an association between HDAC4 overexpression and 

poor patient survival in different cancer types, including esophageal, ovarian and 

pancreatic carcinoma (Fan et al. 2021; Zhou, Xu, et al. 2018; Zeng et al. 2016). 
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However, focusing on the results of our shRNA library screen, HDAC4 was not 

significantly enriched in BAP1-mutated tumor cells (Fig. 8). Thus, we were interested 

in performing a side by side comparison between HDAC1 and HDAC4 to investigate 

which target has a higher effectiveness for the treatment of BAP1-mutated cancer 

patients. For this side-by-side comparison, we performed proliferation and colony 

formation assays of BAP1 knockout 786-O and 92-1 cells containing either a HDAC1 

knockdown or a HDAC4 knockdown (Fig. 13 – Fig. 17).  

In comparison to HDAC1 knockdown, HDAC4 knockdown did not show a strong effect 

on the proliferation and colony formation of the UM 92-1 BAP1 knockout cell line (Fig. 

17). Moreover, the HDAC4 knockdown did not affect the cell viability and the cell 

growth of the RCC 786-O BAP1 knockout cell line at all, in contrast to HDAC1 

knockdown, which led to a significant decrease of proliferation and colony formation of 

the 786-O BAP1 knockout cell line (Fig. 14 and Fig 15).  

In support of our data, a previous study demonstrated a link between HDAC1 inhibition 

and cancer progression, whereby HDAC4 inhibition only minimally affected the cell 

proliferation of different cancer cell lines (Glaser et al. 2003). Our data indicate that 

HDAC4 plays a role in specific BAP1-deficient cell lines e.g. in UM cell lines, but not in 

all BAP1-mutant cell lines from different tumor entities, whereby HDAC1 seems to be 

important in different cancers with BAP1 mutations.   

 

6.3 Characterizing HDAC1-mediated inhibitory mechanism 

on BAP1-deficient cells 

As our previous data identified HDAC1 as a potential target for BAP1-mutated tumors, 

we next wanted to investigate the role of HDAC1 in BAP1-deficient cancer cells to 

understand the mechanism behind the antiproliferative effect of HDAC1 inhibition. 

 

First, we investigated, whether other HDAC proteins compensated the HDAC1 loss 

following HDAC1 inhibition in BAP1-mutated cancer cells. Therefore, we performed a 

microarray analysis on 786-O BAP1-expressing and BAP1 knockout cells, each 

containing either a HDAC1 knockdown or a scrambled control plasmid, to compare the 

mRNA expression levels of different HDAC proteins (HDAC1-10) between the two 

different cell lines (Supplementary Fig 2). The microarray analysis revealed no 

upregulated mRNA expression of the investigated HDAC proteins, indicating the 

absence of a compensatory effect after HDAC1 knockdown in the investigated cell 
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lines. However, even though mRNA expression data indicate the absence of a 

compensatory effect of other HDACs, it is still thinkable that other, mRNA expression 

level-independent HDAC-mediated processes can facilitate HDAC1 loss-initiated 

compensatory effects. One such process could be an altered HDAC protein stability 

and turnover rate, resulting in an increased amount of functional HDACs, without 

affecting the expression level of the respective e.g. reported in Jamaladdin and 

colleagues (2014). In this report, it was demonstrated that HDAC1 and HDAC2 

inhibition leads to an increase of HDAC3 protein levels, but did not affect the HDAC3 

gene expression levels (Jamaladdin et al. 2014). Furthermore, it is possible that HDAC 

proteins reveal an altered activity following the HDAC1 knockdown, which can also not 

be detected by the used microarray analysis (Lagger et al. 2002). Therefore, further 

investigations addressing the above-mentioned scenarios need to be conducted to 

finally exclude a HDAC-mediated compensatory effect following the HDAC1 loss. 

Interestingly, the experiments of this project revealed a downregulation of the HDAC2 

expression in 786-O BAP1 knockout cells in comparison to 786-O BAP1-expressing 

cells. These results are consistent with studies from other groups, demonstrating that 

an inactivation of BAP1 resulted in a downregulation of HDAC2 expression (Sacco et 

al. 2015). In addition, a report showed that inhibition of either HDAC1 or HDAC2 in 

mice, using a HDAC1 or HDAC2 knockout mouse model, resulted in the reciprocal 

upregulation of the respective other protein (Winter et al. 2013). In our studies, we did 

not observe a reciprocal regulation of HDAC2 following the HDAC1 knockdown in our 

cell lines, suggesting that the HDAC2 expression is dependent on the BAP1 

expression status of the respective tumor cells. 

 

Next, we investigated the association between HDAC1 inhibition and the decrease of 

proliferation of BAP1-deficient cancer cells. 

Previous studies revealed that BAP1 loss is associated with an increase of cancer cell 

proliferation and progression in several tumor entities (Qin et al. 2015; Carbone, 

Harbour, et al. 2020). In addition, it was reported that HDAC1 inhibition triggers cell 

cycle blockade and apoptosis in cancer cells (Zhou, Cai, et al. 2018). 

Therefore, we performed flow cytometry-based cell cycle analysis, which indicated that 

the HDAC1 knockdown resulted in a G1 arrest and a decreased proliferation and 

colony formation in BAP1 knockout cells compared to BAP1-wt expressing cells 

(Fig. 10, Fig. 14, Fig. 17, Fig. 20B and 20C). 
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Importantly, other reports about the relation of HDAC1 inhibition and G1 arrest are 

supporting our data. One report demonstrated that HDAC1 knockdown led to G1 arrest 

in mouse embryonic fibroblast cells (Wilting et al. 2010). In addition, it was reported 

that HDAC1 inhibition resulted not only in a G1 arrest, but also decreased the G2-M 

arrest in pancreatic cancer cells which was leading to apoptosis in the reported cell 

lines (Du et al. 2014). However, the effect of HDAC1 inhibition on the G2-M arrest was 

not observed in the conducted in vitro experiments and might be explained by the use 

of different tumor entities in our project in contrast to the other reported study (Fig. 20). 

In comparison to influencing the cell cycle, HDAC1 inhibition did not affect apoptosis 

induction in BAP1 knockout cells (Fig. 21). These results are supported by a study 

demonstrating an association between HDAC1 inhibition and G1 arrest, but not 

between HDAC1 inhibition and apoptosis induction in vivo, even though another study 

also suggested that HDAC1 inhibition leads to an increased apoptosis of cancer cells 

in vitro (Yamaguchi et al. 2010). 

Recently, it was published that HDAC1 regulates the cell cycle through the tumor 

suppressor p21 in an apoptosis-independent manner (Sankala et al. 2007). Therefore, 

HDAC1 is binding to the promoter region of the p21 gene (Yamaguchi et al. 2010) and 

induce a G1-arrest in cells without influencing the apoptosis level of cells. 

The p21 protein is a member of the CIP/WAF family and plays a key role in cell cycle 

regulation, cell differentiation and senescence (Campisi 2013). Further, the p21 

expression was shown to be upregulated following HDAC1 inhibition in different cancer 

types (Glozak and Seto 2007). Additional research focusing on the association 

between HDAC1 inhibition and p21 expression as well p21 targeted gene expression 

could help to uncover cellular signaling pathways, in which HDAC1 might be involved 

in BAP1-mutated cancers. 

At last, previous data generated in our lab indicated that BAP1 is directly binding to the 

promoter site of HDAC1, suggesting that BAP1 is suppressing the transcription of 

HDAC1 resulting in a decrease of proliferation. However, the precise role of BAP1 as 

a negative regulator of HDAC1 should be investigated further in the future to gain 

deeper insights into HDAC1 inhibitor-mediated mechanisms of action in BAP1-mutated 

tumors.  
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6.4 Conclusion and outlook 

In summary, our study provided strong evidence for the synthetic lethality between 

HDAC1 and BAP1 in tumor development via in vitro and in vivo experiments. We show 

that HDAC1 knockdown decreased cell proliferation, colony formation and migration 

as well as the tumor growth in the context of BAP1 loss. We propose that this effect is 

based on the G1 cell cycle arrest regulated due to HDAC1 in BAP1-deficient cancer 

cells. Furthermore, we demonstrated that HDAC1 regulate the progression of 

BAP1-deficient cancer types independent of apoptosis pathways. 

In the future, deeper characterizations of the mechanisms behind the association of 

HDAC1 inhibition and BAP1 deficiency can provide higher evidence of the benefit 

using HDAC1 as a novel therapeutic target for BAP1-mutated cancers. Therefore, the 

comparison of the expression levels of diverse genes such as p21 in BAP1-expressing 

with BAP1-knockout cell lines after a HDAC1 knockdown can give us evidence in which 

cell signaling pathway HDAC1 is involved in cancers with BAP1 mutations.  

In addition, as inhibition with the HDAC1 inhibitor quisinostat on BAP1-deficient cancer 

cells resulted in a decrease of cell viability, the next step is to test this HDAC1 inhibitor 

in vivo as well as in patient-derived organoids from renal cell carcinoma and uveal 

melanoma generated in our group in collaboration with the departments of Urology and 

Ophthalmology. These pre-clinical models might clarify the therapeutic benefit of 

quisinostat for cancer patients with BAP1 mutations.   
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7. Appendix 

7.1 First synthetic lethal screen  

 

Supplementary Figure 1: Genes associated with DNA double-strand break repair machinery 
appeared as top candidates of the first shRNA screen 
The figure is showing a heatmap of top candidates of the synthetic lethality screen. For the shRNA 
screen UMRC-6 EV (BAP1-deficient) and UMRC-6 BAP1-wt (BAP1 expressed) cell lines were 
transduced in duplicates with module 1 and module 2 of a pooled DECIPHER shRNA library using 
lentiviral transfer. On day 3 after transduction, samples of both cell lines were harvested as baseline 
control. After selection of infected cells with puromycin, again samples of both cell lines were harvested 
on day 12 post-infection. Harvested samples were determined by high-throughput (HT) sequencing of 
vector barcodes and analyzed with RIGER. Blue highlighting indicates down-regulation of the gene 
expression and red highlighting shows upregulation of the gene expression. p= p-value, FDR q= q-
values of false discovery rate and FC= fold change, positive and negative FC indicates increased and 
decreased expression values. N = 2, Performed by Dr. Samuel Peña­Llopis. 

 

7.2 Effect of RECQL and TOP3A knockdown on 

BAP1-deficient cells 

 

 
Supplementary Figure 2: Effect of a RECQL and TOP3A knockdown on the proliferation of 
ccRCC UMRC-6 cell lines 
Proliferation curves for UMRC-6 cell lines expressing EV, BAP1-wt or BAP1 p.C91S mutant plasmid 
transduced with Scr control or two different shRNAs against RECQL or TOP3A, normalized to data of 
day one. N = 3 for all experiments. Significance was assessed using nonparametric Kruskal-Wallis test. 
p-values: p<0.05 (*) and p<0.01 (**). 
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7.3 Expression levels of HDACs after HDAC1 knockdown in 

BAP1-expressing and BAP1 knockout 786-O cell lines 

 
Supplementary Figure 3: Effect on mRNA expression of all HDACs after HDAC1 knockdown 
Analysis of microarray data from 786-O control (Cas9) and BAP1 knockout cells (sgBAP1) (Cas9 vs. 
sgBAP1). The effect of a HDAC1 knockdown on the expression of other HDACs genes was compared 
between the 786-O Cas9 and 786-O sgBAP1 cell line. Heatmap of the expression rates of HDACs was 
performed. Blue highlighting indicates down-regulation of the gene expression and red highlighting 
shows upregulation of the gene expression. p= p-value, FDR q= q-values of false discovery rate and 
FC= fold change, positive and negative FC indicates increased and decreased expression values. N = 2, 
Performed by the Microarray Core Facility of DKFZ Heidelberg. 
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