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Zusammenfassung 
Trotz zahlreicher therapeutischer Vorstöße wird akute myeloische Leukämie (AML) mit 

hohen Rückfallraten und schlechten Überlebensraten assoziiert. Die 5-Jahres-

Überlebensrate für Erwachsene / Kinder beträgt 65 % / 30 %. In präklinischen Studien 

wurden Histondeacetylasen (HDAC) als effektive epigenetische Ziele in AML identifiziert. 

Allerdings zeigten unselektive HDAC-Inhibitoren (HDACi) nur geringe antileukämische 

Effekte und schwerwiegende Toxizität. Daher ist ein besseres Verständnis des 

Mechanismus von HDAC-Inhibitoren und die Identifizierung von synergistischen 

Therapeutika notwendig. Innerhalb der HDAC-Protein-Familie hat HDAC6 wegen seiner 

Struktur, welche eine selektive Inhibition erlaubt, ein besonderes Potenzial. HDAC6 

reguliert eine Vielzahl krebsrelevanter Stoffwechselprozesse wie die Hitzeschockreaktion, 

Immunflucht, Zellmobilität und Autophagie. Da die Auswirkungen von HDAC6-Inhibition 

jedoch äußerst kontextabhängig sind, müssen sie systematisch innerhalb der 

verschiedenen Leukämie-Subtypen charakterisiert werden.  

Diese kumulative Dissertation umfasst vier wissenschaftliche Publikationen. Drei der 

Studien fokussieren sich auf die Charakterisierung von klassenspezifischen HDACi in einer 

breiten Auswahl von Leukämiezelllinien. Leitstrukturen mit verbesserten antileukämischen 

Effekten wurden hinsichtlich ihrer Isoenzymselektivität und Fähigkeit zur Apoptose- oder 

HDAC-Substrat-Acetylierungsinduktion charakterisiert. Aus diesen Bestrebungen gingen 

vier äußerst potente Klasse-I/IIb-HDACi (10h, 1g, 4d und 4m), ein HDAC6-präferierender 

Inhibitor (2b) und ein hochselektiver HDAC6-Inhibitor (10p) hervor. Jeder dieser Inhibitoren 

zeigte ein unterschiedliches Maß an synergistischer Interaktion mit dem Standard-AML-

Chemotherapeutikum Decitabin, allerdings waren 10h, 2b und 4d besonders effektiv. 

Die letzte Publikation fokussierte sich auf HDAC6-Inhibition in myeloischer Leukämie. Über 

CRISPR-Cas9 wurde der Verlust von HDAC6 modelliert, und der präferentielle HDAC6-

Inhibitor Ricolinostat wurde für eine pharmakologische Kreuzvalidierung genutzt. Während 

die Zellen in vitro ungehindert wuchsen, war in vivo die Leukämiebürde reduziert. Eine 

Multi-Omik-Analyse via Proteomik, Secretomik, RNA-seq und ATAC-seq zeigte signifikante 

Veränderungen diverser Stoffwechselwege. Besonders lysosomale Proteine, wie der 

Tumorsuppressor RNase T2, waren angereichert in den untersuchten Zelllinien. Zudem 

sensibilisierte Ricolinostat AML-Zellen für CD8+-T-Zell-vermittelte Toxizität. Durch ein 

Hochdurchsatz-Medikamentenscreening konnte HDAC6 als ein Mediator für Resistenz 

gegen das Standard-AML-Chemotherapeutikum Cytarabin identifiziert werden.  Basierend 

auf diesen Ergebnissen erscheint HDAC6-Inhibition als potenzielle Behandlungsmög-

lichkeit für myeloischer Malignome, jedoch bedarf es weiterer Forschung. 
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Abstract 
Acute myeloid leukemia (AML) remains associated with high relapse rates and poor overall 

survival despite recent therapeutic advances. The 5-year survival rate is approximately 30% 

in adults and 65% in children. Preclinical studies have identified histone deacetylases 

(HDACs) as effective epigenetic targets in AML. However, clinical application of pan-HDAC 

inhibitors has been limited by modest antileukemic efficacy and substantial toxicity. This 

underscores the need for a more fundamental understanding of HDAC inhibitor (HDACi) 

mechanisms and the identification of synergistic therapeutic partners. Among the HDAC 

family, HDAC6 represents a particularly promising target due to its unique structural 

properties that permit selective inhibition. HDAC6 regulates multiple cancer-relevant 

processes, including the heat shock response, immune evasion, cell motility and autophagy. 

Given the context-dependent nature of these effects, systematic evaluation of HDAC6 

inhibition across distinct AML subtypes is warranted. 

This cumulative dissertation summarizes the findings of four scientific. Three of these 

studies focus on the characterization of novel class-specific histone deacetylase inhibitors 

(HDACi) in a broad panel of leukemic cell lines. Lead compounds demonstrating superior 

antileukemic activity were further analyzed with respect to their HDAC isoenzyme selectivity 

and their capacity to induce apoptosis or hyperacetylation of HDAC substrates. These 

investigations identified four highly potent class I/IIb HDACi (10h, 1g, 4d, and 4m), one 

HDAC6-preferential inhibitor (2b), and one highly HDAC6-selective inhibitor (10p). All 

inhibitors exhibited varying degrees of synergistic activity with the AML standard 

chemotherapeutic agent decitabine, with compounds 10h, 2b and 4d showing the most 

pronounced effects. 

The last paper focuses specifically on HDAC6 inhibition in myeloid leukemia. HDAC6 loss 

models were generated using CRISPR-Cas9, while the HDAC6 preferential inhibitor 

ricolinostat was used for a pharmacological cross validation. While proliferation in vitro was 

unaffected, in vivo experiments showed a significant reduction in leukemia burden. A multi-

omics analysis through proteomics, secretomics, RNA-seq, and ATAC-seq identified major 

shifts in a multitude of pathways. Notably, lysosomal proteins, such as the tumor suppressor 

RNase T2, were highly enriched across a broader panel of cell lines. Furthermore, 

ricolinostat induced susceptibility of AML cells to CD8+ T cell-mediated cytotoxicity. High-

throughput drug screening revealed the specific role of HDAC6 in resistance to the common 

AML chemotherapeutic cytarabine. Overall, specific targeting HDAC6 may serve as a viable 

strategy in the treatment of myeloid malignancies, warranting further investigations. 
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1 – Introduction 
Leukemia is a malignancy that remains challenging to treat, not only in adults but also in 

certain forms of pediatric leukemia. It originates from and further disrupts the hematopoietic 

stem cell system. Since the characteristics of the progenitor often determine crucial aspects 

of the malignancy, it is essential to examine the hematopoietic system closely. 

 

1.1 - The hematopoietic system 
The hematopoietic stem cell system consists of hematopoietic stem cells (HSC) located in 

the bone marrow [1]. HSCs are the source of all blood cells, which develop downstream 

through complex differentiation pathways (see Figure 1 [2]). To consistently maintain the 

foundation of HSC, one of the dividing cells preserves its pluripotent features while the other 

cell initiates differentiation. The first distinctive cell types represent the myeloid progenitor 

cells. These progenitors differentiate into various cell types like erythrocytes, 

megakaryocytes, mast cells, and myeloblasts. Erythrocytes make up to ~80% of all cells in 

the human body and ~40% of the total blood volume [3]. Their primary function is to supply 

the constant oxygen demand via hemoglobin-bound transport from the lungs to every body 

part. Megakaryocytes are relatively large (50-100µm) polyploid cells continuously releasing 

thrombocytes within their cytoplasm [4]. They subsequently can initiate the coagulation 

cascade upon tissue damage to prevent further blood loss.  

Figure 1: Simplified synopsis of the complex differentiation pathway during hematopoiesis. Hematopoietic 
stem cells in the bone marrow go through several stages to until they fully differentiate into functional blood 
components. Created with Biorender.com, based upon [2] 
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The remaining cell types are critical components in the various intricate processes of the 

immune system. Upon contact with stimuli like allergens, physical injuries, or microbial 

pathogens, mast cells release granules with heparin, histamine, and further inflammatory 

regulators [5]. Myeloblasts further differentiate into basophils, neutrophils, or eosinophils. 

Basophil cells contribute similarly to mast cells in allergic reactions but also defend against 

parasites by secreting cytokines that activate eosinophils [6]. Against viruses, Eosinophils 

secrete granules that contain RNAses to cleave the pathogenic viral mRNA or the genome 

of RNA viruses. Bacterial or viral infections are initially neutralized by neutrophils and 

macrophages, which either phagocytose the pathogens or induce inflammatory responses 

[7]. Macrophages can be divided into pro-inflammatory M1 macrophages, which secrete the 

radical-producing enzyme iNOS, or anti-inflammatory growth factor-emitting M2 

macrophages [8]. Together, these various cell types form the innate arm of the immune 

response, which acts as a first defense against pathogens to prevent an escalation of the 

infection. 

The adaptive immune system cells emerge from the lymphoblastic progenitor cells and are 

tasked to neutralize large-scale infections and remember the responsible pathogen in the 

future. B lymphocytes generate antibodies that act against specific threats and deactivate 

pathogenic components by antigen binding [9]. Upon contact with their respective antigen, 

these B cells can differentiate further into rapidly antibody-producing plasma cells. T 

lymphocytes separate into subtypes like cytotoxic, helper, or regulatory T cells [10]. While 

helper and regulatory T cells mainly regulate the activity of cytotoxic T cells, this type of cell 

triggers the cell death of endogenous cells that were either infected by pathogens or 

underwent malignant transformation. They emit perforins, granzymes, and serine proteases 

that cleave caspases and induce apoptosis upon antigen recognition. Lastly, natural killer 

cells were, for a long time, associated with the innate immune system; however, recent 

results suggest that they seem to bridge the innate and adaptive immune system [11]. While 

they can operate similarly to cytotoxic T cells, they also carry an arsenal of immune-

activating or inhibitory receptors. Collectively, these various cell types carry out essential 

processes for the survival of the human body. 

 

1.2 - Leukemia 
The term leukemia describes a pathogenic aberration of hematopoietic cells in the bone 

marrow [12]. Similar to other malignancies, the tumorigenesis of leukemia is initiated 

through multiple genetic alterations, but also environmental factors that eventually lead to 

a pathogenic transformation [13]. Instead of completing the hematopoietic differentiation 

protocol, these cells stop in an immature state. These blast cells remain mostly 
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dysfunctional and cannot participate in the normal functions of blood cells. While the 

disease progresses, the leukemic blasts proliferate faster than the HSC and slowly overtake 

the bone marrow [14]. Eventually, the blast cells will enter the bloodstream and further 

infiltrate other organs, making leukemia a systemic disease. Different options, such as 

microscopy, blood tests, or a lymph node biopsy, can diagnose leukemia. A further 

indication can be the swelling of particular organs like the kidney, spleen, liver, or brain due 

to leukemic blast infiltration, which can be seen by ultrasound.  

The leukemic cell expansion in the bone marrow suppresses the growth of hematopoietic 

stem and progenitor cells, resulting in reduced generation of mature blood cells while 

flooding the blood stream with dysfunctional cells. This impairs the essential functions of 

the blood and will lead to common symptoms like bleeding, easy bruising, bone pain, fever, 

fatigue, or a high risk of infections [12]. Rare symptoms are more dependent on the type 

and progression of the disease and can include symptoms like chills, night sweats, 

weakness in the limbs, nausea, or weight loss [15]. The infiltration of the central nervous 

system can lead to a plethora of neurological symptoms like headaches, migraines, 

seizures, or coma due to the pressure exerted on the brain stem. The primary causes of 

mortality in leukemia are attributed either to infections, internal bleeding, organ failures of 

the liver, spleen, or kidney, anemia, complications from the treatment, or a combination of 

all [12, 16-18]. Therefore, the immediate and correct form of therapy is essential to maximize 

the chance of survival.  

Adult and pediatric leukemia are separated due to inherent differences regarding critical 

clinical aspects. In the United States alone, roughly 60,000 new cases of leukemia arose in 

2024, which accounts for 3.1% of all new cancer cases [19]. While the disease can occur 

at any stage of adulthood, its prevalence is higher with age. As of 2021, predictions account 

that approximately 500,000 individuals live with leukemia in the US. The lifelong chance to 

develop it was predicted at 1.5%. Data from 2014 to 2020 suggest a five-year relative 

survival rate of 67%. Around 23,000 deaths from leukemia are expected in 2023, which 

represents 9.4% of deaths by cancer [19]. In pediatric oncology, leukemia accounts for 

roughly 28% of all childhood cancer cases, with approximately 3,800 new cases under the 

age of 15. According to the SEER program of the American national institute of health 1 in 

1.500 to 2000 children may be diagnosed with leukemia by the age of 20  [20]. The five-

year survival rate is estimated to be 86.3% in 2025 across all subtypes [20]. Based upon 

these facts, this would mean that of the 3000 new cases, 450 children would not survive 

the illness. Male patients seem to have a higher prevalence based on age-adjusted data 

from 2016 to 2020, with incidence rates of 5.4 for male and 4.2 for female patients per 

100,000 [20]. However, all these parameters vary heavily depending on the leukemic 

subtype. 



 
8 

 

1.3 - Subtypes of leukemia 
Classically, two major attributes are described to classify the four major leukemia subtypes. 

This either relays to the lineage of the blast cells, which would either make the myeloid or 

lymphoid, or the progression speed of the disease, which clusters into acute or chronic. 

These aspects heavily influence the occurrence, survival, and relapse rates (see Figure 2 

[19, 21-30]).  

 

1.3.1 - Acute myeloid leukemia 
Acute myeloid leukemia (AML) originates from myeloid progenitor cells and progresses 

aggressively, which can be fatal within weeks or months if not treated. With 32%, a 

significant proportion of adult cases can be attributed to AML; however, in comparison, 

childhood AML only constitutes about 15% of cases [19]. The five-year survival rates remain 

significantly low, with ~25% for adults and 70% in children, with relatively high relapse rates, 

going from 50-60% in adults and 30 to 40% in children [21]. Therefore, novel insights into 

AML are urgently needed to improve the outlook of patients suffering from this disease.  

Figure 2: Summary of leukemic incidences, 5-year survival rates and relapse rates divided by subtype in adults 
and children. */**= insufficient data to give reliable estimations for CLL/AML due to the rarity in the pediatric 
context. AML = Acute myeloid leukemia, CML= chronic myeloid leukemia, ALL= Acute lymphoblastic leukemia, 
CLL = Chronic lymphoblastic leukemia. Created with GraphPad Prism and based upon [19, 21-30] 



 
9 

 

1.3.1.1 - Molecular mechanisms of acute myeloid leukemia  
Defining for AML is its heterogeneous genetic background which mainly include single 

nucleotide polymorphisms (SNP) and gene rearrangements. In case of pediatric AML, the 

WHO classifies 15 different subtypes by genetic aberrations of KMT2A, RUNX1, CBFB, 

NPM1 and other genes [31]. In 2024 Umeda et al. provided a novel genomic framework to 

categorize 887 pediatric AML patients by contrasting these classifications against molecular 

categories and identified distinct 23 molecular categories. Most of the found mutations in 

these patients were either signaling pathway, epigenetics or transcription factor related. A 

Taiwanese study based on 762 adult AML patients identified 31 recurrently mutated genes 

that cluster into biological functions like survival signaling via FLT3 or NRAS, epigenetic 

regulations or loss of tumor suppressor genes [32]. Especially mutations in regards to 

transcription factors, DNA methylation or chromatin modifications tended to 

overrepresented. Overall has been demonstrated the that epigenetic dysregulation in AML 

is an fundamental driver of leukemogenesis [33]. Together these studies highlight the 

importance of the dysregulation of transcription AML.  

Subtype defining frameshift mutations occur in the multifunctional protein NPM1 (~30% of 

cases) or transcription factor CEBPA (variable occurrence, up to ~20% of cases) [34]. The 

prognosis of patients varies heavily depending on the cooccurrence with other mutations 

like FLT3, KIT, DNMT3a. In roughly 30% of AML patients, alterations in FLT3 are found. 

However, the clinical implications vary depending on the affected protein domain [35]. 

Generally, internal tandem duplications of FLT3 are linked to a poor prognosis, while 

tyrosine kinase mutations that lead to a constitutively active FLT3 are more ambiguous 

regarding prognostic impact. In this case, the co-contributing factor seems to be accessory 

mutations in other genes. KIT has been described in core-binding-factor AML as the most 

frequently mutated gene, but is also found in other instances of AML [36, 37]. Its impact 

seems to lead to decreased overall survival and increased relapse rates. While TP53 is 

mutated in an abundance of cancer types, it appears to be relatively stable in initial AML 

[37]. Specifically in cases of increased genomic instability, e.g., induced via therapy, TP53 

is prominently mutated, leading to further complex cytogenic abnormalities, 

chemoresistance, and poor outcomes. Defining for AML is often the co-occurrence of 

mutated genes, since some studies imply tightly regulated interactions between the mutated 

proteins [38]. 

Researchers have identified numerous chromosomal alterations that affect the biological 

background of the disease and have clinical implications for the patient’s survival. Recurrent 

subtypes carry fusion genes of either KMT2A, RUNX1, RARA, or MECOM. KMT2A 
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rearranged cases of AML (5-15%, depending on age) are another highly heterogeneous 

subtype where the prognosis depends on the fusion partner [39, 40]. The oncogenic protein 

modifies the methylation patterns of the histones and, therefore, alters the epigenetic 

landscape. This leads to a hypomethylation of gene regions of stem cell and 

leukemogenesis-associated proteins like S100A8/9, which induces an overexpression of 

these proteins [41]. RARA is altered in roughly 30% of AML cases and functionally prevents 

any differentiation downstream of the myeloid lineage. Recently, 14 different fusion 

translocations with RARA and various partners have been described, which promote 

resistance against differentiation induction through all-trans retinoic acid [42]. While 

fortunately relatively rare, the prognosis given to patients with MECOM alterations remains 

dismal [43]. Despite its rarity, this subtype is recognized as its own subclass of AML since 

it remains challenging to achieve complete remission in the corresponding patients. 

Typically, MECOM maintains the replication of hematopoietic stem cells. However, it can 

also carry out the same function as an oncogene [44]. All these types of mutations and 

translocations build a complex to navigate interdependent landscape which still impedes 

the treatment of AML. 

 

1.3.1.2 - Treatment of acute myeloid leukemia 
For 40 years, AML has been treated via the commonly referred to “7+3 regimen” 

chemotherapy [14]. Critical components of the therapy are the adenosine nucleoside analog 

cytarabine and anthracyclines like idarubicin or daunorubicin. Cytarabine acts by being 

falsely integrated into the DNA during synthesis, which subsequently inhibits its progression 

and leads to apoptosis. Anthracyclines, on the other hand, intercalate into the DNA, block 

topoisomerase II, or induce free radicals, which makes their effect cell cycle-independent. 

However, both drugs come with severe side effects like central nervous system toxicity, 

pancytopenia, and cardiotoxicity [45, 46]. The therapy begins with an induction phase that 

includes seven days of treatment with cytarabine combined with daunorubicin or idarubicin 

on the first three days [14]. This is followed by a consolidation phase with high doses of 

cytarabine twice daily for five days. Several variations of these regimens have been tested 

and consolidated that high dose of cytarabine is favorable. After reaching initial complete 

remission - if possible - the patient often receives an allogeneic stem cell transplant 

(allSCT), which improves the antileukemic efficacy of the therapy and reduces relapse rates 

through graft-vs-leukemia reactions [47]. Still, this form of therapy is hampered since some 

subclasses seem unaffected, which can be traced back to mutations in RARA. In total, the 

success of these therapies is limited, and AML still has significantly unfavorable results 

compared to other leukemic subtypes. 
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Due to the increased insight into the genetic background and biology of AML, several novel 

protocols tailored to the disease are being investigated in clinical trials. In the ”7+3 regimen” 

protocol, numerous studies found favorable results with adenosine nucleoside analogs with 

cladribine, fludarabine, or clofarabine [48-50].  For older patients with TP53 mutations who 

are unfit for high-dose therapy, epigenetic modulators like the hypomethylating agents 

decitabine or azacytidine are being explored [51]. A valuable addition to these patients could 

be the BCL2 inhibitor venetoclax, which seems to significantly prolong the survival of these 

high-risk patients [52]. For patients with FLT3 variants in some clinics, it has become 

common practice to add FLT3 inhibitors like midostaurin and gilterinib, while other FLT3 

inhibitors are investigated in clinical trials [35, 53]. A novel targeted approach utilizes 

tamibarotene, a RARA agonist, in combination with classical chemotherapeutics and 

accomplished high complete remission rates [54]. An alternative approach in promyelocytic 

AML to classical chemotherapy is the induction of differentiation via ATRA [55]. A recent 

study even improved the efficacy of this approach by designing epigenetic modifiers which 

overcame ATRA therapy resistance [56]. 

From the emerging field of immunotherapy, the antibody-drug conjugate gemtuzumab 

ozogamicin seems to be another valuable tool for treating AML [57]. The antibody 

gemtuzumab targets CD33, which is overexpressed in most AML cases, while the bound 

calicheamicin-γ1 derivative induces DNA damage in the targeted cells. While these novel 

protocols seem to be significant improvements, it is likely that further optimized strategies 

could emerge from additional studies. A field lacking improvement due to the heterogeneity 

of AML is the generation of chimeric antigen receptor (CAR) T-cells [58]. These findings 

highlight that research is still needed to optimize the relatively old form of therapy for treating 

AML. 

  

1.3.2 - Chronic myeloid leukemia 
Similar to AML, chronic myeloid leukemia (CML) stems from the myeloid lineage, but its 

progression is much less rapid [59]. At the beginning of the disease, which is termed the 

chronic phase, the cells are dormant, and even if untreated, patients can live years without 

complications. In the accelerated phase, the proliferation rate of the cells increases, and the 

first symptoms arise. At a certain point, the cells reach the blast crisis state, which requires 

medical intervention. CML is more common in adults (15%), but it is quite a rare disease in 

children (2%) [19, 22]. The five-year survival rate in children and adults is relatively high, 

with 70%, or respectively, >90%, while relapse rates remain low [22]. This stems from the 

effective therapeutic options tailored explicitly towards the CML cells. 
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1.3.2.1 - Molecular mechanisms of chronic myeloid leukemia 
The genetic trademark aberration that leads to CML is the t(9;22)(q34;q11.2) translocation, 

which is generally called the Philadelphia chromosome (Ph) [60]. It is found in 95% of all 

CML patients and emerges from the reciprocal switching of the tails of chromosomes 9 and 

22. The root of this process is the BCR gene, which is known to break and cause different 

translocations with ABL1 recurrently. Several domains from BCR gene are added to the 

end of the ABL1 gene in the de novo BCR::ABL1 fusion gene [61]. This increases the 

signaling capacity of the tyrosine kinase domain and makes it constitutively active. The 

altered signaling disturbs the balance between proliferation, differentiation, and apoptosis 

pathways and induces immortality and arrest in an immature stage. So far, three different 

isoforms for BCR::ABL1, called p190, p210, and p230, have been described  [62]. Here, the 

number in the name correlates to the length of BCR, which is added to ABL1. Interestingly, 

each of these variants is connected to a different type of leukemia. While p210 is most 

commonly identified in CML and p230 is associated explicitly with neutrophilic CML, p190 

is rarely found in this disease [62, 63]. This implies that the amount of added ABL1 gene 

causes different signaling functionalities between these three variants. 

While BCR::ABL1 is understood as an essential driver in CML, systematic use of next-

generation sequencing has identified other noteworthy recurrently altered proteins. Studies 

furthermore established that the stage of CML (chronic /accelerated phase or blast crisis) 

seems to influence which gene variations can arise. In the chronic phase, the most common 

mutations affected epigenetic modifiers [64]. ASXL1, for example, is mutated in various 

myeloid disorders and seems to be a driver mutation in roughly 15% of CML patients in the 

chronic phase [65, 66]. These variants emerge from truncations of the C-terminal domain 

that induce a gain-of-function regarding epigenetic regulations [66]. Unfortunately, this 

effect seems to worsen the prognosis of patients by promoting therapy resistance. Studies 

have found that in more than 90% of patients who reach blast crisis, additional relevant 

pathological mutations are found [67]. Interestingly, 90% of identified genes are associated 

with epigenetic modifications and gene regulation. ASXL1 and the common leukemic driver 

gene RUNX1. are mutated in roughly 30% of blast crisis cases. RUNX1 acts as a 

transcription factor, and the multitude of different loss-of-function mutations suggests a 

tumor suppressor function. Therefore, while BCR::ABL1 kinase is a key oncogenic driver in 

CML, the impact of additional mutations should not be underestimated. 

 

1.3.2.2 - Treatment of chronic myeloid leukemia 
Modern treatment regimens of CML heavily rely on small-molecule tyrosine kinase inhibitors 

(TKi) [59]. Their potency in suppressing the disease is probably one of the biggest success 
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stories in targeted drug design. The foundation for this class was found by Buchdunger et 

al. in 1996 and could inhibit the BCR::ABL1 kinase selectively [68]. Later, the compound 

was named imatinib, and only after 5 years it was approved by the Food and Drug 

Administration and the European Medicine Agency [69]. Chemical modifications of 

imatinib’s base structure gave rise to the second and third generations of TKI that 

broadened the spectrum of targeted kinases. Prominent examples include dasatinib, which 

affects kinases like KIT and SRC, or ponatinib, which addresses several additional tyrosine 

kinases like EGFR, FGFR, PDGFR, and VEGFR [70, 71].  

The therapy protocol depends mainly on the phase of the disease [72]. In the chronic phase, 

first-in-line options include imatinib, nilotinib twice a day, or dasatinib. Based upon the 

reaction, either the dose or the inhibitor is adjusted, and only in specific cases of BCR::ABL1 

mutations is ponatinib used. Further adaptations include the administration of interferon-

alpha (IFN) or allSCT. In blast crisis, the effectiveness of single-agent TKI therapy with 

imatinib remains limited, while dasatinib and especially ponatinib show favorable results 

[73]. However, these cases still have dismal overall survival rates that rarely exceed a few 

months. Multiple studies tried to incorporate, with success, standard chemotherapeutics, 

such as cytarabine, mitoxantrone, decitabine, or azacytidine into the blast crisis TKI regimen 

[74, 75]. Targeted inhibitor combinations using TKI with BCL2 inhibitors like venetoclax or 

JAK inhibitors like ruxolitinib seem promising and are currently being investigated [76, 77]. 

Epigenetic targeted inhibitors could be especially effective in ASXL1+ AML [66]. On the 

other hand, gemtuzumab ozogamicin has gained further traction in different trials since the 

CML stem cells also tend to overexpress CD33 [57, 78]. In conclusion, TKIs have 

revolutionized the standard care of CML patients; however, for patients in blast crisis, the 

situation remains dire, and better treatment combinations are needed. 

 

1.3.3 - Acute lymphoblastic leukemia 
In contrast to the previously described entities, acute lymphoblastic leukemia (ALL) 

originates from lymphoid progenitor cells [79]. Two major subtypes emerge from the B- or 

T-cell lineage to become B-ALL or T-ALL. This has a significant effect on the biological 

background and necessitates treatment protocols that are complementary to the lineage. 

Similar to AML, both subtypes progress rapidly and can be fatal in a short period. ALL 

makes up 10% of new cases in adults; however, in children, it is the major contributor to 

overall cases, with ~75% [19]. While the overall 5-year survival remains dismal in adults 

with ~60%, children have a much better prognosis with ~90% [23, 24]. The high rate of 

relapse of 50% seems to contribute to the lower survival rates in adults, while children 

relapse at a significantly lower rate of 10 to 15%. B-ALL, separated from T-ALL, makes up 
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~75% / ~85% of ALL cases in adults and children, while the remaining ~25% / ~15% of ALL 

cases can be attributed to T-ALL. Fortunately, B-ALL cases have a high 5-year survival of 

85% to >90% in adults and children due to advances in therapy protocols. However, adult 

cases of T-ALL have a relatively poor prognosis with ~50% five-year survival, while children 

tend to have better outlooks of ~85% survival [25-28].  

 

1.3.3.1 - Molecular mechanisms of B-cell acute lymphoblastic leukemia 
B-ALL can emerge from several genetic aberrations like aneuploidy, gene 

translocations/rearrangements or driver mutations. Aneuploidy describes cases where 

altered numbers of chromosomes, either hyperdiploidy or hypodiploidy, when more or fewer 

than 46 chromosomes are detected [80]. These subtypes can be further classified into 

different subclusters depending on the number of chromosomes. While hyperdiploid 

leukemias are clustered into low hyperdiploid (n=47-57) or high hyperdiploid (n=51-63), 

hypodiploid leukemias are characterized either as high hypodiploid (n=40-44) or low 

hypodiploid (n=30-39). The subtype also often correlates with specific genetic alterations 

and immunophenotypes. High hyperdiploid leukemias, for example, are often accompanied 

by mutations of the histone modifier CREBBP or EZH2, which leads to epigenetic 

dysregulation [81, 82]. The concrete origins and regulatory mechanisms involved in hyper- 

and hypodiploidy are elusive and need further investigation [83]. While high hyperdiploidy 

is quite common in pediatric (~30%) and adult (~10%) ALL, fortunately, the diagnosis is 

quite favorable, with 90% overall survival [24]. Hypodiploidy is present in ~5% of B-ALL 

cases, but in comparison with hyperdiploid cases, it has a worse prognosis with 30 to 50% 

overall survival [84].  

Regarding genetic rearrangements, they are fairly common B-ALL and often are used as 

identifiers to cluster subtypes. A well-known example is the t(12;21)(p13;q22) translocation, 

which leads to the combination of the ETV6 and RUNX1 genes [85]. The emerging 

ETV6::RUNX1 fusion gene is the predominant chromosomal lesion in childhood ALL with 

~25% of all cases. Both ETV6 and RUNX1 in their original form are crucial transcription 

factors that regulate the growth and differentiation of HSC. Their original function is lost in 

these cells, but proteins like EPOR, IGF2BP1, and RAG1 are dysregulated, affecting 

differentiation, survival, and immune evasion. The translocation can occur early in utero, 

which leads to long-living dormant preleukemic clones [86]. Only by acquiring additional 

mutations can these cells develop into pathogenic leukemic cells. In general, this subtype 

is connected to a good prognosis with >90% overall survival, but at the same time, 20% of 

patients will relapse [85]. With 5%, another frequently rearranged gene is KMT2A [87]. Like 

AML, it has multiple potential fusion partners, but AFF1 is generally the most likely to 
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translocate to t(4;11)(q21;q23) and generate the KMT2A::AFF1 fusion gene. This leads to 

an overexpression of anti-apoptotic genes like BCL2 or the proto-oncogene MYC [88]. The 

prognosis for adult KMT2A-AFF1+ patients remains extremely poor, with 18% 5-year 

survival, and seems to depend highly on the treatment [87]. It has also been observed that 

ALL patients with KMT2A-AFF1 can relapse with a phenotype switch from ALL to AML [88]. 

Remarkably - similar to CML - B-ALL patients can also develop the BCR::ABL1 fusion gene 

by generation of the Ph chromosome. While rarely found in pediatric cases (1-3%), it is 

quite often found in older patients (25%) [24]. It functions by constitutively sending pro-

survival signals via RAS, PI3K/AKT, and the JAK/STAT pathway [61]. Unfortunately, despite 

the advances in treating BCR::ABL1+ patients, event-free survival remains comparably low 

at 84% [24]. A similar subtype shows a comparable expression profile but lacks Ph 

chromosome and, therefore, the BCR::ABL1 fusion gene. The Ph-like subtype has a 

relatively poor prognosis with ~60% five-year event-free survival since it lacks the 

therapeutic options that BCR::ABL1 offers.  

 A study with 120 candidate genes in 187 high-risk B-ALL patients identified frequently 

mutated genes [89]. These lesions mainly cluster into gain/loss of function mutations of 

oncogenes/tumor suppressors or altered kinase activity. With ~30%, NRAS and KRAS 

mutations are predominantly found in these high-risk cases. Their genes belong to the RAS 

GTPase family, and several studies linked the pathogenic version to differentiation, cell 

growth, survival, and motility modulation [90]. Downstream signaling pathways are the 

PI3K-AKT and RAF-MEK-ERK pathways, which are constitutively activated. Furthermore, 

these genes have been linked to increased chances of relapse and, in turn, a worse 

prognosis [91]. Commonly altered tumor suppressor genes include PAX5 (~25%), TP53 

(~7.5%), and IKZF1 (~6%). PAX5, in the case of B cell development, is a crucial regulator 

of differentiation and cellular maintenance [92]. It is often even described as a driver gene, 

and many different mutation types, like point mutations, copy number variations, or 

translocations, have been observed [93]. Usually, PAX5 acts as a transcription regulator 

and represses genes not connected to the B cell lineage while inducing the appropriate 

genes. The use of PAX5 as a prognostic tool is ambivalent since, in adults, it seems 

favorable, but in children, this subtype is connected to an unfavorable prognosis [94]. The 

last cluster of frequently found mutated genes contains kinases like JAK2, FLT3, and 

PTPN11, which influence cell survival and proliferation.  

An interesting factor in B-cell-derived ALL is the involvement of B-cell receptor signaling. 

This signaling cascade would normally induce the expression of antibodies and proliferation 

upon contact with a specific antigen. Recent studies imply that it can contribute to the 

disease. One subtype of precursor B-ALL heavily depends on the pre-B cell receptor [95]. 

It emerges from the process that is called V(D)J recombination and should be expressed 
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only transiently [96]. In the conventional context, it would induce proliferation and further 

downstream differentiation. However, due to the disturbed metabolism of leukemic cells, 

the receptor’s differentiation function is blocked, and it contributes to proliferation by 

modulating PI3K/AKT signaling or MYC [95]. Often, a dependency on the pre-B cell receptor 

is found in subtypes with specific aberrations like TCF3::PBX1 [97]. In contrast to other 

diseases like lymphoma, the adult version of the B-cell receptor does not seem to play a 

significant role in B-ALL. 

 

1.3.3.2 - Molecular mechanisms of T-cell acute lymphoblastic leukemia 
Comparing the mutational landscape of B-ALL and T-ALL, one can see that both entities 

have their own profile.  Dysfunctions of the T-cell receptor have been researched but have 

yielded no significant results thus far [98]. A study from 2017 looked at 264 T-ALL-derived 

samples and identified 106 putative driver genes, which highlights the genetic heterogeneity 

of this disease [99]. The most frequently mutated gene was NOTCH1, with ~75% of 

samples. NOTCH1 is a transmembrane receptor molecule that normally transverses into 

the nucleus to induce the expression of NOTCH-regulated genes after cell-cell interactions 

[100]. Upon acquiring mutations, the transformed receptor gains ligand independence, 

which leads to its constant activation and signaling. Target genes of NOTCH signaling, 

including HEYL, HES1, and CCND1, are connected to increased cell cycle progression and 

proliferation [101]. Loss-of-function mutations of tumor suppressors CDK2A and CDK2B 

are observed in roughly 70% of the studied T-ALL samples. These proteins normally inhibit 

cyclin-dependent kinases like CDK4 or CDK6 in the case of CDKN2A [102]. The 

deregulation of these kinases, in turn, increases proliferation. In 14% of samples, tumor 

suppressor PTEN mutations were identified, which led to increased proliferation via 

deregulated AKT. Unfortunately, these cases are also connected to relatively poor 

outcomes [103]. Other lesions include genes FBXW7, PFH6, USP7, and DNM2. Most of 

these genes are connected to increased proliferation, either by losing a tumor suppressor 

function or increased signaling activity. However, other studies have also highlighted the 

role of proteins that regulate the epigenetic landscape [104]. Proteins like DNMT3A, EZH2, 

TET2, or EP300 are altered in >35% of pediatric and >60% of adult T-ALL, and especially 

DNMT3A or EZH2 lesions are attributed to a poor prognosis and chemoresistance [105, 

106]. Chromosomal translocations that lead to the expression of chimeric fusion proteins 

are rare compared to AML or ALL and have only recently gained interest [107].   
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1.3.3.3 - Treatment of acute lymphoblastic leukemia 
Similar to AML, ALL treatment follows the induction, consolidation, and maintenance 

methodology and can take up to two years [108]. The first consolidation extends 4 weeks 

with a combination of vincristine, glucocorticoid steroids, anthracyclines, and asparaginase. 

The alkaloid vincristine acts as an antimitotic agent by inhibiting the polymerization of actin 

and, therefore, directly disrupting the cytoskeleton [109]. While it is relatively unspecific and 

causes severe side effects due to its target, low doses of vincristine have still proven to be 

a reliable component in multiple treatment protocols. Glucocorticoids like dexamethasone 

or prednisolone have a plethora of clinical uses due to their immunomodulatory, anti-

inflammatory, and antileukemic properties, despite their poorly understood mechanism 

[110]. A key factor for determining the appropriate next of therapy is whether the malignant 

cells are susceptible or resistant to glucocorticoids. At the same time, glucocorticoids cause 

numerous severe side effects, such as severe infections due to immune suppression, 

hypertension, or hyperglycemia [111].  

Anthracyclines like ida- or doxorubicin induce effects and risks that are similar to AML, but 

have ultimately proven to be also effective in this disease [112]. The final component of the 

standard care is the enzyme asparaginase, which follows an intriguing mechanism of action. 

Instead of directly damaging the cancer cells, the enzyme catalyzes L-asparagine 

degradation to L-aspartic acid and ammonia in the serum [113]. Since the cancer cells lack 

the enzyme to synthesize L-asparagine, this effectively starves the cancer cells while 

healthy cells are unaffected. Therefore, protein synthesis is impaired, and apoptosis is 

induced. Despite the lack of direct cytotoxicity, side effects like hepatoxicity, thrombosis, or 

hyperglycemia are still attributed to Asparaginase [114]. All four drugs need to be 

administered at carefully evaluated doses and adapted depending on the response of the 

patient [108]. After achieving complete remission, the induction phase is followed by the 

consolidation regimen, which consists of a longer-than-six-month rotational schedule of high 

doses of cytarabine, methotrexate, asparaginase, and other drugs. The concluding step is 

the maintenance phase, during which methotrexate and mercaptopurine are given every 

three months for up to two years.  

While the previous paragraphs broadly describe the general standard care protocol, the 

subtype of ALL and genetic background can lead to significant modifications. An important 

example would be BCR::ABL1+ B-ALL, where TKIs have been established as an integral 

addition to the standard chemotherapy regimen [115]. First- and second-generation TKIs, 

like imatinib or dasatinib, have proven their effectiveness and have led to a dose reduction 

of the harmful chemotherapy backbone. Conversely, the Ph-like subtype lacks the 

BCR::ABL1 kinase as a target and is attributed with a poor prognosis. This reduces the 

effectiveness of the TKI. However, ponatinib, as a multitarget inhibitor, still affects other 
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kinases [116]. Other studies are investigating the potential use of JAK inhibitor ruxolitinib 

due to the implication of JAK mutations [117]. As for hypodiploid leukemia-afflicted patients, 

recent investigations highlighted the potential of PI3K inhibitors [118]. 

T-ALL follows a comparable treatment protocol used for B-ALL and shares its sensitivity to 

Asparaginase [119]. Extensive investigations focused on the nucleoside analog nelarabine 

and showed that it is especially potent in early relapse T-ALL combined with the alkylating 

agent cyclophosphamide [120]. Additionally, due to their high presence, the NOTCH family 

has been deemed an ideal target in T-ALL [100]. NOTCH1 inhibition via γ-secretase 

inhibitors has been established and showed a transient antileukemic effect in a clinical trial, 

but was offset by gastrointestinal toxicity [121]. A considerable factor could be that some of 

the regularly found lesions of genes like PTEN confer resistance [122]. 

A rapidly developing field in ALL is the use of immunotherapy. Monoclonal antibodies that 

target CD19, CD20, CD22, or CD52 could be used to improve the outcome of the 

conventional chemotherapy [123]. Unconjugated antibodies that bind to CD22, like 

epratuzumab, have been clinically investigated, but failed to deliver a significant effect [124]. 

A far more superior approach is the generation of synthetic bispecific antibodies which bind 

e.g. the CD3 of T cells and an overrepresented antigen of the leukemic cells simultaneously 

[125] The colocalization of T cell and leads to an effective and specific antileukemic immune 

response. Especially noteworthy in the context of B-ALL is blinatumomab which 

complemented or even conventional B-ALL chemotherapy protocols in clinical trials [126-

128]. Drug-conjugated antibodies, like inotuzumab ozogamicin, significantly improved 

survival in other trials [129]. Generating CAR T-cells that specifically work in B- or T-ALL 

has been quite successful. Trials with CD19-specific CAR T-cells showed excellent 

complete remission rates despite not being supplemented by any additional treatment [130].  

 

1.3.4 - Chronic lymphoblastic leukemia 
Chronic lymphoblastic leukemia (CLL) is a slowly progressing disease that derives from the 

lymphoblastic lineage. While exceedingly rare in children (2%), it is quite often found in 

adults (40%) [19]. Due to its slow progression, the five-year survival is very high, with >92% 

in adults [29]. However, the relapse rates still reach up to 40%, which necessitates improved 

therapeutic strategies [30] Culturing CLL cells is quite challenging since they depend on a 

particular tumor microenvironment and otherwise undergo spontaneous apoptosis [131]. 

While generally, some progress has been made to establish a more robust CLL cell line 

model, it is still not applicable in a broader, general use [132]. Therefore, CLL does not play 

a significant role in this dissertation and is not explained in greater detail.  
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1.4 - Epigenetic regulation via histone modifications 
Life depends on the complex interplay of the many cellular components, like proteins. While 

the genomes determine which proteins can be expressed, these rather minute differences 

do not explain why we differ so much from individual to individual. Therefore, how much 

these proteins are expressed also matters. While different promoters can modulate the 

expression rate, additional mechanisms are still necessary. Major contributors to the 

regulation of gene expression are epigenetics. This term comprises two distinct processes. 

First is the methylation of cytosine, which happens mainly in the CpG sites of the promoter 

or enhancer regions [133]. The added methyl group represses the binding of the 

transcribing enzymes and prevents transcription.  Moreover, methylated cytosines attract 

methyl-CpG-binding domain proteins, which interact with nucleosome remodeling 

complexes, which can further silence these regions [134].  

These nucleosome remodeling proteins are the second core component of epigenetics. 

Roughly 150 bp of DNA are wrapped around eight histone molecules that form repetitive 

units of nucleosomes [135]. Two of each H2A, H2B, H3, and H4 histone subcomponents 

form the complete histone protein, each with a tail that sticks out of the protein. Different 

residues can be either added by epigenetic writers or removed by epigenetic erasers to the 

tail [136]. The residue further determines how the conformational structure of the chromatin 

changes due to how tightly the chromatin wraps around the histone. Intermolecular forces 

at the lysine tails determine, furthermore, whether the histones induce condensation or 

decondensation of the nucleosome. Commonly known histone posttranslational 

modifications include methylation, phosphorylation, or acetylation. However, recent studies 

also identified other processes like lactylation, succinylation, or malonylation [136]. 

Therefore, the field of epigenetics is quite complex and still evolving. 
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1.4.1 - Histone deacetylases 
Histone deacetylases (HDAC) belong to the class of epigenetic erasers and are the 

counterpart of histone acetyltransferases (HAT). They catalyze the reversible deacetylation 

or, respectively, acetylation of the N-terminal histone lysine tails (see Figure 3 [137, 138]). 

Deacetylation increases the ionic interactions between positively charged histones and 

negatively charged DNA [137]. Therefore, the intermolecular attraction of both molecules 

increases, leading to a stronger bond between them. The DNA wraps more tightly around 

the histones, which initiates nucleosome formation and, therefore, prevents transcription 

machinery access to the specific location. HATs, on the other hand, reverse this process 

and acetylate the lysine tails, which induces a more negative polarity, weakens the 

molecular adhesion, and increases accessibility and transcription. Classical HDACs are 

zinc-dependent and carry a Zn2+ ion in their catalytic domain. Their structure adopts a / 

fold, which is similar to other metalloenzymes [139]. Further details, such as the protein 

structure, deacetylation target sites, and protein interactions, are specific to the individual 

HDAC. Some HDACs have a broader target spectrum and deacetylate cytoplasmic proteins 

or transcription factors. 

 

Figure 3: Epigenetic regulation of gene transcription via histone tail acetylation by histone acetyltransferase 
or deacetylation by histone deacetylase. Created with Biorender.com, based upon [137-138] 
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HDACs were first identified in yeast, and all 18 human HDACs were categorized, depending 

on their yeast homology, into five classes. Classes I, IIa, IIb, and IV are the classical zinc-

dependent enzymes. However, class III are atypical since they depend on NADPH and are 

called sirtuins [140]. Since the inhibition and mechanisms of sirtuins are vastly different from 

the classical HDACs, they are not explained further. Class I of the HDAC family consists of 

HDAC1, HDAC2, HDAC3, and HDAC8 (see Figure 4 [141-144]). All four proteins are 

comparably small and localized in the nucleus. The first three representatives of this 

subcluster share high levels of homology and are predominantly found in cooperative 

protein homo- or heterodimer complexes like CoREST, SMART or Sin3A [141, 145]. While 

their main focus is the deacetylation of histones, they can further target proteins like p53, 

E2F, or STAT3. A systemic knockout (KO) of HDAC1 and HDAC3 is lethal in mouse 

embryos, while a loss of HDAC2 can seemingly be compensated by other HDAC [146-148].  

Figure 4: Structural comparison of the different HDAC clustered into the different HDAC family. Numbers 
indicate the amino acid length of the respective protein. Created with Biorender.com, based upon [141-144] 
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HDAC8, on the other hand, has distinct features compared to the other class I members. 

Since it does not contain a C-terminal protein-protein interaction domain, it does not 

associate with other proteins to form complexes [149]. Its catalytic activity against histone 

molecules is lower than that of the other class members, but it also targets other nuclear 

proteins like SMC3, p52, or ERRa. Furthermore, it was proven that HDAC8 can catalyze 

the deacetylation of long-chain fatty acyl lysine [150]. 

HDAC4, HDAC5, HDAC7, and HDAC9 belong to class IIa (see figure 4). In contrast to class 

I, they possess a nuclear export signal, which is regulated by the phosphorylation of serine 

and allows them to enter the cytoplasm [151]. Nuclear localization domains reverse this 

process and allow the proteins to enter the nucleus. Regarding the protein size, class IIa is 

significantly bigger. Their catalytic activity against acetylated lysine histone tails is much 

lower due to a mutation that switched an essential tyrosine with histidine [152]. Thus, it has 

been questioned whether their actual target has yet to be determined or if these HDACs are 

just pseudoenzymes. However, it has been described that their function could be seen as 

epigenetic readers that are used in larger protein complexes to identify acetylated lysine 

domains [153]. HDAC class IIb is unique from the other classes and comprises HDAC6 and 

HDAC10. Structurally, both differ significantly from each other. Since HDAC6 and its 

inhibition is a major focus of this dissertation, its unique structure and functions are 

explained in more detail later. Like the class IIa members, HDAC10 can be found both in 

the nucleus and cytoplasm. Where it significantly differs is its transcriptional repressor 

function. Rather than deacetylating histone tails, HDAC10 seems to catalyze the hydrolysis 

of acetylpolyamine [154]. Finally, class IV only consists of HDAC11, the smallest family 

member. It primarily localizes in the nucleus, and similar to HDAC8, it catalyzes the 

hydrolysis of acyllysine of long-chain acyl groups [150]. These points highlight that the 

HDAC family members, despite their homology, act through various mechanisms and have 

different targets. 

1.4.2 - Structure and function of histone deacetylase 6 
Histone deacetylase 6 (HDAC6) is a unique member of the HDAC family due to its structure 

and function. Not only is it the largest family member, but it also possesses two catalytic 

domains (see Figure 5 [155, 156]). Both can catalyze lysine deacetylation. However, novel 

insights have shown that both have different targets, and their mechanisms are not fully 

understood [157]. Catalytic domain 1 (CD1) seems more substrate-specific by targeting only 

C-terminal acetylated lysine residues, while catalytic domain 2 (CD2) displays a broader 

specificity, which also includes internal acetyl-lysine residues [158]. In a study from 

Ariyaratne et al. in 2025 a proteomics-based trapping approach identified 94 unique CD 1 

client proteins (e.g. HUWE1, UBR5, DDX3X), 8 which were shared by both domains, and 
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112 CD2 client proteins (e.g. -tubulin, cortactin, HSP90) [159]. Therefore, both domains 

seem to have a mostly individual client spectrum which indicates distinct biological 

functions. While both domains seem to predominantly act on cytosolic proteins it has been 

shown that both CD1 and CD2 have the ability to catalyze histone deacetylation, at least in 

vitro [158]. In addition to these catalytic domains, HDAC6 contains a ubiquitin-binding zinc 

finger domain (UZB) that enables interaction with ubiquitinated proteins. Together these 

three functional domains allow HDAC6 to act as a multifunctional protein which is deeply 

intrenched in many biological pathways. 

HDAC6 further contains a nuclear localization signal, two nuclear export signals, and a 

cytoplasmic anchoring domain [160]. In principle, HDAC6 can shuttle between the nucleus 

and the cytoplasm through these features.  Most of the protein tends to localize in the 

cytoplasm due to the anchoring domain and specific acetylation motifs delivered by HATs 

like EP300 [161, 162]. Via the dynein motor binding domain (DMB), HDAC6 can interact 

with dynein motor proteins. This permits the protein to use the cytoskeleton to move through 

the cytoplasm to transport bound cargo. In addition to these functional protein domains, 

HDAC6 possesses various posttranslational modification sites. These enable functional 

regulation or localization through phosphorylation via GSK-3 or EP300 acetylation [162, 

163].  

The described domains and modification sites enable HDAC6 to modulate various cellular 

functions and pathways including: 

• Gene expression regulation via histone deacetylation 

• Cellular motility via -tubulin and cortactin deacetylation 

• Heat shock response via heat shock complex dissociation and HSP90 deacetylation 

• Aggresomal accumulation and degradation via autophagy modulation 

• Proliferation through PTEN and EGFR deacetylation 

• DNA damage response and apoptosis via TP53 or LH1 deacetylation 

• Immune modulation via PD-L1 and NF-B deacetylation 

Figure 5: Summary of the structural domains of HDAC6 and their position in the protein. Created with 
Biorender.com, based upon [155,156] 
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1.4.2.1 - Gene expression regulation 
While HDAC6 is primarily localized in the cytoplasm during proliferation, specific conditions 

can induce its translocation into the nucleus. Acetylation sites within HDAC6 that EP300 

targets enable nuclear translocation via importin- and simultaneously diminish its activity 

on -tubulin but not histones [162]. Here, especially, CD2 seems to be active since the N-

terminal lysine residues of the histones are affected [158]. It should be noted that HDAC6's 

direct effects on histones are still rare since its primary targets are localized in the 

cytoplasm. Furthermore, it is difficult to distinguish its effect from other family members like 

HDAC1, HDAC2, or HDAC3. To some degree, HDAC6 seems to be able to form complexes 

that could also contribute to the epigenetic reading and writing properties. A prominent 

example is the CoREST complex, which can incorporate HDAC6 next to HDAC1, HDAC2, 

and LSD1 under specific cases [164]. A significant cross-talk was found between HDAC6 

and LSD1, a lysine demethylase [165]. Recent evidence further revealed that the KAT5-

EP400 complex uses HDAC6 to enhance its binding to its target genes [166]. However, 

HDAC6 interacts with transcription factors like RUNX2, NF-B, and LCoR. To repress the 

p21 promotor, RUNX2 recruits HDAC6 from the cytoplasm via its carboxy terminus [167]. 

NF-B was observed to utilize HDAC6 to repress the H+-K+ ATPase α2 subunit gene in 

mice [168]. A broader effect of HDAC6 can be observed in conjunction with LCoR, since it 

enhances the repression of estrogen-inducible genes in breast cancer [169]. In conclusion, 

the regulation of gene expression by HDAC6 remains poorly understood and appears to be 

highly context-dependent. 

 

1.4.2.2 - Cell motility 
Two very important components of the cytoskeleton are -tubulin and cortactin, and 

simultaneously client proteins of HDAC6 (see figure 6). Microtubules are built from the 

polymerization of many -/-tubulin molecules that connect in specific patterns [170]. At 

lysine 40 of -tubulin, -tubulin acetyltransferases can add acetyl residues while HDAC6 

removes them [171, 172]. These modifications seemingly play a significant role in the 

stability of the microtubules. However, the exact mechanism remains unclear. Still, there 

seems to be a definitive connection between HDAC6 and the microtubule dynamics [173, 

174]. A general assumption is that -tubulin acetylation stabilizes the microtubule structure, 

whereas deacetylation destabilizes it. Through this effect, the cells can rapidly reshape their 

cytoskeleton and fundamentally increase their motility.  
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Similar mechanisms are observable for cortactin. Cortactin contains F-actin binding repeats, 

which enable it to interact with actin filaments. EP300 can acetylate the lysine residues in 

this domain, to discourage the translocation to actin-rich areas and binding of actin strands 

[175]. When successfully bound, the actin filament gets stabilized, and this promotes its 

elongation through polymerization [176]. HDAC6 can deacetylate the F-actin binding 

repeats and, therefore, facilitates cortactin-actin interactions. Increased actin 

polymerization speed is a key factor in cellular motility. A regulator of HDAC6 activity on 

both -tubulin and cortactin is GRK2. This G protein-coupled receptor kinase 

phosphorylates the S670 position of HDAC6 [177]. This posttranscriptional modification 

induces the translocation and activity of HDAC6 to the lamellipodia of migrating cells. 

Further HDAC6 phosphorylation sites that alter its protein structure and catalytic capabilities 

in this regard have been recently identified [178]. Since the cytoskeleton is an important 

cornerstone of organization and metabolism, it implies that HDAC6 has a significant 

biological effect.  

 

Figure 6: Overview of prominent cellular functions of HDAC6 in regards to cellular motility, proliferation, heat 
shock response, and aggresome degradation. Created with Biorender.com based upon the sources from the 
HDAC6 subchapters 
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1.4.2.3 - Heat shock response 
Certain stimuli, like intense heat, oxidative stress, radiation, or organic and inorganic 

compounds, can induce the rapid expression of the so-called heat shock response genes 

[179]. These chaperones and cofactors are tasked with folding and maintaining the 

functional structures of their client proteins. A core component of this pathway are HSP90 

and HSF1. HSP90 is a major chaperone with an inducible (HSP90) and a constitutive form 

(HSP90). HSF1, on the other hand, is a transcription factor that induces the expression of 

the heat shock response genes.  In cells that are not stressed, HDAC6 associates into a 

complex with HSP90, HSF1, and VCP/p97 [180] (see figure 6). When external stimuli 

prevent the correct folding of proteins, and they accumulate in the cytoplasm, HDAC6 

initiates the dissociation of the complex. The released HSF1 translocate into the nucleus 

and induces the expression of essential heat shock genes like HSP90AA1 (HSP90) or 

HSPA1A (HSP70). 

HSP90 furthermore contains certain acetylation sites that HDAC6 can deacetylate. This 

affects how HSP90 can bind to its co-chaperones, ATP, and client proteins, and studies 

have shown that it directly impairs its chaperoning function [181, 182]. Without HDAC6, 

HSP90 client proteins would face ubiquitination and, subsequently, degradation. However, 

HDAC6 is a client of HSP90-mediated folding and, therefore, dependent on the chaperone 

[183]. Phosphorylation of serine 22 of HDAC6 via GSK-3 is associated with cellular stress 

and could, therefore, directly influence the chaperoning function of HSP90 [163]. 

Furthermore, the UZB is a relevant non-direct interaction partner of HSP90 due to its 

clearance of misfolded proteins that are often even HSP90 client proteins. These results 

highlight that HDAC6 and HSP90 are deeply interconnected and essential to ensure vital 

cellular functions.   

 

1.4.2.4 - Aggresome degradation via autophagy 
Damaged, misfolded or protein junk is routinely degraded via the proteasome, however, if 

overwhelmed or dysfunctional, the accumulating microaggregates can become toxic and 

affect the cell viability [184]. In response, cells can activate the aggresomal pathway. This 

allows them to specifically organize the distributed particles at one spot by accumulating 

them into aggresomes. Subsequently, the aggresomes are cleared with the help of 

autophagy. HDAC6 has multiple crucial tasks in forming and digesting these aggresomes 

(see Figure 6). Upon dislocation from HSP90 and HSF1, HDAC6 can bind to ubiquitin of 

ubiquitinated proteins through UZB. After recruiting dynein via the DMB, HDAC6 transports 

its bound cargo along the microtubules to the microtubule organization center [185]. HDAC6 
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then deacetylates cortactin, which initiates the aggresome formation by stacking the protein 

aggregates at one spot [186].  

After completion of the aggresome formation via chaperones TRIM50 and p62, the 

autophagosome engulfs the aggresome and fuses with the lysosome. Here, HDAC6 again 

recruits and deacetylates cortactin, which binds the two vesicles to the actin filament and 

allows their fusion to build the autophagolysosome [187]. A further contributor to the 

autophagosome formation is the c-Jun NH2-terminal kinases, which can be activated via 

HDAC6 [188]. The contained hydrolases start digesting the aggresome and clear the 

accumulated junk. HDAC6 involvement in this process extends even further since it also 

regulates autophagy. It can deacetylate LC3B-II, a regulator of autophagy, which is 

necessary to induce autophagy successfully [189]. Due to its interaction with HSP90, 

HDAC6 furthermore indirectly targets and seemingly stabilizes essential lysosomal proteins 

like LAMP2 [190]. In summary, highlight these findings that HDAC6 is involved in healthy 

protein homeostasis beyond its involvement with the heat shock response. 

 

1.4.2.5 - Proliferation 
While not primarily known as a key regulator of proliferation, HDAC6 can target a plethora 

of signaling pathways that are connected to proliferation. PI3K/AKT signaling can be 

modulated by HDAC by multiple means. HDAC6 can deacetylate PTEN at K163, which 

deactivates its suppressive influence on AKT signaling [191]. In some circumstances, 

HDAC6 can even affect the total levels of PTEN [192]. Indirectly, HDAC6 is connected to 

AKT itself since HSP90-mediated chaperoning depends on the deacetylated form of HSP90 

[181]. Recent studies have shown that two of HDAC6's potential substrates are ERK1 and 

ERK2. Both initiate the ERK/MAPK pathway, and it has been proven that deacetylation via 

HDAC6 increases their activity [193]. At the same time, HDAC6 has phosphorylation sites 

that ERK can target to stimulate cellular migration [194].  

Since the acetylation level of tubulin affects the stability of growth factor receptors like 

EGFR, and EGFR signaling to ERK1/ERK2 is pivotal for its activity, another facet of 

regulation via HDAC6 is tangible [195]. The EGFR-RAS-RAF-MEK-ERK axis interconnects 

this since HDAC6 can deacetylate RAS to induce RAF phosphorylation [196]. Another 

mechanism of action of HDAC6 on proliferation is via Wnt-signaling through the 

deacetylation of -catenin [197]. When β-catenin translocates from the cytoplasm into the 

nucleus, it induces the expression of proto-oncogenes like c-Myc. HDAC6 also regulates, 

at some points, the progression through the cell cycle due to the tubulin acetylation level. 

Tubulin deacetylation prevents the inhibition of Bcl-3 genes via CYLD proteins and 

subsequently leads to G1- to S-phase progression via NF-b [198, 199]. For the spindle 
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formation during the M-phase, the tubulin acetylation level is crucial for assembling the 

correct structure [200]. In total, HDAC6 can induce pro-proliferative impulses through 

various pathways. 

 

1.4.2.6 - DNA damage response and apoptosis 
Upon increased cellular stress levels, like DNA damage, p53 is induced as a response and 

accumulates in the nucleus. If the damage is repairable, p53 modulates other cell cycle 

progression genes to halt the cell cycle at the G1/S or G2/M phase [201]. When successfully 

repaired, the cells usually progress through the different phases. However, in case of 

irreversible damage, p53 acts as a tumor suppressor and induces the expression of pro-

apoptotic genes. Class I HDAC and HDAC6 have recently been proven they deacetylate 

p53 at several sites [202, 203]. These acetylation markers affect the stability and 

transcriptional activity of p53. A major effector in this regard is lys-381/382, which, if 

deacetylated, inactivates the protein [203]. Further interaction between p53 and HDAC6 

happens in conjunction with RUNX2 complexes. The RUNX2/p53 complex can counteract 

the expression of p53-regulated genes and, therefore, acts as a direct counteragent. This 

complex can further recruit HDAC6 to amplify its repressive functions to counteract DNA 

damage-induced apoptosis [204].  

Other studies have shown that HDAC6 can act on DNA repair by the key mismatch repair 

protein MLH1. It can deacetylate lys-33 or lys-241, decreasing MLH1’s affinity for the 

MutS-MutL complex [205]. Together, these components would ensure the strand 

integrity by correcting mutations; however, through HDAC6 deacetylation, the DNA damage 

tolerance is increased. Further mismatch repair proteins that are targeted through HDAC6 

are MSH2 and MSH6. Recent studies found that their deacetylation via HDAC6 decreases 

their stability and induces proteasomal degradation via ubiquitination [206]. This impairs the 

mismatch repair mechanism and increases error tolerance. These findings highlight that 

HDAC6 can modulate DNA repair and have a anti-apoptotic function under specific 

circumstances.  

 

1.4.2.7 - Immune modulation 
Recently emerging studies have shown that HDAC6 potentially regulates important 

immunomodulatory pathways and could play a role in immunotherapy. A prominent 

example is PD-1/PD-L1 signaling, which regulates the reactivity of immune cells to prevent 

autoimmunity. A key regulator of this pathway is STAT3. Recent studies established that 

HDAC6 controls the expression of PD-L1 in melanoma patients via STAT3 [207]. Upon 
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HDAC6 loss, STAT3 transcription induction of PD-L1 was reduced. However, this was not 

directly linked to STAT3 acetylation.  This would imply an indirect influence of HDAC6 on 

STAT3 and, subsequently, PD-L1. The publication further established changes in the 

upregulation expression of MHC class I and other tumor-associated antigens like gp100, 

MART1, TYRP1, and TYRP2.  

Further studies have proven the effect of HDAC6 on the PDL-1 expression and regulation 

of T cell activity in melanoma and multiple myeloma [208, 209]. Regarding T cell activity, 

HDAC6 furthermore seems to amplify the expression of IL4, IL5, IL6, IL10, and IL13 [210]. 

These Th2 cytokines suppress Th1 cell activation and the expression of IFN and IL17. All 

of the mentioned components are critical for the response of cytotoxic CD8+ T cells 

regarding cancer and other diseases. Other significant immune-relevant pathways include 

the pro-inflammatory NF-B or IL1 signaling. Not only does HDAC6 interact with NF-B but 

it also controls IL1 induction and downregulates IB, which abrogates NF-B signaling 

[211]. Both are driving positive modulators of inflammation. While HDAC6 is a relatively 

novel player in immune modulation, some compelling evidence has emerged that would 

make it an attractive target in this context.  

 

1.4.3 - Histone deacetylase in the hallmarks of cancer 
The hallmarks of cancer describe a subset of biological functions that are essential/altered 

upon oncogenesis. Traditionally, this includes proliferation, metastasis formation, 

angiogenesis, differentiation, immune evasion, and inflammation [212]. While more and 

more subsets of these hallmarks are identified, this dissertation only focuses on the 

traditionally known pathways within the context of HDAC (see Figure 7 [213]). Alteration of 

HDAC activity has been described in several different contexts of cancer, including both 

increased and decreased [137]. Here, the cellular and mutational background seems to be 

a deciding factor. A not-to-be-underestimated factor is also the ratio of HDAC and 

interaction within complexes. The defining problem of cancer is its ability to go rapidly 

through the cell cycle and proliferate.  In this regard, HDAC1, HDAC2, and HDAC3 have 

been established as core regulators, while the other HDACs seem more circumstantial [213, 

214].  

Due to its targets, such as -tubulin and cortactin, HDAC6 has been recognized as an 

essential player regarding cellular motility. Since establishing metastasis (in solid tumors) 

requires that the cells leave their original location and migrate to spread the disease, 

HDAC6 could be a major effector [215]. Other HDACs that have amplifying functions in 

metastasis formation include HDAC1 and HDAC2 [213]. Angiogenesis describes the 
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formation of additional blood vessels. Solid cancer tumors often induce angiogenesis to 

increase their growing nutrient and oxygen demand. Through various mechanisms, HDAC 

has been attributed to be pro-angiogenesis. In oxidative stress, the heat shock response is 

a key player that can further induce angiogenesis [216]. Not only HDAC6 but also HDAC4, 

HDAC5, and HDAC7 seem to have some influence on the HSF1 acetylation and 

subsequently angiogenesis. Cancer cells tend to be immature and not fully differentiated, 

enabling them to adapt their metabolism and proliferate faster. The role of HDAC in 

differentiation is highly specific to every tissue [137]. However, an often-occurring effect of 

HDAC inhibition is the induction of differentiation.  

Since cancer cells behave detrimental to the individual's health and often miss integral 

compatibility components, they tend to induce an immune response initially. However, over 

time, low immunogenic clones will escape the immune system and, to a certain degree, 

reprogram immune cells to aid the tumor. Many HDAC family members play a significant 

role in the innate and adaptive immune system at different points [217]. Connected to the 

immune system is the process of inflammation. While this is typically intended to combat 

cancer, it has been shown that tumor cells can also utilize it for their benefit. Here, HDAC3 

and HDAC6 are key contributors [137]. One standout throughout all these different functions 

and pathways is HDAC6, since it seems to be universally involved. While this could lead to 

the interpretation that HDAC6 is a high-value target, one should not forget that its 

Figure 7: Involvement of the HDAC family members in the hallmarks of cancer. Created with Biorender.com, 
based upon [213] 



 
31 

involvement is highly circumstantial. In general, these points highlight why the HDAC family 

has gained a lot of focus in clinical research.  

 

1.4.4 - Histone deacetylases in the hematopoietic system and 
leukemia 
HDACs play a significant role in the control of cell metabolism and differentiation. In the 

context of the hematopoietic system, many HDAC family members play key roles in 

inducing differentiation into specific branches and even their survival. HSCs themselves 

seem highly dependent on the function of certain HDACs. Core actors of HSC maintenance 

are the class I HDACs. Especially HDAC1 and HDAC2 sustain the HSC homeostasis and 

the bone marrow integrity [218]. While they have, to a high degree, overlapping functions, 

it has been revealed that they contribute differentially to HSC development. HDAC3, on the 

other hand, seems to be more ambiguous in its function. In a mouse study, it was 

demonstrated that it is essential for HSC self-renewal in mice. However, cord blood studies 

found that HDAC3 can also restrict cellular expansion [219, 220]. HDAC8 can complement 

the role of HDAC1 and HDAC2 and helps to maintain the hematopoietic population. It 

becomes exceptionally important in cellular stress, modulating p53 activity to ensure HSC 

survival [221]. Other HDAC family members have not been directly implicated in playing a 

direct role in HSCs’ homeostasis.  

Further involvement of HDAC includes the control of differentiation of the many branches 

of the hematopoietic system. HDAC1 and HDAC2 seem to be key drivers that regulate the 

differentiation of every lineage to some degree. Especially in the myeloid lineage, it is 

influential since it seems to repress the differentiation of common myeloid progenitors into 

granulocyte-monocyte progenitors to favor the megakaryocyte-erythrocyte progenitor 

lineage [222, 223]. Together with the CoREST complex, it can further influence the 

differentiation of erythroid, megakaryocytic, and granulocytic lineages. HDAC3, on the other 

hand, has more involvement in the lymphoid lineage. The loss of HDAC3 leads to a 

depletion of both B and T cells via cell cycle arrest of the earliest lymphoid progenitors [220]. 

For the correct differentiation from monocytes to conventional dendritic cells, HDAC4 plays 

an important role [224]. HDAC5 and HDAC6 contribute to the differentiation and survival of 

the erythroblast lineage [225, 226]. An essential contributor to the terminal differentiation of 

macrophages is HDAC7, which happens in conjunction with HDAC1 [227]. HDAC11 has 

been shown to play an indispensable role in the biology and differentiation of neutrophils 

[228]. In conclusion, the HDAC family is deeply involved in the development and survival of 

several components of the immune system. 
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1.4.4.1 - HDAC in AML 
Due to their origin, leukemic cells seem to share the dependency on HDAC of their healthy 

counterpart. Throughout all different leukemia subtypes, overexpression of several HDACs 

has been observed [229]. The origin of leukemia is often attributed to genetic lesions and 

epigenetic dysregulation. Often, these mutations directly contribute to these epigenetic 

shifts. In AML, ~35% of cases carry mutations that directly affect the epigenetic regulation 

[32]. While mutations of HDACs themselves are comparably rare, often, the translocated 

fusion proteins like PML::RAR RUNX1::ETO1, or MLL fusions recruit HDAC family 

members. In the case of PML::RAR, HDACs will be utilized to deacetylate p53 [230]. 

Furthermore, the oncoprotein blocks the differentiation through RAR gene repression 

mediated by HDACs [55]. RUNX1::ETO uses HDAC to silence AML1 target genes, which 

are typically necessary to limit proliferation and prevent oncogenic transformation [231]. 

HDAC1, HDAC2, and HDAC3, in particular, contribute to blocking differentiation by 

RUNX1::ETO [232]. These three HDACs are also necessary for MLL-fusion-induced 

chromatin remodeling. MLL’s repressive domain can bind to HDAC1 and HDAC2 and 

amplify chromatin hypoacetylation to repress transcription [233, 234]. Further important 

interactions between different HDAC family members and AML-relevant proteins include 

p53, SMC3, MEF2, and the SMRT complex [235]. HDAC6 specifically seems to drive AML 

through hedgehog signaling-induced ciliogenesis in vivo [236]. A connection between 

HDAC6 and improved DNA repair mechanism upon doxorubicin treatment has been also 

reported [237]. Therefore, many links have already established that HDACs are necessary 

to establish and maintain the AML phenotype. 

 

1.4.4.2 - HDAC in CML 
CML leukemogenesis is highly dependent on the BCR::ABL1 fusion gene. Fusion proteins 

like BCR::ABL1 often depend on HSP90-mediated chaperoning. Due to HDAC6's ability to 

directly affect HSP90’s catalytic activity via acetylation, it indirectly controls the stability of 

BCR::ABL1 [238]. Studies have shown that HDAC6 is upregulated in CML, and its activity 

on PTEN directly modulates the activity of AKT signaling [239]. Another connection was 

established between HDAC6, STAT5, and the stability of tumor driver c-MYC in CML [240]. 

Significant for the cellular survival of imatinib-resistant CML were both HDAC1 and HDAC2. 

Upon their loss, cells induced apoptosis since their aberrant p53 acetylation was lost [241]. 

HDACs potentially increase the expression of anti-apoptotic proteins like XIAP in 

BCR::ABL1+ cells [242]. However, compared to AML, less concrete evidence is available to 

establish that HDAC inhibitors are a viable treatment tool in CML. 
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1.4.4.3 - HDAC in ALL 
HDACs function in ALL is similarly essential. Likewise, to the myeloid lineages, the survival 

of ALL cells depends on functional HDAC1 and HDAC2 [243]. Expression profiling of B-ALL 

and T-ALL compared to healthy controls revealed general upregulation of HDAC2, HDAC3, 

HDAC6, HDAC7, and HDAC8 [244]. B-ALL specifically displayed elevated levels of HDAC5, 

while in T-ALL, HDAC1 and HDAC4 expression were amplified. Overexpression of HDAC3 

and HDAC7 was associated with an overall worse prognosis. In MLL-rearranged ALL, 

HDAC4, and HDAC5 seem to be driving factors [245]. However, compared to other 

subtypes, the exact mechanism and interdependencies of HDAC regarding ALL are poorly 

characterized. Similar to CML, evidence regarding ALL is still limited, and additional 

research is necessary. 

 

1.4.5 - Histone deacetylase inhibitors 
Over the last decades, a rather large variety of small-molecule HDAC inhibitors (HDACi) 

have been identified, designed, and synthesized [246].   

 

1.4.5.1 - Structure and selectivity 
A crucial aspect regarding HDACi is their structure, which defines their HDAC inhibition 

profile through binding the Zn2+ ion in the catalytic domain [247]. The determining factor 

regarding selectivity and potency is how the inhibitor interacts with the structure of the 

Table 1: Binding affinity to the HDAC family members of a representative selection of HDAC inhibitors 

The number of + indicates the binding affinity/potency of the inhibitors to the specific HDAC, the color indicates the class, 
data provided by selleckchem from [246] 
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catalytic center, catalytic tunnel, and pocket rim. Due to the enzyme homology, it is rather 

difficult to selectively target one specific HDAC without inhibiting the other class members 

[248] (see Table 1 [246]). However, intelligent drug design leads to inhibitors that are at 

least class-specific. It should be noted that selectivity, in this case, is not a strict line but a 

more flowing transition. This means that increasing the concentration of the HDACi can 

negatively influence the selectivity by overcoming the binding bias through oversaturation. 

Three general classifications based on the selectivity profile are in use [248]. Pan-HDACi 

can bind unselectively all HDAC family members with little to no bias for specific enzymes. 

Preferential inhibitors bind to one or more classes but not all, while selective inhibitors 

primarily target one or more HDAC within one class. Structurally, HDACi have 3 reoccurring 

domains: a cap domain, a zinc-binding domain, and a linker domain. The cap group often 

contains (hetero-)aromatic structures with hydrophobic moieties and regulates specificity 

through interaction with the enzyme rim [249]. The zinc-binding region chelates the Zn2+ ion 

in the catalytic domain, highly affecting the inhibitor's potency [250]. The linker domain 

connects the cap and zinc binding group and inertly affects selectivity and potency since its 

length modulates interaction with the catalytic tunnel. 

Based on the zinc-binding domain, five fundamental organic carbon backbones have been 

found [247]. The most prominent group that yielded the most FDA-approved candidates 

functions via a hydroxamic acid [248]. In a bidentate manner, the functional group's hydroxyl 

and carbonyl oxygen atoms establish a charge-based interaction with the Zn2+ ion. This 

process is called Zinc coordination. FDA-approved examples include the potent pan-

inhibitors panobinostat (withdrawn in 2022), belinostat, and vorinostat. A more specific 

HDAC class I/IIb, but less toxic HDACi, is HPOB. Another noteworthy group is the 

benzamides. The amide carbonyl oxygen coordinates weakly with the Zn2+, while the 

carbonyl group forms a comparably weak monodentate [138]. While this makes them less 

potent, benzamide-based HDACi are often more selective than the hydroxamic acid-based 

inhibitors [251, 252]. The only FDA-approved example would be chidamide, and other more 

prominent examples include CI994 or entinostat, which are all class I selective. Macrocyclic 

peptide-based inhibitors are the most complex form of HDACi [253]. In the case of 

romidepsin - the only FDA-approved HDACi of this class - a thiol group coordinates with the 

Zn2+. The last two binding methods include short fatty acids like valproic acids or, so far, 

quite experimental ketone inhibitors. Neither group has provided any FDA-approved drugs 

and is, therefore, not further discussed. 
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Designing selective inhibitors hinges on considering the structural diversity of the different 

HDACi. While class I HDACs have highly conserved motifs, their catalytic tunnel differs 

slightly from each other. HDAC2, for example, has a deeper-reaching catalytic tunnel, while 

the ones of HDAC3 and HDAC8 are smaller with no additional room in the lower periphery 

[254]. A core difference between class I/IIb HDAC and class IIa HDAC is the conserved 

substitution of tyrosine against histidine in the catalytic center. This potentially affects the 

inhibitor binding due to altered interaction patterns when coordinating. However, HDAC 

class IIa are anyhow less catalytically active, and therefore, potential modes could arise 

from blocking the interaction with protein complex partners [255, 256]. A special case is 

again HDAC6, which has several peculiar structural characteristics. Its binding pocket is 

significantly wider (17.5 Å) when compared to HDAC1 (12.5 Å) and not as deep (see Figure 

8, [257]). This enables inhibitors with a small linker and a bigger cap group to still interact 

with HDAC6, but does not accommodate other HDACs. Another facet of HDAC6's role is 

its multiple potential targeting sites. The structural difference between CD1 and CD2 

necessitates two individual drug design approaches [157]. Therefore, even within HDAC6, 

CD1 and CD2 can be selectively targeted. Additionally, the selective inhibition of the UZB 

of HDAC6 is feasible and could be an interesting therapeutic option [258].   

 

1.4.5.2 - HDAC inhibition in the context of leukemia 
Due to the wide functional spectra of the HDAC family and the significant differences in 

selectivity, it is highly difficult to predict the effect of HDACi on leukemia. Compared to solid 

malignancy, hematopoietic tumor cells are highly susceptible to HDAC inhibition in general 

[217]. AML has garnered special focus in the scientific community regarding leukemia 

subtypes and HDACi. Myeloid malignancies and especially AML are comparably more 

susceptible to HDAC inhibition than ALL [259]. A sound explanation would be that AML 

often depends on mutations that specifically dysregulate conventional epigenetic patterns. 

Figure 8: Comparison of the structural differences of the binding pocket of HDAC1 and HDAC6 and their binding 
via Ricolinostat Created with Biorender.com, based on information from [257] 
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Since hypomethylating agents are already widely used in the clinic, targeting HDAC is a 

logical next step as an alternative epigenetic target. However, in the lymphoid diseases, 

HDACi have shown some promising potential, but the results were less consistent [260].  

Pan-HDACi have been proven to be especially potent when used against leukemia or 

lymphoma cells. Usually, their inhibitory concentration that stops 50% of cellular viability 

(IC50) is located at the lower nM level of the scale. Selective HDACi have, on the other 

hand, a more circumstantial effect. Inhibitors that target class I HDAC induce 

differentiation/DNA damage/cell cycle arrest, and apoptosis [229, 260].  Their IC50 profile 

highly varies and can be located from the lower nM to µM scale. Class IIa preferential 

inhibitors can induce apoptosis, but tend to do so at higher concentrations [261]. Increasing 

the specificity towards class IIa seems to reduce the direct cytotoxic effect of the compound 

[262].  

Class IIb and especially HDAC6 seem to be more challenging to categorize. Some studies 

found a cytotoxic effect in HDAC6 preferential inhibitors [237, 263, 264]. However, a critical 

study that deals with off-target cytotoxicity revealed that the loss of HDAC6 did not alter the 

reaction toward the HDAC6 preferential inhibitor ricolinostat [265]. Therefore, a direct 

contribution of HDAC6 to ricolinostat’s cytotoxicity seem unlikely. Evidence of a direct 

cytotoxic effect of HDAC6 inhibition has come into question, and a valid criticism is that at 

higher concentrations, many HDACi lose their specificity and target class I HDAC. Still, 

HDAC6 inhibition could be a valuable tool in combination therapies. Synergistic effect has 

been shown between an experimental HDAC6i and vincristine or doxorubicin in ALL cells 

[237]. The combination of HDAC6 and LSD1 inhibitors induced a higher susceptibility to 

doxorubicin in AML cells [266]. Another prominent example in CML would be the positive 

interaction between imatinib and HDAC6i-induced effects in CML [239, 240]. Since all of 

these drugs are commonly used in chemotherapy, this highlights that despite HDAC6's 

ambiguous cytotoxic effect, there is still interest in it as a drug target.  

Noteworthy efforts have also been put into improving the understanding of the interplay 

between HDACi and the immune system. For example, it has been shown that the 

therapeutic differentiation induction in AML via panobinostat depends on the epigenetic 

activation of plasmacytoid dendritic cells [267]. However, these interactions are highly 

complex since every immune cell type is differently affected, and the different inhibition 

profiles of the inhibitors discourage generalizations. HDAC6 specifically has gained a lot of 

attention as an immunomodulatory agent. Through its ability to regulate the PD-L1 stability, 

HDAC6 can diminish the effect of T-cell and macrophage activation in melanoma [207, 268, 

269]. In the context of T-cells, it seems that especially naïve T-cells benefit from HDAC6 

inhibition due to increased functionality [270]. Studies with the HDAC6 selective inhibitor 
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nexturastat A revealed potential synergy with anti-CD47 antibodies in melanoma [268]. 

Similar effects have been observed in CLL models [271]. In conclusion, HDACi, especially 

HDAC6i, are promising and have the potential to complement immunotherapeutic 

approaches.  

 

1.4.5.3 - Clinical applications of histone deacetylase inhibitors 
Currently, vorinostat, romidepsin, belinostat, and chidamide are approved for clinical use 

against (relapsed) cutaneous and/or peripheral T-cell Lymphoma. While panobinostat was 

approved for treating multiple myeloma, the FDA reversed this decision in 2022. Still, it is 

used in Europe as an alternative for patients who do not respond well to standard 

chemotherapy. Against leukemia, according to clinicaltrials.gov, to this time point, more than 

140 trials are/have been conducted with HDAC inhibitors. The majority of these trials have 

been done specifically in AML patients. Pan-HDACi, in particular, have been the primary 

focus of these trials due to their potent cytotoxicity. However, the success of vorinostat, 

panobinostat, and belinostat in clinical trials has been limited [272-274]. While they were 

relatively safe to use, the response to the drugs did not meet the expectations set by 

preclinical experiments.  

Therefore, efforts were moved from monotherapy to protocols of synergistic drug 

combinations. Prominent combinations in AML so far included pan HDACi together with 

daunorubicin/idarubicin, cytarabine, azacytidine, decitabine, or bortezomib [275-279]. Still, 

these pan HDACi show, in some cases, significant adverse effects in these clinical trials 

[280]. Both romidepsin and belinostat treatment led to severe infections and tumor lysis 

syndrome. Panobinostat could induce cardiac ischemia and hemorrhage, while vorinostat 

was responsible for pulmonary embolisms, deep vein thrombosis, and hyperglycemia. Most 

of these severe side effects could be traced back to the immune system or, at the same 

time, related to immune cells. A reasonable explanation would be that these pan-HDACi 

also interfere with the metabolism of healthy immune cells. Therefore, more selective 

HDACi could be helpful in addressing only the HDAC that specifically contributes to tumor 

growth. So far, ricolinostat is the furthest advanced HDAC6 preferential inhibitor in clinical 

trials. While ricolinostat, similar to the pan-HDACi, did not perform well as a solo agent, it 

did show some potential with bortezomib and dexamethasone in multiple myeloma [281]. 

Ongoing trials are investigating the effect of ricolinostat and BCR inhibitors in CLL. These 

findings highlight the clinical potential of HDAC inhibitors; however, further research is 

needed to fully realize and validate their therapeutic efficacy.  
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2 - Aims 
AML remains the most difficult leukemia subtype to treat, with overall prognosis inferior to 

other forms. Although HDACi showed promise in preclinical studies, their clinical efficacy 

as monotherapies has been limited, with minimal therapeutic benefit and substantial toxicity. 

Advancing the field requires both a refined understanding of HDAC biology in leukemia and 

the development of more selective inhibitors, ideally applied in rational drug combinations. 

HDAC6 represents a distinct target, as its inhibition produces context-dependent effects 

that extend beyond direct cytotoxicity to include immunomodulation and 

chemosensitization. Accordingly, this thesis aimed to elucidate the functional role of HDAC6 

in leukemia and to explore its therapeutic potential: 

First Aim: Characterization of Novel Class-Specific HDAC Inhibitors and Identification of 

Synergistic Drug Combinations 

Experimental HDAC inhibitors, provided by the Department of Pharmaceutical Chemistry at 

the University of Düsseldorf (Prof. Kurz) and the University of Bonn (Prof. Hansen), will be 

systematically characterized with respect to their isoform selectivity and anti-leukemic 

activity. Lead compounds identified from these libraries will undergo detailed evaluation, 

including validation of HDAC target engagement, elucidation of cell death mechanisms, and 

comparative assessment against established, commercially available HDAC inhibitors. 

Furthermore, the potential of nucleoside analogs such as decitabine and clofarabine as 

synergistic partners in combination treatment strategies for AML samples will be 

investigated. 

 

Second Aim: Investigating the potential of HDAC6 selective inhibition in the diverse 
subtypes of Leukemia 

Given the highly context-dependent effects of selective HDAC6 inhibition, this study will aim 

to identify the leukemia subtype that could most benefit from HDAC6 inhibition as a 

synergistic addition to existing therapeutic regimens. Utilizing a database-driven approach, 

myeloid leukemias like AML and CML will be prioritized as a promising candidate for further 

investigation. To characterize the molecular and cellular consequences of HDAC6 

inhibition, genetically engineered HDAC6 KO models in leukemia cells will be generated. 

These models will be systematically analyzed using integrated multi-omics approaches, 

including proteomics, secretomics, transcriptomics, and ATAC-seq, to elucidate the 

underlying mechanisms and to evaluate the therapeutic potential of HDAC6 loss in leukemia 

cells.  
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3 - Cumulative publications 
The core of this dissertation includes the following paper with shared first authorship 
(indicated by #): 

3.1 Development of Fluorinated Peptoid-Based Histone Deacetylase (HDAC) 
Inhibitors for Therapy-Resistant Acute Leukemia 

Nina Reßing#, Julian Schliehe-Diecks#, Paris R. Watson, Melf Sönnichsen, Abigail 
D. Cragin, Andrea Schöler, Jing Yang, Linda Schäker-Hübner, Arndt Borkhardt, 
David W. Christianson, Sanil Bhatia*, Finn K. Hansen* 

Journal of Medicinal Chemistry - November 9, 2022 

Impact Factor (2025): 7.3 

DOI: https://doi.org/10.1021/acs.jmedchem.2c01418 

3.2 Preferential HDAC6 inhibitors derived from HPOB exhibit synergistic 
antileukemia activity in combination with decitabine 

Maik Tretbar#, Julian Schliehe-Diecks#, Lukas von Bredow, Kathrin Tan, Martin 
Roatsch, Jia-Wey Tu, Marie Kemkes, Melf Sönnichsen, Andrea Schöler, Arndt 
Borkhardt, Sanil Bhatia*, Finn K. Hansen* 

European Journal of Medicinal Chemistry – June 5, 2024 

2-Year Impact Factor (2024): 6.0 

DOI: https://doi.org/10.1016/j.ejmech.2024.116447 

3.3 Deciphering the Therapeutic Potential of Novel Pentyloxyamide-Based Class I, IIb 
HDAC Inhibitors against Therapy-Resistant Leukemia 

Fabian Fischer#, Julian Schliehe-Diecks#, Jia-Wey Tu, Tanja Gangnus, Yu Lin Ho, 
Mara Hebeis, Leandro A. Alves Avelar, Katerina Scharov, Titus Watrin, Marie 
Kemkes, Pawel Stachura, Katharina Daugs, Lukas Biermann, Josefa Kremeyer, 
Nadine Horstick, Ingrid Span, Aleksandra A. Pandyra, Arndt Borkhardt, Holger 
Gohlke, Matthias U. Kassack, Bjoern B. Burckhardt, Sanil Bhatia, Thomas Kurz 

Journal of Medicinal Chemistry – October 30, 2024 

Impact Factor (2025): 7.3 

 DOI: https://doi.org/10.1021/acs.jmedchem.4c02024 

3.4 Epigenetic remodeling via HDAC6 inhibition amplifies anti-tumoral immune 
responses in myeloid leukemia cells 

Julian Schliehe-Diecks#, Jia-Wey Tu#, Pawel Stachura, Katerina Schaal, Marie 
Kemkes, Eleni Vasileiou, Nadine Rüchel, Danielle Brandes, Melina Vogt, Thomas 
Lenz, Adarsh Nair, Stefanie Scheu, Pilar M. Dominguez, Agata Pastorczak, Karin 
Nebral, Kai Stühler, Ute Fischer, Aleksandra A. Pandyra, Arndt Borkhardt, Sanil 
Bhatia 

Cell Death and Disease – March, 2026 

Journal Impact Factor (2025): 12.2 

DOI: https://doi.org/10.1038/s41419-026-08541-3 
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3.1 - Development of fluorinated peptoid-based histone 
deacetylase (HDAC) inhibitors for therapy-resistant acute 
leukemia 
This study aimed to establish novel peptoid-based HDACi with different residues at multiple 

positions to increase selectivity and potency. Central to the synthesis was a microwave-

based Ugi-four-component reaction, which combined an amine, an isonitrile, carboxylic 

acid, and paraformaldehyde. Ultimately, the novel inhibitors carried a fluorine residue in the 

linker domain, while the capping group consisted of a peptoid with multiple residues. From 

this approach, 16 inhibitors emerged, which were characterized in an enzyme assay with 

regard to their binding potency for HDAC1 and HDAC6. Two structures seemed especially 

promising since one showed unselectively very low IC50 (10h) while the other was highly 

selective for HDAC6 (10p). 10h bound to HDAC6 crystal structures could be established to 

investigate the binding mechanism. An initial screening of the whole library with three 

different leukemic cell lines revealed a correlation between HDAC1 affinity and antileukemic 

properties. A focused screening with established reference inhibitors and more cell lines 

validated the previous findings. The actual cellular binding of the inhibitor to HDAC was 

validated through western blot analysis. The paper's conclusion was an in-depth matrix 

synergy screening between the novel HDACi and methyl transferase inhibitor decitabine. 

Especially in AML cell lines, a potent effect was observable. In conclusion, the novel 

inhibitors did display several interesting anti-leukemic properties, which could make them 

valuable tools in treating leukemia. 

Contributions: In general, writing of the manuscript and experimental design, execution, 

evaluation, and visualization of the following biological experiments: 

• Initial screening of the compound library (see Table 2) 

• Focused screening with an extended number of leukemia cell lines (see Figure 5a) 

• Western blot analysis of downstream HDAC deacetylation targets after HDACi 

treatment (see Figure 5c) 

• Matrix synergy screening of 10h with decitabine in four different leukemia cell lines 

(see Figure 6a) 

• Western blot analysis of the increased H3/-tubulin acetylation upon combined  

treatment (see Figure 6b) 

• Matrix synergy screening of 10p with decitabine in two AML leukemia cell lines (see 

Figure 7) 
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3.2 - Preferential HDAC6 inhibitors derived from HPOB 
exhibit synergistic antileukemia activity in combination 
with decitabine 
In this publication, a library of HPOB-derived HDACi was synthesized and investigated 

regarding synergistic potency with decitabine against leukemia. The preferential HDAC6i  

was used as a platform structure. Chemically, a microwave-assisted Ubi-four-component 

reaction with an aniline, a carboxylic acid, an isocyanide, and formaldehyde was performed. 

After an initial characterization regarding their ability to bind to HDAC1 and HDAC6. While 

the selectivity of the novel compounds was comparable to HPOB, they gained increased 

binding potency. This correlated with lower IC50 concentrations in three leukemia cell lines 

throughout all synthesized compounds. The inhibitors with the lowest selectivity but highest 

potency (1g) and those with the highest selectivity (2b) for HDAC6 were further 

characterized. An in-depth HDAC inhibition profiling revealed that 1g targets HDAC1, 

HDAC2, HDAC3, and HDAC6 unselectively, while 2b is much more specific to HDAC6. 

Further analysis of the antileukemic properties revealed that 1g had a significantly lower 

IC50 than CI994 and ricolinostat, while 2b was comparable. A western blot analysis 

validated that the inhibitors bound to their targets. In an extended matrix synergy screening 

approach, the 2b showed very promising synergistic potency in AML specifically, while 1g 

induced, in comparison, low levels of synergistic toxicity. This leads to the conclusion that 

especially HDAC6 selective inhibitors could benefit from when combined with decitabine in 

AML. 

Contributions: In general, writing of the manuscript and experimental design, execution, 

evaluation, and visualization of the following biological experiments: 

• Initial screening of the compound library (see Table 2) 

• Focused screening with an extended number of leukemia cell lines (see Figure 4A) 

• Western blot analysis of downstream HDAC deacetylation targets after HDACi 

treatment (see Figure 4B) 

• Matrix synergy screening of 2b with decitabine in four different leukemia cell lines 

(see Figure 5A-5D) 

• Matrix synergy screening of 1g with decitabine in two AML leukemia cell lines (see 

Figure 6E-6F 
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3.3 - Deciphering the therapeutic potential of novel 
pentyloxy-amide-based class I, IIb HDAC inhibitors 
against therapy-resistant leukemia 
Starting from an already improved vorinostat analog, in this paper, highly potent and 

selective class I/IIb inhibitors were designed and characterized. After a HBTU-mediated 

coupling and purification, the HDAC inhibition profile of the compounds was determined. 

Molecular docking studies, binding pose prediction, and the crystal structure of 

HDAC6 determined the binding method of the novel compounds. The inhibitory potential 

against three leukemic cell lines was investigated, followed by a western blot validation of 

HDAC inhibition of the three most promising structures 4m, 4d & 4l. An extensive screening 

with 12 reference inhibitors against healthy controls, leukemia cell lines, and patient derived 

xenografts (PDX) revealed that 4d and 4m had a preferable safety profile. Through a cell 

cycle assay and a caspase-based assay, the cell death mechanism via apoptosis was 

identified. A matrix synergy approach determined the synergistic potential of the HDACi with 

decitabine. Subsequently, a western blot analysis highlighted that decitabine enhances the 

HDAC1-HDAC3 inhibition of 4d & 4m. An additional synergistic interaction partner was 

found in clofarabine. The metabolic stability was determined in vitro in liver microsomes and 

in vivo in mice. Following these results, 4d was able, in an in vivo experiment, to decrease 

the leukemia growth in mice at a similar level of vorinostat. These findings highlight the 

preclinical potential of these novel class I/IIb inhibitors.  

Contributions: In general, writing of the manuscript and experimental design, execution, 

evaluation, and visualization of the following biological experiments: 

• Initial screening of the compound library (see Table 3) 

• Western blot analysis of downstream HDAC deacetylation targets after HDACi 

treatment (see Figure 6) 

• Extended screening with reference inhibitors in leukemia cell lines and PDX (see 

Figure 7A-7B) 

• Cell cycle analysis upon experimental HDACi treatment (see Figure 8) 

• Apoptosis induction and reversal via caspase 3/7 activity (see Figure 9A-9B) 

• Matrix synergy screening of 4d & 4m with decitabine (see Figure 10A-10B) 

• Western blot analysis and quantification of enhancement of H3 acetylation and 

PARP cleavage through the drug combination of HDACi and decitabine (see Figure 

10C-10F) 

• Matrix synergy screening of 4d & 4m with clofarabine (see Figure 11A-11B) 
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3.4 - Epigenetic remodeling via HDAC6 inhibition amplifies 
anti-tumoral immune responses in myeloid leukemia cells 
Due to the highly circumstantial effects of selective HDAC6 inhibition, this study tried to 

identify the leukemia subtype that could benefit from HDAC6i as a synergistic addition to 

the therapy protocol. A database-driven approach identified pediatric AML as a leukemia 

subtype in which high HDAC6 expression is associated with poor survival as compared to 

ALL. Next, a CRISPR-Cas9-mediated KO approach in myeloid leukemia cells to assess the 

effects of HDAC6 loss was employed. After generating HDAC6 KO cell lines from K562 

(CML) and MV4-11 (AML), no significant difference in proliferation rate was observed in 

vitro; however, differences were evident in an in vivo mouse model. The effect of HDAC6 

loss was characterized through mass spectrometry of both proteome and secretome. This 

revealed significant shifts in the cellular metabolism and differential expression of functional 

components like the lysosome, immune functions, and DNA damage repair. A promising 

candidate that was upregulated in both techniques was RNase T2. This lysosome-

associated protein acts as a tumor suppressor by attracting macrophages and inducing the 

anti-tumor pro-inflammatory M1 phenotype. The upregulation was observed across all 

myeloid lineage HDAC6 KO models, but not in ALL. The most clinically advanced HDAC6 

preferential inhibitor, ricolinostat, was able to induce the same effect in multiple myeloid cell 

lines. To investigate the mechanism that leads to the upregulation of RNase T2, the K562 

HDAC6 KO was analyzed both via ATAC-seq and RNA-seq. A general increase in 

chromatin accessibility was observed, which included the promotor region of RNAse T2. In 

addition to its potential to stimulate the innate immune system through RNAse T2, HDAC6 

inhibition can increase the activation of cytotoxic T cells both in vitro and in vivo. In single-

compound mouse model treatments, ricolinostat showed a promising trend. High-

throughput drug screening established that the highly relevant AML chemotherapeutics 

cytarabine and clofarabine synergize with HDAC6 inhibition. In conclusion, several traits of 

HDAC6 inhibition in myeloid lineage leukemia were identified that could be relevant in the 

clinical context. 

Contributions: In general, writing of the manuscript and experimental design, execution, 

evaluation, and visualization of the following data: 

• K562 HDAC6 KO generation / in vitro characterization (see Figure 1A-D) 

• Survival analysis of AML and ALL of patients with high and low HDAC6 expression 

(see Supplement 1A-H) 

• Dependency of leukemia cell lines of the HDAC family (see Supplement 1I) 

• Sample preparation for the Mass spectrometry & secondary analysis via gene set 

expression analysis or string analysis (see Figure 2 A-D & Supplement 2 A-D) 
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• Generation and Validation of KCL22 HDAC6 KO (see Supplement 2E) 

• Immunofluorescence staining of LAMP1 in K562 and KCL22 HDAC6 KO (see Figure 

2E) 

• Preparation of ATAC-seq and RNA-seq samples of K562 HDAC6 KO samples and 

subsequent analysis (see Figure 3 A-E & Supplement 3A-H) 

• Western blot of RNase T2 for K562/KCL22 HDAC6 KO (see Figure 4 A-B), K562 

HDAC6 KO supernatant (see Supplement 4A), and K562/THP1/HL60/PDX-

CML/PDX-AML1 treated with ricolinostat (see 4D-H) 

• Immunofluorescence staining of RNaseT2 in K562/HL60/THP1 treated with 

ricolinostat (see Figure 4I-K) 

•  Expression and correlation analysis of RNase T2 and HDAC6 in AML/ALL patients 

(see Supplement 4G-J) 

• Survival analysis and immune signature correlation of low/high HDAC6/RNase T2 

ratios in AML/ALL patients (see Figure 4N-Q) 

• Initial Treatment of C1498 cells with ricolinostat in co-culture (see Figure 5D-H & 

Supplement 5E/H-I) 

• High throughput drug screening of K562 HDAC6 KO (see Figure 6A) 

• Apoptosis assays for Cytarabine & Clofarabine in K562 HDAC6 KO (see Figure 6B-

E & Supplement 6A-C) 

• Matrix synergy drug screening of ~50% of samples in the matrix synergy screening 

of ricolinostat with cytarabine or clofarabine (see 6F-6I & Supplement 6D-E) 

• Correlation analysis of ZIP area scores from the matrix synergy scores with 

pathway/transcription factor activation scores inferred from RNA-seq data (see 

Figure 6J & Supplement 6F) 

• Expression analysis of HDAC6 across AML and B-/T-ALL (Supplement 6I) 
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4 - Discussion 
The overall treatment of leukemia has significantly advanced over the last decades. 

However, certain subtypes like AML continue to exhibit a poor prognosis [21]. In the case 

of AML, especially, HDAC inhibitors have gained substantial research interest. However, a 

single compound approach yielded only limited responses in patients. Concurrently, pan-

HDAC inhibitors have been associated with severe hematologic toxicity, which restricts their 

therapeutic applicability. Therefore, identifying potent and specific synergistic drug 

combinations is essential for developing effective HDACi-based therapeutic strategies. In 

this thesis, several novel, potent, and selective HDACi have been characterized in regard 

to their anti-leukemic properties and ability to bind HDAC. Furthermore, potent drug 

combinations were identified and, in some cases, were directly associated with HDAC6. 

 

4.1 - Structural modifications of HDAC inhibitors improved 
the protein binding properties and antileukemic effects 
In all combined cumulative papers together more than 40 novel HDACi were synthesized 

and characterized in the context of leukemia. In the publication “Development of Fluorinated 

Peptoid-Based Histone Deacetylase (HDAC) Inhibitors for Therapy-Resistant Acute 

Leukemia” (Chapter 3.1 = C3.1), 10h was found to be the most potent anti-leukemic 

compound. It displayed IC50 of 0.1 µM to 0.5 µM but was simultaneously the least selective 

inhibitor with a selectivity index of 1.3 for HDAC6 vs HDAC1 (C3.1 - Table 1 & Figure 5a). 

It performed comparably well to the other pan inhibitor, vorinostat, while exceeding the 

cytotoxicity of ricolinostat (C3.1 - Table 2). This effect may be attributed to its increased 

binding affinity to HDAC1, validated via western blot analysis of histone H3 acetylation (C3.1 

- Figure 5c). The connection between high cytotoxicity and the class I HDACs is well known, 

but it is furthermore possible that off-targets contribute to the cytotoxicity [282]. However, 

only limited conclusions can be drawn regarding its effects on healthy tissues due to 

limitations in healthy controls. In this study, healthy fibroblasts were used, which presents 

a limitation, as HDAC inhibitors typically exhibit reduced efficacy in adherent cell lines [282]. 

Most often, therapy-related toxicity occurs in regard to the hematologic compartment, which 

is not accurately represented by fibroblasts. The inclusion of isolated peripheral blood 

mononuclear cells (PBMCs) or CD34⁺ stem cells would enhance the physiological 

relevance of the study. An in-depth analysis of their complete HDAC inhibition profile would 

have been useful since only HDAC1 and HDAC6 were investigated. Based on the 

homology, a reasonable assumption would be that HDAC2 and HDAC3 were targeted 
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similarly, but less could be said about the other family members. Therefore, a further 

classification as pan or class I/IIb specific cannot be attributed.  

Other experimental inhibitors from this publication had small-nanomolar binding affinities 

for HDAC6, while the binding affinity for HDAC1 showed considerable variability. 10p 

emerged as the inhibitor with the highest selectivity for HDAC6 with a selectivity index of 

191 compared to HDAC1 (C3.1 - Table 1). While it induced hyperacetylation of α-tubulin in 

western blot analyses, none of the tested concentrations altered histone H3 acetylation 

levels (C3.1 - Figure 5c). In the drug screening, no cytotoxicity against the leukemic cell 

lines or healthy controls was observed (C3.1 - Figure 5a). Since the used concentrations 

were capped at 25 µM, no valid IC50 was gathered from the drug response curve. Given 

that 1 µM is commonly used as a benchmark for assessing compound cytotoxicity, and no 

reduction in cell viability was observed even at 25 µM, these inhibitors can be considered 

non-cytotoxic under the tested conditions. The observed -tubulin hyperacetylation 

conclusively demonstrates that HDAC6 was blocked. These results suggest that the 

cytotoxicity that was previously attributed to HDAC6 was either circumstantial (e.g. cancer 

type) or that these inhibitors had uncharacterized off-target effects. A similar conclusion was 

reached in a study where a highly selective HDAC6 inhibitor could not induce cytotoxicity 

at high micromolar concentrations while HDAC6 was already fully inhibited at low 

micromolar doses [283]. These findings support the increasing body of evidence suggesting 

that selective HDAC inhibition alone does not inherently confer cytotoxicity and that such 

effects are highly dependent on cellular context. 

The inhibitors from the publication “Preferential HDAC6 inhibitors derived from HPOB 

exhibit synergistic antileukemia activity in combination with decitabine” (Chapter 3.2 = C3.2) 

displayed similar selectivity and activity profiles. While 1g was less selective and 

significantly more cytotoxic in leukemia cells, 2b was markedly more selective but 

demonstrated less potency. Compound 2b was of particular relevance as it represented an 

intermediate between cytotoxicity and selectivity. A selectivity index of 25 between HDAC6 

and HDAC1 was determined (C3.2 - Table 1 & Table 2). Therefore, the original selectivity 

of HPOB was maintained while the IC50 was reduced by one order of magnitude. 

Cytotoxicity correlated with increased histone H3 acetylation, whereas low compound 

concentrations induced α-tubulin acetylation without measurable cytotoxicity (C3.2 - Figure 

4B). In the drug screening, 2b exhibited comparable activity to ricolinostat and CI994 (C3.2 

- Figure 4A). Notably, compound 1g was less potent against HDAC6 in leukemic cells than 

anticipated. Although the enzyme assay suggested approximately twice the binding efficacy 

for HDAC6, western blot analysis indicated a stronger preference for HDAC1 (C3.2 - Table 

1, Table 2 & Figure 4B). Similar methodological limitations, such as the absence of healthy 
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control samples for assessing hematopoietic toxicity and the restricted HDAC binding 

affinity assays, also applied to the inhibitors described in this study. 

In the study “Deciphering the therapeutic potential of novel pentyloxy-amide-based class I, 

IIb HDAC inhibitors against therapy resistant leukemia” (Chapter 3.3 = C3.3), thirteen 

derivatives of an optimized vorinostat analogue were investigated. Among the novel 

inhibitors, compounds 4d and 4m demonstrated substantially enhanced binding affinities 

for HDAC1–HDAC3 while maintaining comparable affinities for HDAC6 and HDAC8 (C3.3 

- Table 1 & Table 2). Vorinostat exhibited relatively low affinity for HDAC4 and HDAC11, 

suggesting that its classification as a pan-HDAC inhibitor may be less accurate, particularly 

when compared to panobinostat. A marked enhancement in binding affinity was observed 

when larger substituents containing electron-donating heteroatoms were introduced at the 

para position. This effect may be attributed to stabilization of the enzyme–ligand interaction 

by the electron-donating heteroatom, either within the catalytic channel or, more plausibly, 

at the rim of the active site. Computational predictions and crystallographic analyses were 

consistent with this interpretation (C3.3 - Figure 3-5).  

Both 4d and 4m outperformed not only several pan-HDACi like panobinostat, but also the 

conventional AML therapeutics daunorubicin or cytarabine in a differential drug sensitivity 

score (dDSS) based approach, incorporating pediatric leukemia PDX samples (C3.3 - 

Figure 7). As CD34⁺ progenitor cells and healthy T cells were included as controls, the data 

suggest that the novel inhibitors exhibited greater selectivity toward leukemic cells while 

exerting reduced effects on healthy immune cells. Several other next-generation HDACi, 

such as pracinostat, abexinostat, and givinostat, displayed a similar effect. Structural 

optimization that enhances class I HDAC binding may increase cytotoxicity toward healthy 

immune cells, given their functional dependence on these enzymes [218-228]. However, 

compounds 4d and 4m demonstrated more favorable dDSS profiles than vorinostat while 

maintaining comparable selectivity ratios, thereby challenging the previously proposed 

relationship between class I affinity and cytotoxicity. Even the more selective inhibitors 

ricolinostat and CI-994 failed to exhibit favorable dDSS profiles. This observation may be 

explained by off-target effects that reduce the viability of healthy control cells but are not 

shared by compounds 4d or 4m. It should be taken into account that the dataset was 

skewed toward ALL-derived PDX samples, as AML PDX models are more difficult to 

establish and are less common in pediatric oncology. Nonetheless, in all five AML PDX 

cases, compounds 4d and 4m achieved equal or higher dDSS values compared to 

cytarabine and daunorubicin/idarubicin. 

Based on these favorable results, an in vitro pharmacokinetic screening was conducted, 

which demonstrated suitable absorption, distribution, metabolism, and elimination 
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properties (C3.3 - Figure 12). These findings were consolidated by in vivo experiments, 

which showed that 4d had a higher systemic exposure while having a similar elimination 

half-life in mice (C3.3 - Table 4 & Table 5). In an in vivo AML mouse model using 

immunocompetent animals, both 4d and vorinostat significantly reduced leukemic growth 

following two cycles of daily treatment for five days each at a dose of 20 mg/kg(C3.3 - Figure 

13C & Figure 13D). Although statistically significant, the reduction was modest and could 

potentially be improved by dose escalation of the HDAC inhibitor. Other studies have 

employed the more toxic inhibitor panobinostat at equivalent doses (20 mg/kg), potentially 

indicating a broader therapeutic window for 4d or vorinostat [284]. Increasing the dosage 

could further emphasize the differences between 4d and vorinostat, clarifying the superior 

in vivo efficacy of 4d. Notably, no significant weight loss was observed in mice treated with 

4d, indicating appropriate tolerability at this dosage (C3.3 - Figure 13E). In conclusion, 

compound 4d demonstrated in vivo activity but its true therapeutic potential requires further 

elucidation in an optimized experimental setting. 

All of the described inhibitors show potential for clinical application. 10h, 1g, 4d, and 4m 

are less selective and exhibit a higher binding affinity towards class I HDACs. This may 

increase the risk of adverse effects due to the functional HDAC dependency of healthy 

immune cells. However, the dDSS in vitro assay for 4d and 4m and in vivo results of 4d 

demonstrated a targeted leukemia cytotoxicity and suggest potential patient tolerability. 2b 
represents an intermediate alternative that is more specific towards HDAC6 while 

maintaining a similar cytotoxicity profile. Particularly in combination with suitable synergy 

agents, it could serve as a valuable therapeutic component in clinical settings. The highly 

specific inhibitor 10p exhibited selectivity comparable to that of tubastatin A and may be 

useful in HDAC6-targeted therapies. Although leukemia cells appear insensitive to HDAC6 

inhibition alone, such inhibition may reveal potential therapeutic opportunities when 

combined with other agents. Additionally, HDAC6 is a protein of interest in numerous other 

clinical contexts, such as neurodegenerative diseases, neuroblastoma, gastrointestinal 

cancer, inflammatory diseases, and heart failure [285-289]. Beyond their therapeutic 

potential, these inhibitors provide valuable insights into drug–HDAC isoform interactions. 

The crystal structures elucidate the binding mode, while the enzyme/cell data allow a 

structure-activity relationship analysis. These insights may guide the design and synthesis 

of next-generation HDAC inhibitors. 
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4.2 - HDAC inhibitors synergize with commonly used AML 
chemotherapeutics 
Since HDACi have shown limited efficacy as monotherapies, it is widely assumed that their 

therapeutic potential may be enhanced through synergistic drug combinations. Across the 

analyzed publications, three synergistic interaction partners were identified. In clinical trials, 

combinations of vorinostat or panobinostat with daunorubicin/idarubicin, cytarabine, 

azacytidine, decitabine, and bortezomib have already been evaluated [275-279]. While 

decitabine is known to act synergistically with pan-HDAC inhibitors, the observed synergy 

between HDAC6 inhibition and nucleoside analogs such as clofarabine and cytarabine 

remains less well characterized. 

 

4.2.1 – Decitabine demonstrates high synergistic potential when 
combined with unselective inhibitors 
Decitabine is a synthetic nucleoside analog that becomes incorporated into the DNA during 

replication [290]. Within the DNA, it inhibits DNA methyltransferase, which subsequently 

leads to DNA hypomethylation. Similar to HDAC inhibition, this process results in the 

reactivation of silenced genomic regions. A recent large-scale meta-analysis from 2022 

concluded that decitabine monotherapy demonstrated clinical efficacy in AML [291]. 

However, both intrinsic and acquired resistance remain major clinical challenges, 

positioning decitabine in a similar therapeutic context as HDAC inhibitors. Previous studies 

established that panobinostat combined with decitabine produced a pronounced synergistic 

effect in diffuse large B-cell lymphoma [292]. In AML clinical trials, decitabine has been 

evaluated in combination with valproic acid and vorinostat [293, 294]. While valproic acid 

did not alter the therapeutic response to decitabine, the combination of vorinostat and 

decitabine was well tolerated and demonstrated encouraging therapeutic activity. 

All tested experimental inhibitors exhibited varying degrees of synergy with decitabine in 

AML cell lines. Compounds 10h, 2b, 4d, and 4m exhibited notably high zero interaction 

potency (ZIP) scores (C3.1 - Figure 6a upper panels, C3.2 - Figure 5A-5B, C3.3 - Figure 

10A-5B). The most synergistic regions exhibited ZIP scores exceeding 60, indicating strong 

synergistic interactions. 10p and 1g were also synergistic, albeit to a much lesser extent. 

1g was not able to go beyond a ZIP score of 20 (C3.2 - Figure 5E-5F), while 10p’s most 

synergistic area was located at 20 µM of 10p (C3.1 - Figure 7). Based on these findings, it 

is unlikely that the synergistic mechanism is dependent on the inhibition of HDAC6. 10p at 

these high concentrations should be able to completely inhibit HDAC6, according to the 

western blot data (C3.1 - Figure 5c). As HDAC inhibitors typically lose specificity at higher 



 
150 

concentrations, off-target effects may underlie the observed synergy. On the other hand, no 

H3 acetylation was observed even at 36 µM, suggesting that the effect is independent of 

HDAC1 and HDAC3 inhibition. However, 10h, 2b, 4d, and 4m all showed significantly high 

ZIP scores, and especially 10h, 4d, and 4m are unselective and potent HDAC class I 

inhibitors. 2b, on the other hand, is HDAC6 preferential, but shows a similar behavior. 

Through the matrix screening data, it seems that the synergy is, to some extent, more 

dependent on the inhibition of class I HDACs than HDAC6. 1g, despite being a potent class 

I HDAC inhibitor, produced markedly lower synergistic effects (ZIP area scores around 10–

15) compared to other class I inhibitors (ZIP area scores up to 65), which calls this concept 

into question. Therefore, it is plausible that the observed synergy arises from a specific 

balance of HDAC isoform inhibition or from additional off-target effects.    

Kalac et al. demonstrated that the acetylation of histone H3 increased when panobinostat 

was combined with decitabine [292]. Comparable effects were observed by western blot 

analysis for compounds 10h, 4d, and 4m (C3.1 - Figure 6b, C3.3 - Figure 10C). These 

findings suggest that decitabine, although not affecting H3 acetylation alone, may potentiate 

the acetylation induced by HDAC inhibition. Indeed, previous studies have demonstrated 

that combining HDAC inhibitors with other epigenetic drugs substantially alters both the 

acetylome and methylome relative to single-agent treatment [295]. That study reported a 

pronounced downregulation of oncogenes such as MYC, KDM2B, and SUV39H1, which 

were repressed following combination treatment. These proteins are often associated with 

epigenetic alterations, which would suggest an indirect effect of the combination through 

driver gene repression. Moreover, DNA methylation is known to promote the recruitment of 

HDACs, thereby reinforcing transcriptional silencing at methylated loci [296]. A detailed 

analysis involving compound 4d revealed a positive correlation between increased H3 

acetylation and PARP cleavage when a fixed concentration of decitabine was combined 

with escalating concentrations of 4d (C3.3 - Figure 10D-F). This finding indicates a potential 

mechanistic link between synergistic cytotoxicity and epigenetic modification. Vorinostat 

failed to elicit the same effect at the same concentrations, which underscores the potential 

of 4d in combinational therapy. 

Another important aspect is that the synergy appears to be specific for AML. Both AML cell 

lines HL60 and MOLM13 showed a exhibited comparable potent synergistic responses 

when treated. However, the B-ALL cell line HAL01 and the T-ALL cell line Jurkat displayed 

minimal synergy when treated with decitabine and 10h or 2b (C3.1 - Figure 6a lower panels, 

C3.2 - Figure 5C-D). This specificity may involve activation of AML-relevant tumor 

suppressor genes such as CDKN2B upon combined treatment [297]. Definite conclusions 

on the specificity of this combination are limited due to the low number of cell models. To 

improve this aspect, an in-depth investigation of HDACi combined with decitabine against 
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cell lines and PDX are warranted. Furthermore, healthy controls of crucial cells such as 

HSC would be informative for assessing patient tolerability. Nonetheless, the previous 

clinical trial with vorinostat and decitabine demonstrated the safety and clinical activity in 

AML.  

Beyond the synergistic cytotoxic interactions, it has been reported that the combination 

induced the expression of immunogenic neoantigens in AML [298]. Furthermore, it was 

found that DNA methyltransferase inhibitors like decitabine enhance antitumor immune 

signaling in ovarian cancer [299]. Therefore, this combination may enhance immunotherapy 

approaches by priming the immunogenicity of the AML cells. Compound 2b may be of 

particular clinical interest due to its high synergistic potential combined with reduced toxicity 

toward healthy immune cells, consistent with its lower affinity for class I HDACs. For elderly 

patients who are ineligible for the conventional “3 + 7” regimen, this therapeutic approach 

may represent a viable alternative. In conclusion, these findings support the clinical 

feasibility of combining HDAC inhibitors with decitabine and justify further clinical evaluation.  

 

4.2.2 – HDAC6 loss increases the susceptibility of leukemic cells 
towards cytarabine and clofarabine    
Both cytarabine and clofarabine are nucleoside analogs that can incorporate into DNA 

during synthesis and inhibit replication during the S-phase, ultimately inducing apoptosis 

[300]. Due to the inhibition of DNA polymerases, the repair mechanism fails, leading to DNA 

damage accumulation. Cytarabine has long been a cornerstone of AML treatment, forming 

the basis of the standard “3 + 7” induction regimen, whereas clofarabine has been explored 

as a potentially improved alternative. In preclinical experiments with vorinostat and 

cytarabine, it has been shown that the simultaneous treatment of AML cells with both drugs 

resulted in antagonism [301]. This was reversed when the cells were pretreated with 

vorinostat and afterward treated with cytarabine, which led to combination indexes below 1, 

indicating synergy. A study found a direct link between the levels of functional HDAC1 or 

HDAC6 and cytarabine-induced apoptosis in pediatric AML [302]. Clinical trials of combining 

cytarabine with valproic acid failed due to the limited clinical activity of valproic acid. Other 

studies combined panobinostat with both cytarabine and daunorubicin or idarubicin [276, 

303]. In both studies, the combination was well tolerated but occasionally resulted in 

thrombocytopenia. Notably, panobinostat treatment increased histone H3 acetylation in 

patient-derived samples, which correlated with improved overall survival. For clofarabine, a 

phase I clinical trial combining it with the HDAC inhibitor entinostat in patients with 

biphenotypic ALL/AML achieved an overall response rate of 50%, warranting further 

investigations [304]. 
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In the study “Epigenetic remodeling via HDAC6 inhibition amplifies anti-tumoral immune 

responses in myeloid leukemia cells” (Chapter 3.4 = C3.4), a complete loss of HDAC6 in 

the CML cell line K562 significantly reduced the IC50 values of both cytarabine and 

clofarabine (C3.4 - Figure 6A). Validation across multiple assays confirmed that HDAC6 KO 

K562 cells exhibited reduced proliferation and increased apoptosis upon treatment with 

either agent (C3.4 - Figure 6B-6E, C3.4 Supplement Figure 6A-6C). These findings indicate 

that HDAC6 confers intrinsic resistance to cytarabine and clofarabine. Ricolinstat was 

chosen to validate these results pharmacologically since it is the furthest advanced HDAC6 

preferential inhibitor in phase 2 clinical trials in multiple myeloma [305]. In wild-type K562 

cells, ricolinostat produced a modest synergistic effect with both cytarabine and clofarabine, 

reaching ZIP synergy scores of approximately 30 (C3.4 – Figure 6F), thereby supporting 

the genetic findings from HDAC6-deficient cells. Similar results were obtained for MV4-11 

(C3.4 - Figure 6G). Consequently, an extensive matrix synergy approach with lymphoblastic 

and myeloid cell lines or PDX was launched to systematically investigate the synergistic 

potential between HDAC6 preferential inhibitors and cytarabine or clofarabine (C3.4 - Figure 

6H-I).  

Samples from the myeloid lineage were particularly responsive to synergistic combinations, 

whereas synergy scores in B-ALL and T-ALL were generally lower. Among the two agents, 

clofarabine produced slightly higher synergy scores than cytarabine and performed more 

consistently in PDX models. It should be noted that the overall degree of synergy was 

comparably low compared to the findings with decitabine. Many samples exhibited 

responses near the additive range, indicating limited interaction strength. Notably, 

compounds 4d and 4m displayed substantially higher synergy scores than ricolinostat in 

HL-60 cells (C3.3 - Figure 11). This implies that the synergistic mechanism correlates with 

the co-inhibition of both HDAC6 and HDAC1, since ricolinostat is a significantly better 

HDAC6 than HDAC1 inhibitor. It has been shown that only the simultaneous targeting of 

both proteins has a significant effect on survival [302]. However, this study was done with 

knockdown models, which were not inhibitor-based, and lacked further robust synergy 

models like ZIP scoring. A logical next step would be to look at pan HDACi like panobinostat 

or preferential HDACi like the experimental inhibitor 2b to investigate this phenomenon. As 

synergy with vorinostat was observed only under pretreatment conditions, sequential 

treatment strategies could be explored to optimize the observed effects [301].  

The mechanism of synergy remains incompletely understood. One potential explanation 

lies in the interaction of HDAC6 with p53. Not only does HDAC6 modulate p53’s stability 

and transcriptional activity, but it is also recruited by RUNX2 to silence p53-regulated genes 

[202-204]. This mechanism counteracts apoptosis induction and aligns with the observation 

that HDAC6-deficient K562 cells exhibit an increased tendency to undergo apoptosis upon 
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treatment with cytarabine or clofarabine. Concurrently, the proteomics data revealed that 

many of the DNA damage response proteins were downregulated when HDAC6 was 

knocked out in K562. Among these is CHEK1 a key enzyme which mediates cell-cycle 

arrest and the DNA damage response mechanisms (C3.4 - Supplemental 2A). Miyake et 

al. demonstrated that ricolinostat represses the function of CHEK1, which leads to synergy 

with adavosertib in p53-mutated squamous cell carcinoma cells [306]. Similar reports were 

shown in glioblastoma cells where HDAC6 inhibitors ablated the expression of CHEK1 and 

consequently reduced cell survival [307]. These observations highlight the need for further 

investigation into the functional relationship between CHEK1 and HDAC6 to elucidate the 

underlying mechanism of action.  

A correlation analysis of cell line ZIP most synergistic area scores and inferred transcription 

factor or pathway activity RNA-seq data from the DepMap portal provided additional 

mechanistic insights (C3.4 - Figure 6J & Supplement 6F). The scores positively correlated 

with the negative regulation of DNA double strand break repair and the detoxification of 

reactive oxygen species (ROS). Both pathways are directly linked to the mechanism of 

action of cytarabine and clofarabine [308-310]. This suggests that the combination may be 

particularly effective against cells tending to have lower DNA repair mechanisms while 

tolerating reactive oxygen species. In this context, TP73 emerged as a key regulatory factor 

since synergy scores correlated negatively with its activity and it governs both pathways 

[308, 311]. Rehberger et. al. determined that TP73 confers resistance against cytarabine 

induced DNA damage [308]. Clinically, elevated TP73 expression even correlates with 

worse survival outcome and cytarabine resistance in AML [312]. A further observation was 

that upon Cytarabine treatment the expression of TP73 significantly increased in the KO 

(C3.4 - Supplement 6G). A sensible interpretation would be that the cells try to counteract 

the damage via TP73 induction however due to the low base line this compensatory 

upregulation might be too slow. Based on these findings incorporating HDACi with 

cytarabine in TP73 low expressing cases might be a suitable addition in to clinical therapy 

protocols. Nevertheless, further studies are required to investigate this relationship further 

and clarify the core component of this mechanism. 

 

4.3 - Exploring non-cytotoxic effects of HDAC6 inhibition 
in myeloid leukemia 
Although HDAC6 was initially considered a promising therapeutic target, its actual impact 

on cancer cell viability has since been questioned. While some studies have reported 

cytotoxic or cytostatic effects of HDAC6 inhibition, these outcomes appear to be highly 
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context-dependent [237, 263-265, 283]. As previously discussed, the experimental HDAC6 

inhibitor 10p (C3.1) failed to induce cytotoxicity in vitro across major leukemia subtypes, 

despite clear evidence of functional HDAC6 inhibition. According to the DepMap database, 

none of the hundreds of different cell lines deriving from different cancer origins showed 

significant dependency (score >0.5) on HDAC6 [313]. Most cases, particularly among 

leukemia subtypes, clustered near the minimum threshold of dependency prediction scores. 

Moreover, HDAC6 KO in mice did not affect viability or development, although it resulted in 

pronounced -tubulin hyperacetylation [314]. Collectively, these evidences suggest that 

HDAC6 does not play a crucial role in regard to cell survival. Nevertheless, HDAC6 inhibition 

may prove valuable by creating therapeutic opportunities that enhance existing treatment 

strategies. 

Accordingly, in the study “Epigenetic remodeling via HDAC6 inhibition amplifies anti-tumoral 

immune responses in myeloid leukemia cells” we investigated the cytotoxic and non-

cytotoxic properties of HDAC6 inhibition in myeloid leukemia. Using CRISPR/Cas9-

generated HDAC6 knockout models, it was demonstrated that the proliferation of CML and 

AML cells was unaffected, although functional markers such as -tubulin hyperacetylation 

confirmed loss of HDAC6 activity (C3.4 - Figure 1A-H). While these in vitro experiments 

lacked significant changes, in vivo leukemia progression was significantly impaired upon 

HDAC6 loss (C3.4 - Figure 1I-L). These findings suggest that the functional relevance of 

HDAC6 inhibition may primarily manifest within the in vivo context. Indeed, a survival 

analysis of patients participating in the TARGET study revealed that high expression of 

HDAC6 is connected to a poorer prognosis in AML (C3.4 - Supplement 1A-D). Data from 

the TCGA LAML cohort further indicated that AML subtypes harboring FLT3, IDH1, or 

NRAS mutations exhibited worse prognosis when HDAC6 expression was elevated (C3.4 - 

Supplement 1E-H). These observations further support the notion that the anti-leukemic 

effects of HDAC6 inhibition depend on a in vivo context. Based on established evidence, 

HDAC6 inhibition can impair metastasis formation, attenuate the heat shock response, and 

enhance immune activation - effects that inherently require an in vivo setting [181, 182, 208, 

209, 215]. In the study “Epigenetic remodeling via HDAC6 inhibition amplifies anti-tumoral 

immune responses in myeloid leukemia cells”, several novel effects of HDAC6 

loss/inhibition were identified, including upregulation of lysosomal proteins such as LAMP1 

and RNase T2, increased TNF- secretion by CD8⁺ T cells, and enhanced sensitivity to 

standard AML chemotherapeutics, namely cytarabine and clofarabine. 

These findings were corroborated pharmacologically using the HDAC6-preferential inhibitor 

ricolinostat. It was selected because, along with citarinostat, it represents one of the most 

HDAC6-selective inhibitors to have advanced into clinical evaluation [281, 315]. However, 
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ricolinostat presents several limitations as a model compared to the complete KO of 

HDAC6. It retains an binding affinity towards class I HDAC, but at the same time is unable 

to bind to CD2 or the zinc finger domain of HDAC6 [316]. Consequently, HDAC6 may 

remain partially functional, as only the CD1 domain is inhibited. A potential solution involves 

the use of proteolysis-targeting chimeras (PROTACs), which not only inhibit their targets 

but also induce their proteasomal degradation [317]. HDAC6-selective PROTACs have 

been shown to be functionally active and capable of inducing selective degradation of 

HDAC6 [318, 319]. However, PROTACs also present several challenges for in vivo 

application, including low aqueous solubility, poor oral bioavailability, and limited cell 

permeability owing to their high molecular weight and structural complexity [320] Therefore, 

ricolinostat seemed preferable despite the previously mentioned drawback. The following 

overlapping effects from KO and ricolinostat could be directly attributed to the primary 

deacetylase function of HDAC6 CD1.  

 

4.3.1 – HDAC6 loss induces an accumulation of lysosomes 
In the study “Epigenetic remodeling via HDAC6 inhibition amplifies anti-tumoral immune 

responses in myeloid leukemia cells”, loss of HDAC6 in K562 cells led to a significant 

increase in lysosomal proteins within both the proteome and secretome (C3.4 - Figure 2A 

& C, Supplement 2A). These findings were validated via immunofluorescence detection of 

the lysosomal membrane protein LAMP1 (C3.4 - Figure 2E-F). LAMP1 staining formed 

compact cytosolic puncta, confirming the proteomic findings of lysosomal enrichment. 

Lysosomes are vital organelles with multiple roles in maintaining cellular metabolism [321]. 

They degrade defective or foreign macromolecules via proteolytic enzymes, thereby 

maintaining protein homeostasis and contributing to cellular defense against pathogens. 

Consequently, lysosomes represent a central component of the autophagy machinery. 

Lysosomes further amplify programmed cell death pathways, such as apoptosis, through 

the release of lytic enzymes. In response to plasma membrane injury, lysosomes are 

recruited by extracellular Ca²⁺ influx to facilitate membrane repair and maintain cellular 

integrity. 

In cancer, lysosomes can promote tumor growth and survival through functional exploitation 

by malignant cells [322]. To sustain their elevated metabolic demands, cancer cells exploit 

lysosomal degradation of non-essential proteins to overcome nutrient deprivation. 

Lysosomes can also sequester chemotherapeutic agents, neutralizing or expelling them via 

exocytosis to promote cancer cell survival [323]. Additionally, lysosomal degradation of cell-

surface cancer antigens may contribute to immune evasion. During metastasis 

establishment, cancer cells form lysosome-rich invadopodia, which release cathepsins to 
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break down the extracellular matrix [324]. In several cancers, LAMP1 and LAMP2 are 

recognized as prognostic biomarkers associated with aggressive tumor progression [325-

327]. Consequently, elevated lysosomal abundance is generally considered indicative of 

adverse prognosis.  

However, the observed lysosomal accumulation (LAMP1 staining, C3.4 – Figure 2E-F) can 

be mechanistically explained by the biological function of HDAC6. HDAC6 coordinates and 

transports aggresomes for autophagosome formation and facilitates their fusion with 

lysosomes through interactions with cortactin and the cytoskeleton. Consequently, loss of 

HDAC6 results in lysosomal accumulation and impaired autophagic function [187]. 

Consistent with these findings, Zhan et al. reported that HDAC6 knockdown increased 

LAMP2 levels and reduced autophagic activity in odontoblasts [328]. Furthermore, HDAC6 

mediates lysosomal transport along microtubules via dynein, promoting co-localization and 

fusion with autophagosomes [329, 330]. Another potential mechanism depends on LC3 

deacetylation via HDAC6 to counter starvation with autophagic nutrient provisioning [331]. 

Interestingly, other studies have reported that tubulin acetylation induced by HDAC6 loss 

can positively influence lysosomal fusion, as observed in models of Duchenne muscular 

dystrophy [332]. Still, most studies found that HDAC6 functionally supports lysosomal fusion 

and autophagy. The observed lysosomal accumulation is therefore consistent with 

functional impairment and may be further enhanced by increased gene expression driven 

by chromatin relaxation (C3.4 - Figure 3D). 

Under the assumption that the accumulation is not based on the impaired function but rather 

a reaction to cope with the HDAC6 loss, several therapeutically interesting options open up. 

Lysosomal dependency is a double-edged sword, which can be exploited to target the 

dependent cells specifically. ROS or lysosomotropic compounds can compromise 

lysosomal membrane integrity, potentially leading to the release of lytic enzymes and 

induction of apoptosis [333-335]. Ferroptosis-inducing agents like disulfiram, could display 

amplified cytotoxicity when lysosomes accumulate [336]. Other agents, such as 

chloroquine, inhibit autophagic flux by increasing the lysosomal pH and inactivating acid 

hydrolases, ultimately leading to autophagic cell death [337]. This mechanism could 

counteract potential chemoresistance associated with lysosome accumulation. However, 

during the drug screening, the K562 KO cells did not acquire resistance but rather exhibited 

increased vulnerability to a broad range of tested compounds (C3.4 - Figure 6A). Notably, 

cytarabine and clofarabine are of particular interest in this context, as both induce ROS as 

part of their cytotoxic mechanism. These findings support the conclusion that lysosomal 

accumulation does not confer drug resistance but rather reflects functional impairment. 
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Conversely, antibody-drug conjugates could benefit from lysosome accumulation if 

lysosomal function is retained. After target binding and internalization, these antibodies are 

trafficked through the endosomal pathway into the lysosome and release their activated 

payload [338]. A prominent example in this case of AML treatment is gemtuzumab 

ozogamicin, which targets CD33 to release calicheamicin [57]. An alternative which targets 

CD33 and demonstrated high activity in preclinical studies is vadastuximab talirine [339]. It 

releases a pyrrolobenzodiazepine dimer, which crosslinks DNA to induce cell death. In 

AML, the cell surface receptor CLL-1 can be targeted as an alternative to CD33 via the 

antibody DCLL9718A [340]. It carries and releases similar to vadastuximab talirine a 

pyrroloben-zodiazepine dimer. Several studies already found a link between antibody-drug 

conjugate potency/efficacy by modulating lysosomal processing [341, 342]. Inducing 

lysosomal accumulation selectively in leukemic cells could enhance ADC specificity, 

provided that this phenomenon is not universally present across cell types. This would 

potentiate the safety of the treatment by lowering off-toxicity against healthy cells. 

Therefore, HDAC6 inhibition–mediated lysosomal accumulation could represent a valuable 

adjunct to emerging antibody-drug conjugate therapies for AML 

 

4.3.2 – The ablation of HDAC6 potentially leads to lysosome 
secretion 
Another notable finding was the increased abundance of lysosomal lumen proteins in the 

secretome of K562 HDAC6 KO cells (C3.4 - Figure 2B-C & 2D, Supplement 2B). The 

presence of lysosomal components in the extracellular space may indicate extracellular 

digestion, defense mechanisms normally deployed by neutrophils or a cell stress counter 

mechanism [343]. In regards to cell stress, a stress signal cascade will initiate extracellular 

exocytosis. This process traffics lysosomes to the cellular periphery, docks them to the 

plasma membrane a induces a Ca2+ dependent fusion of lysosome and cell membrane 

leading to an externalization of the lysosomal content [344]. This especially relates to either 

lysosomal or cell membrane damage. If the lysosomal membrane is compromised this could 

have dire consequences since the leaking enzymes would damage cellular components 

[345, 346]. Lee et al. demonstrated that HDAC6 loss results in the accumulation of immature 

autophagic vesicles [187]. Furthermore, is known that lysosome dysfunction increases the 

risk of lysosome permeabilization and cell death [347]. Therefore, the secretion could act 

as a rescue mechanism, which could act as an exploitable weakness. Drugs like vacuolin-

1 could inhibit Ca2+ dependent exocytosis, which could in turn result in cytotoxic stress 

[348]. Therefore, a reasonable next step would be to investigate the synergy mechanism. 
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HDAC6 is one of the best-established regulators of lysosome trafficking however direct 

connections the lysosome secretion process remains sparce. Nevertheless, an at least 

indirect regulatory involvement appears plausible. Mechanistically, this would suggest a 

negative regulation by HDAC6, since the extracellular lysosomal content increases upon 

HDAC6 loss. Reed et al. demonstrated in 2006 that the motor protein kinesin1 was more 

tightly bound and traveled longer distances on acetylated tubulin [349]. This observation is 

supported by evidence showing that acetylated microtubules possess higher bundling 

affinity, thereby enhancing kinesin-1 motility [350]. Organelle transport, including that of 

mitochondria, is enhanced along acetylated microtubules [351]. It has been shown that the 

deletion of -tubulin acetylase S6K1 impairs the autophagic flux and lysosome-

autophagosome-fusion through spatial separation [352]. This highlights the critical role of 

-tubulin acetylation in regard to lysosome mobility and provides a sensible mechanistic 

rationale. 

Another potential facet is the identification of neutrophile degranulation components in the 

secretomics analysis of the K562 HDAC6 KO models (C3.4 – Figures 2D). These granules 

typically fight pathogens, by releasing toxic agents, but in cancer their effect is more 

nuanced [353]. The released enzymes cause inflammation and produce reactive oxygen 

species, which can damage the tumor cells. In the K562 NOD SCID Gamma (NSG) mouse 

model, the prolonged survival observed in the HDAC6 KO group (C3.4 – Figures 1I–J) may 

be attributed to the KO cells themselves generating a cytotoxic or immunostimulatory 

microenvironment. Leukemic cells are known to be susceptible to cytotoxic components 

secreted by neutrophils [354, 355]. Currently, there is very little information about the 

connection of neutrophile degranulation induction and HDAC6 inhibition. Therefore, 

additional investigations of these processes are necessary and whether similar effects could 

occur in patient.  

 

4.3.3 – The accumulation of tumor suppressor RNase T2 is induced 
by targeting HDAC6 
Among the lysosome-associated proteins enriched following HDAC6 loss, RNase T2 was 

consistently upregulated across all tested cell lines (C3.4 - Figure 4A-C, Supplement 4A). 

Treatment with the HDAC6-preferential inhibitor ricolinostat similarly increased RNase T2 

levels, confirming that this effect can be pharmacologically reproduced in vitro (C3.4 - Figure 

4D-K, Supplement 4K). RNase T2 belongs to the highly conserved T2 family 

endoribonucleases and catalyzes the cleavage of single-strand (polyA) RNA molecules into 

mono- or oligonucleotides [356]. RNase T2 predominantly localizes to lysosomes but is also 

found in mitochondria and the endoplasmic reticulum, and can additionally be secreted into 
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the extracellular space [357]. In the innate immune system, RNase T2 plays an essential 

role by recognizing and degrading pathogenic RNA, thereby activating immune sensing 

pathways through TLR7 and TLR8 to initiate responses against intracellular pathogens 

[358, 359]. Secreted RNase T2 can also function as an alarmin to recruit immune cells in 

response to infections, pathogens, or tissue damage [360]. Furthermore, RNase T2 

regulates the turnover of mitochondrial and ribosomal RNA, thereby influencing cellular 

energy metabolism and protein synthesis [361, 362].  

Beyond its role in innate immunity, RNase T2 has also been recognized as a tumor 

suppressor. The RNASET2 gene, located on chromosome 6q27, is frequently deleted 

across multiple cancer types, resulting in reduced or absent transcript expression [363]. 

Loss of RNase T2 expression was shown to accelerate tumor growth in ovarian cancer 

xenografts. Additionally, RNase T2 downregulation was associated with drug resistance in 

ovarian cancer, highlighting that its overexpression could mitigate drug resistance and 

reduce relapse risk [364]. In human T-ALL caused by human T-cell leukemia virus type 1 it 

has been demonstrated that the viral Tax protein causes RNaseT2 downregulation [365]. 

An analysis of patient survival data from the TARGET AML cohort revealed that high 

RNASET2 expression in bone marrow samples correlates with significantly improved 

overall survival (p = 5.48 × 10⁻⁵; n = 547–1166; data not shown). In addition to its potential 

as a prognostic biomarker, recombinant RNase T2 protein may serve as a therapeutic 

agent, as suggested by studies in colon cancer models [366]. The subsequently induced 

ratio of low functional HDAC6 against high RNase T2 had significantly improved survival 

rates in the TARGET data, underscoring its relevance in this disease (C3.4 - Supplement 

4N).  

The tumor-suppressive function of RNase T2 appears largely independent of its catalytic 

activity and instead relies on immune-cell recruitment and interactions with interleukins 

[367]. Primary target of RNase T2 in its function as an immune modulator are macrophages. 

Essentially, it can recruit macrophages and turns the anti-inflammatory M2 state to the pro-

inflammatory M1 phenotype macrophages within the tumor microenvironment [368, 369]. 

M1 macrophages exert anti-tumor activity by secretion of pro-inflammatory cytokines like 

TNF- and IL12. This polarization may be clinically advantageous, as tumor-associated 

macrophages (TAMs) typically support tumor growth. In a mouse model, Acquati et al. 

(2010) demonstrated that depletion of macrophages using clodronate abolished the tumor-

suppressive effect of RNase T2 [370]. Upon comparing the effect of high vs low 

HDAC/RNase T2 ratio, decreased levels of M2 macrophages were associated with 

improved survival chances in the TARGET study (C3.4 - Supplement 3P). Another immune 

cell type that gets stimulated by RNase T2 is dendritic cells [371, 372]. As dendritic cells 

are essential activators of cytotoxic CD8⁺ T cells through antigen presentation, their 
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activation substantially enhances anti-tumor immunity. In this context, dendritic cells were 

shown to contribute substantially to the in vivo anti-leukemic effects of panobinostat [267]. 

Although RNase T2 secretion following HDAC6 loss may influence the in vivo phenotype, 

this effect is likely limited in the NSG mouse model, which is severely immunocompromised 

(C3.4 - Figure 1I-J). In NSG mice, T cells, B cells, and NK cells are functionally deficient, 

whereas macrophages, dendritic cells, granulocytes, and mast cells retain partial activity 

[373]. Furthermore, the NOD background confers intrinsically reduced macrophage 

activation, impaired antigen presentation, and defective phagocytic function. Therefore, 

additional characterization of NSG macrophages with different RNAse T2 expression might 

elucidate the mechanism. Similar considerations could be made for dendritic cells, but it 

seems reasonable to assume a much minor role due to the loss of T cells as their principal 

downstream effector. Beyond immunomodulatory activity, RNase T2 may also exert direct 

cytotoxic effects, for example by amplifying ROS production during oxidative stress [374]. 

This observation aligns with elevated neutrophil signatures in the K562, potentially 

corroborating higher ROS production in the HDAC6 KO (C3.4 - Figure 2C-D). RNase T2 

overexpression can induce induced apoptosis through TRAF2 binding as a cell stress 

response in both melanocytes and keratinocytes [367]. Given the potential involvement of 

multiple pathways, further studies are required to clarify the precise mechanisms underlying 

RNase T2-mediated cytotoxicity. 

Another notable observation of the RNase T2 overexpression is that it appears rather 

specific towards the myeloid lineage when compared to the lymphoid lineage (C3.4 - 

Supplement 4C-F). Since myeloid leukemia cells potentially differentiate into neutrophils 

with elevated lysosome levels, assuming a certain tendency towards RNase T2 expression 

is logical. However, the regulatory mechanisms by which HDAC6 controls RNase T2 

expression remain poorly understood. In K562 cells, genes such as RNase T2 and LAMP1 

displayed increased chromatin accessibility, accompanied by elevated RNA transcription 

and protein abundance (C3.4 - Figure 3C-D, Figure 4A-C). This indicates that HDAC6 

(in)directly represses RNase T2 in myeloid lineage leukemia. In accordance, an analysis of 

the TARGET ALL cohort revealed that low RNASET2 expression correlated with improved 

survival, which was negatively associated with M1 macrophage abundance and positively 

associated with M2 macrophages (p=0.037, n=92-291, data not shown). While mostly seen 

as a tumor suppressor, in the case of clear cell renal cell carcinoma, high RNase T2 

amounts are an indicator of poor survival [375]. This observation highlights the context-

dependent and tumor-type-specific nature of RNase T2 function. In conclusion, these 

findings indicate that HDAC6 inhibition may activate components of the innate immune 

system through lysosomal proteins such as RNase T2, consistent with favorable patient 

survival data. 
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4.3.4 – HDAC6 inhibition primes myeloid leukemia cells for CD8+ T 
cells mediated cytotoxicity 
Increasing evidence indicates that HDAC6 inhibition synergizes with CD8⁺ T-cell–based 

immunotherapies. In melanoma and myeloma, ricolinostat disrupted the PD-1/PD-L1 axis, 

leading to a significantly enhanced activity of CD8+ T cells [207]. In a CLL mouse model, 

the selective HDAC6 inhibitor ACY-738 reduced the level of exhausted effector CD8+ T cells 

[271]. The HDAC6 inhibitor AVS100 not only facilitated the tumor infiltration of M1 

macrophages but also CD8+ T cells into colon cancer models [376]. This was accompanied 

by increased T-cell–mediated inflammatory signatures, including elevated TNF- 

expression. Consequently, in our study, the impact of ricolinostat on T-cell–mediated 

cytotoxicity was investigated in a syngeneic, immunocompetent mouse model of AML. Both 

ricolinostat and the HDAC6 KO enhanced intracellular TNF- levels in the bone marrow but 

also in an in vitro co-culture (C3.4 - Figure 5B & 5E-F). This was accompanied by increased 

in vitro cytotoxic activity, whereas in vivo effects were modest, underscoring the need for 

suitable combination partners (C3.4 - Figure 5J-K).  A modest yet statistically significant 

downregulation of PD-L1 expression on macrophages was observed following ricolinostat 

treatment (data not shown). In K562 cells, ricolinostat induced the expression of MHC class 

I components, potentially enhancing T-cell recognition. 

The effect of HDAC6 inhibition on T cell activation in myeloid and lymphoid leukemia has 

been poorly characterized to date. Generally, AML patients display patterns of CD8+ T cell 

exhaustion and senescence [377]. Overcoming this functional blockade often distinguishes 

chemotherapy responders from non-responders, directly linking patient survival to adaptive 

immune competence. In light of the previously observed synergistic cytotoxicity with 

cytarabine, ricolinostat may activate both innate and adaptive immune pathways. However, 

the precise mechanisms underlying increased susceptibility to T-cell–mediated cytotoxicity 

remain to be elucidated. Prolonged TNF- exposure could harm the patient by increasing 

invasiveness, genomic instability, and immune suppressive cell recruitment [378, 379]. 

Enhancing cytotoxicity through rational combination with conventional chemotherapeutics 

could therefore offer therapeutic benefit. Combining DNMT inhibitors with HDAC6 inhibitors 

has been shown to synergistically activate CD8⁺ T cells and NK cells by reversing the 

immunosuppressive tumor microenvironment, as demonstrated in ovarian cancer models 

[299]. The well-established synergy between decitabine and broad HDAC inhibition could 

further enhance immune engagement. Such effects may be particularly advantageous for 

elderly AML patients, who often exhibit reduced immune responsiveness and poor 

prognosis. Overall, these findings support HDAC6 inhibition as a promising therapeutic 

strategy that may bridge chemotherapy with modern immune-based treatment approaches.  
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5 - Outlook 
The findings presented in this work provide a foundation for advancing HDAC-targeted 

therapeutic strategies in acute leukemia. Insights gained from the characterization of novel 

inhibitors may inform the design of further optimized compounds. However, strategies 

aimed solely at reducing IC50 values through enhanced binding affinity toward class I 

HDACs may prove counterproductive, given the fundamental dependence of hematopoietic 

cells on these enzymes. A more rational approach would involve the development of 

compounds with defined isoenzyme selectivity, which would be particularly valuable once 

HDAC dependencies across distinct leukemia subtypes are systematically established. 

Nonetheless, the high degree of structural and functional homology among HDAC family 

members, combined with the limited understanding of class IIa HDAC mechanisms, 

highlights the need for further fundamental research in this area. 

The identified synergistic drug combinations demonstrate translational potential in the 

clinical setting. Both cytarabine and decitabine are standard chemotherapeutic agents in 

AML treatment, and their efficacy may be enhanced by the addition of HDAC6 inhibitors. 

While proteomic and ATAC-seq analyses have provided preliminary mechanistic insights 

into the interactions with cytarabine and clofarabine, definitive mechanisms remain 

unresolved. Correlation analyses suggest an association between drug synergy and 

pathways related to DNA repair, oxidative stress detoxification, and TP73 activity. Future 

investigations should therefore focus on assessing the impact of HDAC6 inhibitors in 

combination with cytarabine or clofarabine on DNA damage responses. This could include 

evaluating general DNA damage via H2AX immunoblotting, detecting double-strand 

breaks using TUNEL assays, and quantifying reactive oxygen species (ROS) levels under 

combination versus single-agent treatment. Given the role of glutamate secretion as a 

resistance mechanism against ROS, extracellular glutamate concentrations should also be 

measured. We found that TP73 could serve as a predictive resistance marker and was 

induced more in a combinatory treatment, however its final functionality has to be 

determined. As a sensitivity marker a knockdown via siRNA in a high TP73 expression cell 

line would be an appropriate tool to investigate the protective function of the protein.  

An additional critical step is the evaluation of these combinations in vivo to determine their 

therapeutic efficacy and immune-related effects. In particular, the observed CD8⁺ T-cell 

stimulation upon HDAC6 inhibitor treatment suggests that combinatorial approaches may 

leverage immune-mediated antileukemic responses. Since AML treatment outcomes are 

closely linked to the interaction between chemotherapy and the immune system, 

immunocompetent syngeneic mouse models are likely to provide more physiologically 

relevant insights than immunodeficient human xenograft models. With such a syngeneic in 
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vivo experiment not only synergistic reduction of the leukemic burden could be investigated 

but also changes in the immune composition in the bone marrow via FACS. To get a holistic 

representation of the impact through combinatory treatment, a single cell RNA-seq 

experiment from cells isolated from the bone marrow would be a powerful strategy. 

Especially CITE-seq, which conserves the structure of the bone marrow, while revealing the 

single cell RNA expression profile could elucidate this rather complex interplay. Since these 

methods remain rather expensive, an alternative would be the CODEX multiplexed tissue 

imaging technique. However, this method is only suitable to investigate a smaller predefined 

panel of proteins. A similar follow up for a synergistic combination of HDACi and decitabine 

seems reasonable due to known immunostimulatory effects from neoantigen expression 

induced by this treatment.  

To further investigate the observed alterations in lysosomes, a logical next step would be 

to elucidate the underlying biological mechanisms responsible for these changes. For 

specific visualization and quantification of lysosomes, the use of a LysoTracker probe would 

be an appropriate and effective approach. These fluorophores react to lower pH-values by 

changing their spectra, which can be used to infer lysosome functionality. Normally they 

operate from pH 4.5 to 5.0 and alterations going into the neutral area would indicate 

impaired functions. If lysosomes are found to accumulate and remain functionally active, a 

subsequent step could involve investigating their biophysical interactions with 

autophagosomes and endosomes to better understand the dynamics of intracellular 

trafficking and degradation pathways. However, the effects of HDAC6 on aggresome 

transport -tubulin and cortactin acetylation are already well documented. Therefore, it 

might be more insightful to study how the lysosomal accumulation affects the cellular 

metabolism through autophagy restriction. A wider panel of HDAC6 KO models in 

combination of RNA-seq analysis with the META-Flux analysis R package could elucidate 

compensatory mechanisms. Using lysosome dependent drugs like gemtuzumab 

ozogamicin could be interesting if the lysosomes remain functional. A potential next step 

would be to treat HDAC6 KO cells with an antibody-drug conjugate or to perform a 

combinatorial matrix screening using HDAC6 inhibitor to identify synergistic therapeutic 

interactions. If the lysosome functionality is impaired it would be more feasible to look into 

drugs which get deactivated in the lysosome.  

A major limitation of the present study is that RNase T2 upregulation was observed, but its 

functional role was not investigated. Although RNase T2 has been described as a tumor 

suppressor, there is no direct evidence linking it to reduced leukemic burden in AML, and 

its broader relevance in this disease context remains unexplored. Given that RNase T2 

primarily exerts effects through macrophage activation, a logical next step would be to 

isolate macrophages from mouse models or healthy human donors for functional assays. If 
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primary samples are limited, an alternative approach would be to differentiate AML cell lines 

such as THP-1 into macrophage-like cells using PMA. These macrophages could then be 

co-cultured with HDAC6 KO or ricolinostat-treated leukemia cells, or exposed to conditioned 

media from these cultures, to assess indirect effects mediated by secreted factors. Cytokine 

profiling could subsequently be performed to determine macrophage polarization states 

(e.g., TNF-α or iNOS for M1, IL-10 or TGF-β for M2). 

To directly assess tumor-suppressive function, RNase T2 KO or knockdown models should 

be established and evaluated in vivo. If RNase T2 functions as a tumor suppressor, loss of 

expression would be expected to accelerate leukemic progression and reduce survival in 

recipient mice. Following survival analysis, immune profiling of the bone marrow should be 

conducted, with a particular emphasis on macrophage abundance and proliferative state. 

While the referenced studies have advanced the understanding of HDAC6 inhibition in 

leukemia, these critical questions surrounding RNase T2 function remain unresolved and 

warrant further investigation. 
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6 - Conclusion 
This dissertation investigated the role and therapeutic potential of HDAC6 inhibition in 

leukemia, with a particular emphasis on the clinically challenging subtype of AML. In 

collaboration with medicinal chemists, several novel HDAC6 inhibitors were synthesized 

and characterized for their antileukemic activity. Standard chemotherapeutics such as 

cytarabine and decitabine demonstrated strong synergistic effects with HDAC6 inhibition, 

particularly in AML models, with the most pronounced efficacy observed for selective 

HDAC6 inhibitors. Both genetic KO and pharmacological inhibition of HDAC6 using 

ricolinostat were examined across a diverse panel of leukemia cell lines and PDX samples. 

Distinct response patterns were observed between AML and ALL models. HDAC6 inhibition 

induced activation signatures within both the innate and adaptive immune systems, 

suggesting that this pathway may be leveraged to enhance immunotherapeutic strategies. 

Collectively, these findings advance the mechanistic understanding of HDAC6 biology in 

leukemia and provide a conceptual framework for integrating HDAC6-targeted approaches 

into clinical treatment paradigms. While this initial preclinical data seems promising, of 

course, much more effort is needed to broaden the understanding of the synergistic 

interaction and immune stimulatory effect in vivo. Future work should also clarify the extent 

to which ricolinostat’s activity reflects true HDAC6 specificity versus off-target effects on 

other HDAC isoforms or unrelated proteins. Taken together, the studies included in this 

thesis underscore the therapeutic potential of HDAC(6) inhibition in leukemia, particularly 

when used in rational combination strategies, and demonstrate that selective HDAC6 

inhibition possesses distinct and clinically relevant properties. 
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