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I. Epigenetic Implications in Biology and Disease  

 

a) Introduction to the Epigenome  

By definition, the epigenome is derived from the Greek word epi, which means “above” 

the genome. The epigenome includes all chemical compounds that change or mark the genome to 

direct it to a specific fate in terms of time and space. The diversity among cell types is also reflected 

in the diversity of the epigenetic marks. Although these epigenetic marks are not considered a part 

of the DNA, they are still passed from cell to cell during division and across generations. Thus, in 

eukaryotes, each cell type will be entailed by the same genome, along with as many epigenomes 

as there are various cell types.  

Epigenetics comprises heritable changes in gene expression not attributable to nucleotide 

sequence modifications [1]. Epigenetic mechanisms entail modifications to genomic DNA, which 

can be either inherited or acquired. These modifications influence cellular characteristics that may 

contribute to disease development and outcomes. 

The term epigenomics is the study of epigenetic changes on a genome-wide basis with the 

cross-talking influences from the chromatin architecture, chromatin folding and proximity to the 

nuclear matrix, packaging of DNA around nucleosomes, covalent modifications of histone tails, 

and DNA methylation. Chromatin comprises proteins called histones and the tightly packed DNA 

to fit into the nucleus. The Chromatin complex can be modified by enzymes and some forms of 

RNA, such as microRNAs and small interfering RNAs. These modifications regulate chromatin 

structure to affect genetic expression. In general, tightly folded chromatin tends to be “turned off” 

or transcriptionally repressed, while open chromatin is “turned on” or transcriptionally active. It 

has been studied that heterochromatin is a region of the epigenome characterized by low gene 
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density, contains satellite repeat elements, and has later replication [2]. Thereupon, it was 

established that heterochromatin and euchromatin are marked with unique DNA methylation and 

histone modification patterns that associate with distinct genetic states, creating what is called an 

‘epigenetic code’ that determines the chromatin state and gene expression [3]. It was shown that 

an epigenetic memory system is mediated by polycomb (PcG) and trithorax group (TrxG) proteins 

to maintain silent heterochromatin states [4, 5]. Moreover, short hairpin RNAs have been shown 

to mediate heterochromatin formation via an RNAi pathway [6], setting heterochromatin as the 

base of epigenetic silencing. 

The epigenome is largely more dynamic than the genome, which is reflected in the various 

diverse functional states. The reversible epigenetic modifications of DNA methylation and histone 

tail modifications partly govern the epigenome dynamics [7, 8]. Other noncovalent modifications, 

such as microRNAs and chromatin-remodeling complexes, can also modulate the epigenome, but 

they cannot be regarded as epigenetic marks. The epigenome can be defined as the complete set 

of chemical modifications of chromatin components [7, 8].  

 

b) Introduction to the role of epigenetics in biology and disease 

The rigorous studies that have been made on the human genome and the identification of 

all human genes have created gaps in our understanding of genetic regulation. Epigenetics further 

explains the hierarchical regulation of gene expression during cell division, with exposure to 

environmental cues and with aging [9, 10]. For instance, studies have shown that monozygotic 

twins may have different disease susceptibility. Intriguingly, they may carry the same disease 

mutation but display different clinical outcomes [11]. Epigenetic silencing explains why genetic 

twins can exhibit phenotypic differences [12]. Another example is X-chromosome inactivation in 
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female mammals, protecting females from having double the number of X-chromosome gene 

products as males [13]. 

Epigenetics plays a crucial role in the majority of key cellular processes, enabling the 

diversity of cell types within the human body. Epigenetics regulates the cellular differentiation of 

various cell types, all of which have the same DNA but differentiate into diverse cells from 

neurons, blood cells, kidney cells, inflammatory cells, and others. Thus, epigenetics functions as a 

higher level of regulation to activate specific sets of genes while suppressing others. 

Our understanding of gene expression now extends beyond the notion that genetics alone 

primarily regulate developmental biology and human diseases. This paradigm fails to explain the 

plasticity to quickly respond to environmental cues, nor does it justify aberrant development and 

pathologies without genetic mutations. By asking epigenetic questions alongside genetic ones, we 

gain a complementary understanding of how dysregulation occurs during the development of 

human diseases. Thus, the current paradigm shift highlights that hierarchical genetic and 

epigenetic regulation generates a dynamic cascade of events involved in developmental biology as 

well as human disease [14]. 

The myriad epigenetic factors are diverse during development. DNA methylation is 

thought to begin the epigenetic programming role. The chromatin structure and histone 

modifications follow to modify the expression of many genes needed during the different stages 

of growth and development. For example, DNA methylation is implicated in early development to 

help designate early cell lineages (e.g., stem cells); it also regulates the activity of promoters and 

repeat elements [15]. Whereas histone modifications are localized in the promoter and genomic 

regions, modulating the genetic expression [16]. The chromatin structure can also regulate gene 

expression at a distant region in the genome through processes of looping, nuclear matrix 
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association, and nucleosome positioning [17]. Moreover, the noncoding RNAs can regulate 

promoters that modulate gene expression at a distance [18].   

Epigenetic abnormalities have been reported and linked to many human diseases through 

anomalous DNA methylation, histone modifications, or RNA silencing. DNA accessibility is 

epigenetically regulated throughout the human course of life. During the embryonic stages, histone 

modifications and demethylation occur in the paternal genome [19]. On the other hand, the 

maternal genome initiates embryonic re-methylation followed by another demethylation, setting 

up the epigenetic profile of the developing embryo, which must be rigorously maintained for 

efficient gene regulation. Any deviation in maintenance may contribute to congenital disorders or 

predispose humans to various life-term pathologies [1, 20].  Prenatal and postnatal exposure to 

environmental factors from nutrition, xenobiotic chemicals, and even social behavior can cause 

epigenome dysregulation in somatic cell lineages [21]. Studies showed knocking out epigenetic 

genes results in embryo lethality or developmental defects [21]. Thus, our clear understanding is 

that mammals undergo developmental periods of genome-wide epigenetic reprogramming patterns 

in the embryonic phase of life. Such reprogramming silences after fetal development. 

Epigenetic anomalies were reported in many pathologies. Disparities among monozygotic 

twins for developing systemic lupus erythematosus (SLE) suggest that environmental factors are 

pivotal drivers for the disease pathology. Epigenetic abnormalities such as histone modifications 

and DNA methylation were shown to be able to modulate gene expression in mature T cells. 

Numerous genes in T lymphocytes of SLE patients were found to have gone through 

hypomethylations, such as CD11a (ITGAL), perforin (PRF1), CD70 (TNFSF7), and CD40LG 

(TNFSF5) [22]. In rheumatoid arthritis (RA), Kawabata et al. reported an increased HDAC1 

expression by TNF-α supplementation in RA synovial fibroblasts [23]. Further, HDAC inhibitors 
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(HDACi) presented anti-inflammatory properties in RA animal models. Also, givinostat, an 

HDACi, showed therapeutic activity with an extensive safety profile in treating juvenile idiopathic 

arthritis [24]. It was shown that reduced H3K27me3 levels and the accumulation of the Jumanji 

demethylase JMJD3 were implicated with the anomalies of CD4+ cells in systemic sclerosis (SSc) 

[25]. Interestingly, HDAC7 was found to be a specific target for the treatment of SSc because it 

does not up-regulate the expression of profibrotic molecules such as ICAM-1 and CTGF while 

showing anti-tumorigenic properties through reducing the cytokine TGF-β expression by inducing 

the constitutive expression of the extracellular matrix proteins type I and type III collagen [26]. 

Moreover, Patel et al. showed that the chromatin remodeling via HDACi resets the immune system 

and induces the anti-tumor chemokine IFN-γ production [27] and the transcription activity of 

Tbx21 in T lymphocytes, alleviating the inflammatory damage in cancer  [27] and in the 

autoimmune type I diabetes  [28]. Hence, various pathologies have the potential to be corrected by 

epigenetic-based therapies. 

 

c) Epigenetics and cancer 

The heritable changes during cellular biological processes require proper genetic and 

epigenetic regulation. Any mistakes during epigenetic maintenance could result in the 

inhibition or activation of gene expressions and pathways that could be associated with 

malignancies [13]. Cancer is considered an outcome of cross-talking genetic mutations with 

epigenetic dysregulation that could be attributed to environmental and/or hereditary factors. 

Many studies have shown that global epigenetic aberrations, together with genetic mutations, 

are found in human cancer cells [29-31]. These genetic and epigenetic abnormalities crosstalk 

at all stages of cancer growth, synergistically mediating cancer progression. In addition, 
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epigenetic modifications influence the progression of cancers by regulating the interaction 

between the tumor cell and its specific microenvironment by regulating mechanisms known to 

support the tumor cells with various stromal factors [32]. Recent studies agree that epigenetics 

plays the cornerstone in initiating events in some types of cancers [33]. Luckily, epigenetic 

dysregulations are potentially reversible, unlike genetic mutations. Epigenetic-based therapy 

holds great potential in treating many malignancies by restoring normal epigenetic 

modifications [34]. 

In cancer, the changes in the chromatin architecture were shown to be both localized and 

global. For instance, early studies have proposed an overall decrease in DNA methylation, in 

cancer epigenomes [35]. However, more recent studies found that the abrupt distribution of 

DNA methylation is more likely than the overall increase [36]. Also, genome-wide histone 

modifications of specific marks are now seen as hallmarks of cancers. For instance, loss of 

acetylation at lysine 16 and trimethylation at lysine 20 of histone H4 is a common hallmark of 

human cancer [37], and specific histone modification patterns or “epigenetic code” are now 

seen as the risk prediction of cancer recurrence [38]. 

Gene silencing at the chromatin level is crucial for the life of eukaryotic organisms and is 

particularly important in regulating fundamental biological processes, including 

differentiation, imprinting, silencing of large chromosomal domains like the X chromosome in 

female mammals, and silencing of developmental genes in the postnatal life [39-41]. The 

disruption of gene-silencing machinery is implicated heavily in cancers. Abnormal gene 

silencing was shown to mediate the early clonal expansion of cancer cells, providing the 

snowball for a cascade of genetic and epigenetic abnormalities allowing tumor progression 
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[33]. Silencing can be initiated and maintained by various epigenetic processes, including 

noncoding RNAs, covalent modifications of chromatin, physical alterations in nucleosome 

positioning, and DNA methylation. For instance, the histone methylation and deacetylation of 

lysine residues like lysine 9 in histone H3 or lysine 27 in histone H3 were proven to maintain 

gene silencing [42]. Also, a set of genes known to have DNA hypermethylation in preinvasive 

stages of cancers are known as "epigenetic gatekeepers"; these genes are rarely mutated in 

these cancers [43]. By epigenetic silencing, these gatekeepers prevent stem/progenitor cells 

from becoming immortalized and gaining indefinite cell renewal capability during chronic 

stress [43]. In contrast, gene silencing is balanced by activating specific sets of genes when 

stem/precursor cells need to differentiate physiologically. The improper silencing of these 

genes thwarts their crucial roles, allows for indefinite survival and clonal expansion, and stops 

differentiation. For example, mutations mediate abnormal activation of the Wnt pathway, the 

canonical pathway in driving colon cancer, which was shown to take place during the 

imbalance of the epigenetic gatekeeper, β-catenin [44]. It was shown that cancer cells undergo 

"addiction" to Wnt pathway activation, resulting in a tumor made up of a subpopulation of 

cancer stem cells and neoplastic progeny in the absence of genomic silencing [44].  

 

d) Epigenetics modifications: writers, erasers, and readers 

The identification of the enzymes that direct posttranslational modification (PTM) 

to the histones and the DNA has been studied rigorously over the last two decades; such 

modifications were found to be dynamic, where PTM can be added, erased, or additionally 

regulated. 
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The DNA in eucaryotes is packed in the highly organized chromatin structure with 

wrapping around nucleosomes. The nucleosome is composed of eight core histones, two 

copies of each histone, H2A, H2B, H3, and H4, wrapped by 147 DNA base pairs. PTM 

occurs mostly at the N-terminal tails, as well as globular domains of each histone. The 

PTM includes methylation, acetylation, phosphorylation, ubiquitylation, and others (Table 

1.1) [45-47]. These histone modifications regulate the structure of the chromatin by acting 

as binding hubs for transcription factors, chromatin remodelers, histone chaperones, and 

DNA/histone-modifying enzymes [45]. Hence, chromatin modifications regulate many 

cellular events, including gene expression, DNA replication and repair, chromatin 

condensation, cell-cycle processes, and cell division [48]. Chromatin exists in two 

structurally and functionally distinct states: a closed "silent" form (heterochromatin), which 

is known to maintain transcriptional repression. The other form is the open chromatin 

(euchromatin), which sustains transcriptional activation. Which chromatin state will take 

place is entailed by the PTM of core histone proteins and the covalent modifications of 

DNA. The PTM precise modifications make up the “epigenetic code”. A characteristic 

feature of this code is its ability to respond to environmental cues, as what happens during 

the developmental changes of an organism from a zygote to an adult, as well as in cancer 

[49]. 

Chromatin modifications Amino acid residue modified Epigenetic regulation 

Acetylation Lysine K-ac Transcription, DNA repair, 
condensation, DNA 
replication 

Methylation Lysine K-me1, K-me2, K-me3 

Arginine R-me1 Rme2a R-me2s 

Transcription, DNA repair 
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Phosphorylation Serine S-ph  

Threonine T-ph 

Transcription, condensation 

DNA repair 
Ubiquitylation Lysine K-ub Transcription, DNA repair 

Sumoylation Lysine K-su Transcription 

ADP ribosylation Glutamic acid E-ar Transcription 

Deimiation R > Cit Transcription 

Proline Isomerization P-cis > P-trans Transcription 

Table1.1 Various classes of modifications identified on histones .Classification overview for 

different histone modifications with their main epigenetic function studied in literature, reprinted 

after approved permission from the publisher [45]. 

 

The "Writers" are a group of enzymes that covalently add PTM groups, such as histone 

acetyltransferases (HATs) and histone methyltransferases (HMTs)[50]. The "Writers" epigenetic 

function is counteracted by the "erasers", which are enzymes that remove the covalent histone 

modifications, such as histone deacetylases (HDACs), and histone demethylases (HDMs) [51]. 

The readers are regulatory proteins that recognize either specific PTM or a combination of PTMs 

"histone code" to direct a particular transcriptional outcome [50]. Thus, one could think of the 

"readers" as the regulators of the regulators for modulating the epigenetic regulator.  

The epigenetic writers, erasers, and readers usually function within multiprotein complexes 

that target promoters and enhancers to regulate various transcriptional activities. The combination 

of PTMs occurring on the same histone tail (in cis) or on another tail (in trans) constitutes the 

histone signature that is specific to the time, space, location, and context of the epigenome [52]. 

The "reader" exerts a very crucial function by translating this code, creating the right interactome 
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for downstream pathways. For example, the reader function of chromodomains is through 

recognizing methylated histones, while bromodomains exert their function after binding to 

acetylated histones [53]. It has been proposed that recognizing PTMs by reader-containing 

complexes is the way to decode the epigenetic signature, consequently directing the relevant 

chromatin remodeling and changing the gene transcription [54]. For instance, the PcG proteins 

(the polycomb repressive complex 2 (PRC2) complex that catalyzes H3K27 trimethylation were 

reported to exert their function through specific DNA-binding transcription factors that signal the 

PRC2 complex [53, 54]. Thus, the mechanism and the dynamics by which histone-modifying 

enzymes are recruited to particular histone targets are crucial to the chromatin state and the 

subsequent genomic regulation [55] 

 

 

 

 

Figure 1.1 
Epigenetic writers, erasers, and readers.  
Epigenetic writers, erasers, and readers. The foundational building unit of chromatin is the nucleosome, 
which comprises DNA wrapped around histones (H2A, H2B, H3, and H4). Core histone tails are extended 
from nucleosomes and are subject to PTMs. PTMs include methylation (Me), acetylation (Ac), 
phosphorylation (Ph), and ubiquitination (Ub). The epigenetic modifiers are classed as writers, erasers, and 
readers of PTMs. Epigenetic writers add chemical modifications. Epigenetic erasers mediate the 
displacement of the chromatin modifications. Epigenetic readers are proteins with specific domains that 
recognize and recognize regulators. Figure edited and reprinted after permission granted from the publisher 
[50]   
 

Histone 
methyltransferase 
and histone 
acetyltransferase   
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and histone
deacetylase 

Bromodomains, 
chromodomains,
Tudor domains,



 12 

 

e) DNA methylation 

DNA methylation compromises the epigenetic transfer of a methyl group by DNA 

methyltransferases (DNMTs) to the C-5 position of the cytosine ring of the DNA, which mostly 

occurs in the CpG dinucleotide regions in somatic cells [56]. A quarter of all DNA methylations 

in a non-CpG region occur in the embryonic stem cells (ESCs) [10]. It was reported that the 

maintenance methyltransferase, DNMT1,  localization at the replication foci during the S phase 

is responsible for copying DNA methylation patterns to the daughter strands during the DNA 

replication [57].  

DNA methylation is known to exert its crucial role in the configuration of chromatin via 

interactions with other epigenetic modifications such as the histone PTM, polycomb 

complexes, nucleosome positioning, noncoding RNA, and ATP-dependent chromatin 

remodeling proteins [58]. The majority of the CG dinucleotides are methylated in eukaryotes, 

whereas CG dinucleotides at promoter regions are protected from methylation [59]. Flaws in 

DNA methylation have malignant outcomes [56]. Epigenetic hallmarks of cancer show global 

alterations in DNA methylation and site-specific hypermethylation of CpG islands [58]. Site-

specific hypermethylation of DNA was reported at promoter CpG islands of tumor suppressor 

genes, inducing transcriptional dysregulation and further oncogenic development [60]. In 

addition, it was shown that DNA methylation might physically hinder the binding of 

transcriptional regulators to the gene causing flaws in gene expression [61]. During 

development and in cancer, DNA methylation works hand in hand with distinct histone 

modifications to regulate each other in the deposition over the chromatin. It was shown that 

histone methylation and DNA methylation can regulate one another [60]. For instance, the 
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trimethylation of histone H3 lysine 9 (H3K9), histone H3 lysine 27 (H3K27), and histone H4 

lysine 20 (H4K20) has been proposed to be a requirement for proper DNA methylation [59]. 

Also, SUV39H1/2 and EZH2, the histone methyltransferases responsible for H3K9 and 

H3K27 methylation, respectively, have been shown to directly interact with DNMT1, 

DNMT3A, and DNMT3B [59]. Furthermore, the pericentromeric localization of DNMT3B 

was reported to be regulated by SUV39H1/ 2-mediated H3K9 dimethylation or trimethylation 

[62]. 

 

f) Histone modifications 

Most histone modifications are dynamic and promptly respond to environmental 

cues. More than 80 histone marks were identified, and a lot is yet to be discovered [48, 63, 

64]. In addition, the complexity of PTM mechanisms of action is still not fully understood 

[65, 66]. Nevertheless, it is widely established that histone modifications play fundamental 

roles in numerous biological processes, regulating and influencing DNA expression across 

various life stages and disease states [45]. There are two identified mechanisms for the 

function of histone modifications. The first involves widening spaces between 

nucleosomes to open or expose the chromatin and gain accessibility to the DNA. The 

second is the recruitment of regulatory proteins that regulate gene expression [43]. Some 

of these recruited proteins possess enzymatic activities (e.g., remodeling ATPases) that 

additionally modify chromatin. The dynamics of the recruitment of these proteins are 

determined by the cellular processes that require specific functions, such as transcription, 

replication, and repair. Each cellular activity requires a distinct set of histone modifications 
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to recruit the relevant regulatory proteins [45]. Therefore, the precise combination of 

histone modifications is the dynamic regulatory mechanism to orchestrate various 

downstream cellular activities. 

I. Histone Acetylation 

The first acetylation of histone was reported in 1964 [67]. The dynamic histone 

acetylation is mediated by the two regulatory family enzymes, histone acetyltransferases 

(HATs) and histone deacetylases (HDACs). HATs transfer an acetyl group to the N-lysine 

tail, which works as a neutralization for the N-lysine residue. Such neutralization weakens 

the interactions between histones and DNA, making the DNA more transcriptionally 

accessible. Thus, it has been established that histone acetylation mediates the unfolding of 

the chromatin and the subsequent transcriptional activation [16]. Thus, any change in 

histone charge is known to have effects on the chromatin configuration [45].  

There are two main classes of HATs: class (A) and class (B). Class (A) HATs 

acetylate free histones but not those already deposited into chromatin. Class (B) HATs 

acetylate newly synthesized histones of H3 and H4 at specific sites needed for the 

deposition of the histones. On the other hand, HAT enzymes are further classified into three 

families entailed by their amino-acid sequence homology and conformational structure: 

GNAT, MYST, and CBP/p300 families [68]. Every HAT enzyme acetylates specific sites 

within the histone N-terminal tails. The neutralization of HATs’ enzymes to the lysine 

residues disrupts the nucleosome electrostatic interactions and creates the platform for 

transcriptional activity [69]. In addition to the histone tails, additional acetylation sites are 

present within the globular histone core, such as H3K56, which is acetylated in mammals 
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by hGCN5 [70]. It has been shown that the H3K56 side chain points towards the DNA 

major groove, facilitating more DNA accessibility by affecting histone-DNA interaction in 

addition to the acetylation the histone N-terminal tail lysine [71]. 

Like other histone-modifying enzymes, HATs are often present within large multi-

protein complexes [69]. Such proteome is crucial in regulating substrate specificity. For 

example, invitro purified scGCN5 acetylates free histones but not those existing within a 

nucleosome [72]. However, when scGCN5 exists within a multi-protein complex like the 

SAGA complex, it efficiently acetylates nucleosomal histones [72]. Furthermore, it has 

been shown that by chemically ligating modified tail peptides onto recombinant histone 

core proteins in vitro, the acetylation of H4K16 negatively affected the forming of a 30-

nanometer chromatin fiber and the build-up of higher-order configurations [73]. 

II. Histone Deacetylation 

HDAC enzymes are natural antagonists to HATs, reversing lysine acetylation and 

restoring the lysine's positive charge at the N-terminal tails of histones [74]. There are 18 

HDAC enzymes; each HDAC belongs to either the histone deacetylase family or the Sir2 

regulator family. HDACs are divided into separate classes based on protein domain 

homology (Table 1.2, illustrated in Figure 1.3) [51]. They are divided into four classes: 

Class I, II, III, and IV HDACs. Class II HDACs are further subdivided into Class IIa 

HDACs. Class I HDACs have sequence homology to the yeast Rpd3 protein. Class II 

HDACs have sequence homology to the yeast Hda1 protein. Class I and II HDACs also 

relate to the Saccharomyces cerevisiae Hos proteins. Class III proteins have sequence 
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homology to the yeast Sir2 protein. Class IV proteins share homology with Class I and II 

proteins. Similar to HATs, some HDACs exhibit substrate specificity [51]. 

Superfamily Family Class Yeast 

Protein 

homology 

Subclass Human 

protein 

analogue 

Arginase/deacetylase 

superfamily 

Histone 

deacetylase 

family 

Class I Rpd3, Hos1, 

Hos2, Hos3 

 HDAC1, 

HDAC2, 

HDAC3, 

HDAC8 

Class 

II 

Hda1 Class IIa HDAC4, 

HDAC5, 

HDAC7, 

HDAC9 

Class IIb HDAC6, 

HDAC10,  

Class 

IV 

 HDAC11 

NAD/FAD-binding 

domain superfamily 

Sir2 

regulator 

family 

Class 

III 

Sir2, Hst1, I 

II 

III 

IV 

SIRT1, SIRT2, 

SIRT3 

SIRT4 

SIRT5 
SIRT6, SIRT7 
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Table 1.2. HDAC superfamily classification and subdivision. Adapted  after approved 
permission for reprinting from the publisher [51] 

Figure 1.2 HDAC superfamily with their protein domain differences. Reprinted from [75] 
(open to use without prior permissions)  

 

Class I, II, and IV HDACs belong to the arginase/deacetylase superfamily of proteins 

(Table 1.3). This superfamily contains the arginase-like amidino hydrolases and the histone 
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deacetylases [51]. The functional and structural homology viewed that classical HDACs include 

the three structurally related classes: Class I, II, and IV HDACs [76]. Individual HDACs within 

each class have related three-dimensional structures, and sequence homology. Interestingly, 

evolution studies found that all Class I, II, and IV HDACs precede the evolution of histones, 

suggesting that it could be that the primary substrates for the HDAC family are nonhistone proteins 

in the first place [76].  

a. Class I HDACs  

Class I HDACs were shown to mediate transcriptional repression by recruiting 

transcription factors and corepressors [77]. Homology studies showed that the deacetylase 

domains of Class I HDACs are highly conserved and have 45%–94% amino acid sequence 

similarity [51]. Class I HDACs have been implicated in cancers [78]. HDACs 1, 2, and 3 were 

shown to regulate crucial cell cycle genes such as p21 [78]. Some studies showed that HDAC3 

works with SMRT and NCoR, regulating gene expression and causing repression of gene 

expression [79]. In addition, the over-expression of HDAC3 was reported in hematopoietic 

progenitor cells and was shown to be implicated in cell cycle progression and stem cell self-

renewal [80]. HDAC8, the last member of Class I HDAC, was found to regulate telomerase activity 

inducing tumorigeneses, and its inhibition was shown to have antitumor effects [81].  

b. Class II HDACs  

Class IIa HDACs (HDAC 4, 5, 7, and 9) are characterized by tissue-specific expression 

[82]. They shuttle between the nucleus and the cytoplasm according to various regulatory signals  

[82]. What characterizes Class IIa HDACs is that they have an extended N-terminus that acts as a 
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binding site for the recruitment of the regulatory proteins. For instance, it was reported that the 

DNA-binding transcription factor MEF2 interacts with the regulatory domain of class IIa HDACs 

[83].  

Another distinct feature of class IIa HDACs is their limited enzymatic activity. The 

catalytic activity of class II HDACs is significantly lower than class I HDACs by approximately 

1/1000-fold [82]. In addition, most classical HDACs have tyrosine and two histidine residues in 

the active site for enzymatic activity. In contrast, class IIa HDACs have histidine instead of 

tyrosine [82]. It has been found that the tyrosine residue in the catalytic site is what increases the 

catalytic activity of the carboxyl domain of HDACs [84]. It was demonstrated that by substituting 

histidine with tyrosine through a point mutation in HDAC4, a 1000-fold increase in deacetylase 

activity was obtained compared to the wild-type [85]. However, it is controversial whether class 

IIa HDACs exhibit any deacetylation activity on histones at all. This raises the question of whether 

class IIa HDACs fit into the "eraser" category in the first place.  

HDAC7 is a member of the Class IIa HDAC, which encodes a polypeptide of 912 amino 

acids. It was reported to be shuttling between the nucleus and cytoplasm of human muscle, 

neuroblastoma, and embryonic cell lines where it’s overexpressed [86]. HDAC7’s deacetylase 

enzymatic activity was shown to rely on its binding to HDAC3 in the nucleus, whereas it is found 

in the cytoplasm in an enzymatically inactive form. Crystalizing HDAC7 showed a distinction of 

HDAC7 compared to other Class IIa members, which was shown to have an enlarged active site 

pocket and a zinc-binding structural motif distant from its catalytic active site [87]. In addition, 

HDAC7 has been reported to be the only class IIa HDAC enzyme that gets activated in 

macrophages, mediating reprogramming for glycolysis and metabolism [88].  
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Although the scaffolding function of class IIa HDAC proteins is well documented [89], the 

function of the inactive catalytic domain is not well understood. One hypothesis proposes that class 

IIa HDACs act as "reader" proteins, analogous to bromodomain proteins where acetyl-lysine 

binding spin-offs downstream effects [90]. A recent study reported that class IIa HDAC proteins 

act as readers to acetylated lysine androgen and estrogen receptors to promote NCOR-HDAC3 

dissociation and the subsequent transcriptional activation [89]. The same group showed that the 

unacetylated androgen receptor binds to the HDAC7- NCoR-HDAC3 complex to exert a 

transcriptionally repressed state [89]. Conversely, when the complex dissociates in the presence of 

the androgen receptor, it causes a transcriptional activation where the acetylated lysine residue 

binds to the active site of HDAC7 to break up the NCoR-HDAC3 complex from the androgen 

receptor [89].  

Advancements in proteomics and peptidomimetic approaches have provided great insights 

into ways to target class IIa HDACs. This could enable the development of class IIa-specific 

inhibitors, which focus on disrupting their peptide-peptide interactions based on complex 

structures with other protein partners. This approach was demonstrated for HDAC4, where 

researchers were able to disrupt the protein interaction between the SMRT corepressor and 

HDAC4, [91]. 

Class IIb HDACs (HDAC6 and 10) have a unique long extra extension at the C-terminus, 

known as a tail domain. HDAC6 contains two deacetylase domains and a C-terminal zinc finger 

ubiquitin-binding domain, whereas HDAC10 has only one deacetylase domain and a leucine-rich 

repeat domain at its C-terminus. It was shown before that HDAC6 is implicated in the 
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deacetylation of α-tubulin, cortactin, chaperones, and IFNαR, regulating cell proliferation, 

metastasis, invasion, and mitosis in tumors [92].  

c. Class IV HDACs  

HDAC class IV comprises exclusively HDAC11, which shares a catalytic domain with 

class I and class II HDACs [93]. HDAC11 has been reported to have a role in modulating the DNA 

replication factor CDT1 and interleukin-10 expression, affecting gene expression [94].  

d. Class III HDACs  

Class III HDACs are the least related to the other HDACs because of their deoxyhypusine 

synthase-like NAD/FAD-binding domain, a distinct characteristic among HDACs [51]. They are 

required for gene silencing and are conserved in many species, from bacteria to humans [95]. There 

are seven different Sir2-like proteins (SIRT1-7) in humans. A remarkable feature of these sirtuins 

is that they display the most histone deacetylase enzymatic activity [96]. 

e. Histone Methylation 

The methylation of histones is through the addition of methyl group(s) on its basic residues: 

arginines, lysines, and histidines. The methylation of lysines can be in the form of 

monomethylation (me1), dimethylation (me2), or trimethylation (me3) on their ɛ-amine group 

[49]. The most rigorously studied histone methylation sites are histone H3 lysine 9 (H3K9), 

H3K27, H3K36, H3K79, H3K4, and H4K20 [55]. Also, arginine (R) methylation sites were 

studied, including H3R2, H3R8, H3R17, H3R26, and H4R3 [49]. A summary of some of the most 

studied histone methylated marks and the methylating enzymes are shown in (Table 1.4) 
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Nonetheless, epigenetics and histone modification are an ongoing field of research and growing 

exponentially, and many other basic residues throughout the histone proteins are yet to be 

identified and studied.  

Methylation is generally considered to change relatively slower compared to many other 

PTMs [97]. Some methylation processes may need to be more stably maintained, for instance, 

methylation involved in the developmental mitosis of a silenced heterochromatin [98]. In contrast, 

other methylation is relatively faster when cells have to respond to environmental cues promptly. 

Methylated histones are targets for epigenetic 'readers,' generating the environment for recruiting 

other regulatory molecules to modify the chromatin and gene transcription [53].  

Histone methyltransferases comprise three family enzymes that catalyze the addition of 

methyl groups from S-adenosylmethionine to histones. The lysines are methylated by the SET-

domain- proteins  [99] and the DOT1-like protein families [100], while members of the PRMT 

family have been shown to methylate arginines [46]. Also, calmodulin-lysine N-methyltransferase, 

a non-SET-domain family protein, has been shown to methylate calmodulin and histones as well 

[101]. 

Histone mark 

substrate 

Methyltransferase enzyme 

Me3 Me2 Me1 

 

H3K9 

SUV39H1; 

SUV39H2; SETDB1; 

PRDM2 

SUV39H1; 

SUV39H2; SETDB1; 

G9a; EHMT1; 

PRDM2 

 

SETDB1; G9a; 

EHMT1; PRDM2 
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H3K27 EZH2; EZH1 EZH2; EZH1 

 

 

H3K4 SETD1A; SETD1B; 

ASH1L; MLL; 

MLL2; MLL3; 

MLL4; SMYD3; 

PRMD9 

 

SETD1A; SETD1B; 

MLL; MLL2; MLL3; 

MLL4; SMYD3 

SETD1A; SETD1B; 

ASH1L§; MLL; 

MLL2; MLL3: 

MLL4;            SETD7 

H3K36 SETD2 NSD3; NSD2; NSD1; 

SMYD2; SETD2 

 

SETD2;  NSD3; 

NSD2;               NSD1 

H3R2  CARM1(a); 

PRMT6(a); 

PRMT5(s); 

PRMT7(s) 

 

CARM1; PRMT6*; 

PRMT5;         PRMT7 

H3R26  CARM1(a) 

 

CARM1 

H3R17  CARM1(a) CARM1 

Table 1.3 Histone methyltransferases. Adapted from Adapted  after granted approved for 
reprinting form the publisher [55] 

 

III. Histone Demethylation 

Two main histone demethylase families have been reported to remove the methyl group(s) 

from lysines: amine oxidases and Jumonji C (JmjC)-domain-containing, iron-dependent 

dioxygenases [102].  
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The mechanism and the dynamics by which methyltransferases, or their counter 

antagonists, demethylases, are recruited to specific histone targets are crucial to the chromatin state 

and genomic regulation. Some characteristic DNA sequences were reported to have a role in 

recruiting several methyltransferase and demethylase enzymes. For instance, the Trithorax group 

(TrxG) response elements (TREs) and polycomb group (PcG) response elements (PREs) direct 

recruitment of some methyltransferases [103].  

Histone mark 

substrate 

Demethylase enzyme 

Me3 Me2 Me1 

 

H3K9 

KDM3B; KDM4A; 

KDM4B; KDM4C; 

KDM4D 

KDM3A; KDM3B; 

KDM4A; KDM4B; 

KDM4C; KDM4D; 

PHF8; KDM1A; 

JHDM1D 

KDM3A; KDM3B; 

PHF8;         JHDM1D 

H3K27 KDM6A; KDM6B; KDM6A; KDM6B; 

JHDM1D 

 

JHDM1D 

H3K4 KDM2B; KDM5A; 

KDM5B; KDM5C; 

KDM5D;     NO66 

KDM1A; KDM1B; 

KDM5A; KDM5B; 

KDM5C; KDM5D; 

NO66 

 

KDM1A; KDM1B; 

KDM5B;     NO66 

H3K36 NO66; KDM4A; 

KDM4B;       KDM4C 

KDM2A; NO66; 

KDM2B;   KDM4A; 

KDM4B;       KDM4C 

KDM2A; KDM2B 

Table 1.4 Histone demethylases. Adapted  after granted approval for reprinting from the 
publisher [55] 
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g) Chromatin remodeling  

Chromatin remodelers provide the machinery needed for modifying chromatin, 

subsequently driving transcription signals to reach their motif targets on the DNA. Chromatin 

remodelers are large, multiprotein complexes that use the energy of ATP hydrolysis to move 

and restructure nucleosomes [104]. With the nucleosomes wrapping 146 base pairs of DNA in 

roughly 1.7 turns around an octamer histone, the DNA inside each nucleosome is generally 

inaccessible to the regulatory factors. Here, the chromatin remodellers intervene to provide 

access to the underlying DNA to enable transcription, chromatin assembly, DNA repair, DNA 

replication, and other cellular processes by actively shaping the packaging of the DNA [105]. 

The abundant arrays of uniformly spaced nucleosomes are reflected in the nonrandom 

positioning of the nucleosome across the genome [106]. The nucleosomes are uniform in 

distances between nucleosomes and arrayed or phased relative to a reference barrier like the 

promoter. The nucleosome organization is exemplified at the 5′ ends of transcriptionally active 

genes, illustrated in (Figure 1.4) [107]. The promoter region does not have nucleosomes and 

is thus termed a nucleosome-free or nucleosome-depleted region (NFR or NDR, respectively); 

it is followed by the foremost nucleosome downstream of the transcription start site (TSS), 

termed as +1 nucleosome. Nucleosomes that follow take an array of +2, +3, and so on, 

uniformly arrayed over the gene body [108].  

Nucleosomes are highly structured, and their organization may be either activational or 

inhibitory for DNA-templated reactions. For example, nucleosomes may impede transcription-

factor binding sites and thus repress transcription [107]. Contrarily, active DNA replication 

requires a particular structure of nucleosomes around replication origins [109].  
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The leading remodeller families are SWI/SNF, INO80, ISWI, and CHD, which share the 

features of having Snf2-type motor ATPases. Snf2-type ATPases utilize chemomechanical 

cycles of ATP binding and hydrolysis to mobilize DNA[107]. On nucleosomes, this 

translocation breaks histone–DNA physical interaction, which drives DNA mobilization 

around histones, with the subsequent histone exposure and exchange of histone variants or 

(un)modified histones. However, it is still elusive how remodelers transform the energy of ATP 

hydrolysis into mechanical power to mobilize the nucleosome, nor do we know why different 

(un)modified histones remodeler complexes select specific nucleosomes to mobilize and 

reposition [108].  
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Figure (1.3) Chromatin self-organization and regulation of genomic activities. A. Schematic 
diagram demonstrating the self-organization of chromatin and its interaction with genome regulation to maintain 
cellular maintenance and plasticity. a-Energy-driven machinery orchestrates multilevel self-organization of 
chromatin within the nucleus of a eukaryotic cell. Initially, chromatin remodelers utilize ATP to restructure 
nucleosomes at specific DNA loci. This phase involves the recruitment of DNA topoisomerase 2 (TOP2), DNA 
methyltransferases, and histone posttranslational modifiers such as acetyl coenzyme A (acetyl-CoA)-dependent 
histone acetyltransferases (HAT). Chromatin-loop extrusion mediated by cohesin and related complexes, along with 
liquid-liquid phase separation (LLPS), further contribute to higher levels of chromatin organization facilitated by 
ATP-dependent systems. The organized chromatin subsequently modulates various genomic processes, including 
active transcription, DNA replication, and DNA repair. Nucleosome arrays are positioned relative to nucleosome-
depleted promoters, akin to the regulation of transcription by RNA polymerase II (Pol II).  
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B. Illustration demonstrating how remodelers can impede transcription through ATP hydrolysis-driven mobilization 
of nucleosomes, thereby concealing a transcription factor binding site within the histone octamer, making it 
inaccessible to the transcription factor (TF). 
C. Schematics depicting how remodelers facilitate transcriptional access by restructuring nucleosome core particles 
(NCPs), thereby regulating the accessibility of transcription factors to their target motifs (highlighted in yellow). 
Additionally, bidirectional regulation occurs between nucleosome repositioning and linker DNA, contributing to 
higher-order chromatin fiber organization. Reprinted with approved permission from the publisher [108]. 
 

h) The interplay between the dynamics of chromatin accessibility and gene regulation  

The physical accessibility to the DNA is highly dynamic and tightly regulated through the 

plasticity-driven modulation of the chromatin structure with its diverse components, thus 

establishing and maintaining cellular identity. The highly structured chromatin reflects a network 

of coworking and physical interacting regulators from active enhancers, promoters, insulators, and 

chromatin-binding factors, which cooperatively regulate gene expression. Such accessibility 

topography shifts dynamically in response to environmental and developmental cues.  

Arising evidence proposes that homeostatic maintenance of chromatin accessibility is 

dynamically regulated through a competitive cross-talk between chromatin-binding factors and 

nucleosomes [110]. The chromatin structure and its compaction into the nucleus were found to be 

tuned by four non-mutually exclusive mechanisms. These comprise (1) The fuel through the ATP-

dependent remodeling complexes that use the energy of ATP hydrolysis to move the nucleosomes, 

exposing histones from the tight chromatin fiber. (2) PTMs of histones that precisely entail and 

modify the histone-DNA interactions and the recruitment of specific regulatory elements to the 

chromatin. (3) The existence of the histone chaperones that, together with chromatin remodelers, 

regulate the deposition of free histones. (4) The presence of the histone variants with their distinct 

binding domains, distinguishable from the canonical histones in their structure and function in the 

chromatin fiber [53]. 
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The complexity, self-organizing stability, and plasticity of chromatin states provide a 

foundation for epigenetic regulation, which is maintained without sustained signaling and 

promotes different functions to unfold from the same genome [20]. Active gene transcription 

requires the cis arrangement of regulatory elements and gene promoters for the RNA polymerase 

and its regulatory factors to access the motif gene body [111]. Thus, transcriptional activity 

mandates coordination between chromatin architecture designed by the histone modifying writer, 

eraser, reader proteins, and chromatin remodelers, which generate the machinery to mobilize the 

nucleosomes [112].  

Another complex interplay between chromatin state and function is seen between the 

transcriptional impact of enhancer and promoter accessibility; even though both are required for 

transcription [113], enhancers and promoters of transcriptionally silent genes are often open, 

suggesting that chromatin accessibility is essential, but not sufficient, for enhancer or promoter to 

orchestrate transcriptional activity [113]. Another contrasting crosstalk model between 

accessibility and transcriptional activity is displayed during embryonic development, where the 

chromatin is open, yet many accessible genes are transcriptionally inactive until later 

developmental stages [110]. All these findings establish multilayered regulation crosstalk between 

chromatin accessibility and genomic regulation. 

The network structure of open chromatin across enhancers, insulators, promoters, and gene 

bodies provides a dynamic, biophysical environment through which constituents of the chromatin 

epigenome interact. The presence of constraints yet dynamic physical interaction rules within the 

chromatin landscape shapes the genomic transcription and cellular decisions. Understanding how 

these regulatory systems are dynamically designated when cells transition between the different 
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developmental stages or during tumor growth and the biophysical rules licensing how regulatory 

elements determine gene expression profiles remain an ongoing focal point in epigenetic research. 

i) Canonical and Non-Canonical Histones 

Histones represent about half of the eukaryotic chromosome mass, with 73 histone genes 

already identified in humans [114]. Two types of histones have been established: canonical 

histones and variant histones. Expression of canonical histones is regulated by promoters, which 

guide transcription during the cell cycle S-phase, concurrent with new DNA synthesis [115]. 

Canonical histone genes lack introns as well as are not polyadenylated; instead, they carry a stem-

loop sequence and a histone downstream element in the 3′UTR that confine its expression to the S 

phase to match only the demand for newly synthesized DNA [116]. 

 In contrast, genes encoding histone variants often have introns, thus generating various 

alternative isoforms that may contribute to nucleosomal diversity  [114]. Moreover, histone 

variants are expressed throughout the cell cycle, independent of replication or DNA synthesis 

[117]. Histone variants may substitute canonical histones in the nucleosome positioning, resulting 

in distinct organizational shifts and influencing gene expression, DNA replication, and DNA repair 

[118]. Another distinguishing feature is that while the newly assembled nucleosomes having the 

canonical histones are inserted in the gaps within earlier assembled nucleosomes, histone variants 

have a distinct feature of replacing existing previously assembled nucleosomal subunits. This 

feature is rigorously regulated by a complex machinery of histone chaperones and ATP-dependent 

chromatin remodelers [114]. Thus far, more than 50 histone variants have already been identified 

in mammals [119].  
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While histone variants have been associated with all four histones, most of them were 

identified for histone H2A and histone H3 [114]. The deposition of histone variants can directly 

affect the configuration of nucleosomes, which could impact the accessibility of DNA and the 

regulation of transcription, replication, and DNA repair [120]. Such deposition is correlated with 

the nucleosomes containing the histone variants being distributed over specific locations on the 

chromatin rather than being regularly distributed [120]. For instance the H3 variant H3.3, which 

is enriched at promoters of transcriptionally active genes [121]. Moreover, CENP-A, the histone 

H3-like centromeric protein A, is deposited into specific nucleosomes to form a functional 

centromere, making the role of this protein fundamental for kinetochore assembly and integrity 

[122].  

Like the core histone proteins being a target for an extensive number of PTMs at their N-

terminal tails, the deposition of histone variants in nucleosomes has the same PTM susceptibility. 

That adds more complexity and diversity to the epigenetic cellular profile, impacting the “open” 

versus “closed” state of chromatin and subsequent gene expression of crucial cellular processes 

like during embryonic development, cell differentiation, and in cancer [107, 120, 123]. 

The presence of mutations in canonical and variant histone mutations has introduced a new 

class of epigenetic mutations in cancer [124]. Genes encoding histone proteins were found to be 

mutated in many tumors, impacting nucleosome stability, histone PTMs, and overall chromatin 

dynamics [125]. It has been proposed that the high frequency of histone mutations observed across 

diverse cancers validates the notion that the typical chromatin configuration acts as a shield against 

tumors. 



 32 

Oncohistone mutations were found to rattle chromatin organization and transcriptional 

regulation, predisposing to cancer development. Oncohistones include the histone H3K27M 

mutation found in deadly pediatric gliomas, diffuse midline glioma (DMG), and diffuse intrinsic 

pontine glioma (DIPG). H3K27M mutation can occur in both canonical (H3.1, H3.2) and variant 

(H3.3) histone H3 genes. Recent studies have validated that, despite constituting few proportions 

of the H3 pool, H3K27M mutant histones were shown to be the primary inhibitor for the PRC2 in 

DIPG. H3K27M was found to be responsible for the global reduction of the heterochromatin marks 

H3K27me2 and H3K27me3 levels with concomitant increases of the transcriptionally active mark, 

H3K27ac [126, 127].  

Histone mutations have also been identified in diffuse large B cell lymphoma, head and neck 

squamous cell carcinoma, acute myeloid leukemia, and uterine and ovarian carcinosarcoma [128]. 

Other solid cancers showed the histone H2BE76K mutation that impacts nucleosome organization 

and stability [129]. Many of these histone gene mutations occur with a frequency similar to that of 

somatic mutations in known oncogenes, such as BRCA2, TET2, SMAD4, and NOTCH1. 

Nevertheless, whether oncohistone gene mutations are the drivers for these oncogenes in early 

tumor development still needs to be better understood [130]. The better we understand the 

mechanisms of operations for oncohistone mutations, we will gain further insights into how the 

dysregulation of nucleosomal-mediated gene repression drives tumorigenesis and whether it could 

be corrected therapeutically. 
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Figure (1.4) The effect of oncohistones on the chromatin configuration. Oncohistones (in red) 
deposition within the chromatin polymer may cause significant shifts in the epigenomic organization by transforming 
the biophysical properties between the two states of the chromatin, heterochromatin, where chromatin remodelers 
(blue) bind regulating transcription versus euchromatin, where TFs (green) bind and activate transcription. Reprinted 
after approved permission from the publisher [131]. 

 

j) Chromatin dynamics during tumorigenesis  

With different cancers varying, possibly in their origins and the implicated pathways, all 

cancers share specific hallmarks such as uncontrolled proliferation, evasion of apoptosis, lack 

of response to tumor suppressors, high expression of growth factors, invasive metastatic 

potential, and supported angiogenesis [7, 43]. The features unifying all these cancer hallmarks 

are genomic instability and epigenetic disorganization. The multi-level chromatin organization 

provides the required degree of condensation to regulate the entire genome within the nucleus. 

The self-correcting machinery of chromatin enables the maintenance of cellular processes like 

transcription and replication events and DNA repair in response to environmental cues. The 

link between oncogenesis and chromatin dysregulation is multidimensional, involving 

dysregulation occurring at different levels from chromosomal rearrangements, chimeric 

transcription factors, or modified epigenetic marks. Interestingly, the epigenetic marks on 
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cancer cells tend to differ within the same tumor. Such epigenetic heterogeneity indicated that 

these could be the cancer drivers and the reason behind the tumor heterogeneity and therapeutic 

resistance. Strikingly, whole genome omics techniques showed that around half of the 

oncogenic mutations for many cancers are chromatin regulators [132].  

The established understanding of cancer development is the eruption of oncogenes or 

repression of tumor-suppressor genes, either provoked by driver mutations or by the global 

alteration of epigenetic marks. Nevertheless, heterochromatin disorganization could be an 

oncogenic driver itself. This disbalance in heterochromatin/ euchromatin proportion can 

promote tumorigenesis and the heterogeneity of cancer [133]. It was established in 1928 by 

the epigenetic pioneer Emil Heitz that heterochromatin/euchromatin comprise the fundamental 

architecture of eukaryotic chromosomes and that the euchromatin is genetically active and the 

heterochromatin is genetically passive [134]. Still, later, the hypothesis about inert 

heterochromatin was challenged by the discovery of developmental genes in heterochromatin 

regions. Heitz then noted that heterochromatin is often found in the sex chromosomes, but 

later, it was established that heterochromatin could be facultative heterochromatin (fHet) 

compared to constitutive heterochromatin (cHet) [135].  

The mutual exclusivity between heterochromatin and euchromatin is foundational for the 

genome to fold into separate regulatory domains correctly. There is a significant correlation 

between the chromatin state and the three-dimensional (3D) folding of the genome, a 

relationship validated by the recently developed chromosome conformation capture method 

known as the Hi-C method. Hi-C revealed genomic regions distant in the genome but adjacent 
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in the 3D space [136]. It allowed the quantification of the frequency of such genomic 

interactions by the numbers of normalized read pairs that span the interaction regions.  

At the omics scale, the chromosomes are segregated into two types of compartments that 

have a bias towards long-range interactions within the regions of the same compartment; the 

more loose and open "A" compartment refers to euchromatin, and the "B" compartment refers 

to heterochromatin that has a higher frequency of interactions to configure a more condensed 

chromatin structure at a more defined scale [137]. The compartments can be additionally 

segregated into topologically associated domains (TADs) that span up to hundreds of kilobases 

of genomic regions, where TAD boundaries are strictly defined by the enrichment of cohesion 

and CTCF insulator proteins that securely maintain the TAD boundaries respect  [138]. This 

displays that in addition to self-assembly, there is a chromatin looping (loop extrusion), where 

chromatin extrudes by the cohesion complex until it finds the TAD boundary, which adds more 

complexity to the genomic organization [139]. Thus, disrupting the boundary rules by 

removing CTCF/cohesion proteins between TADs shifts the boundaries that can alter gene 

expression and drive the tumorigenesis [140].   

Moreover, the change in the chromatin structure may modify the accessibility of enclosed 

DNAs to replication or repair complexes predisposing to cancer. A multi-omics study of the 

cancer genome characterizing more than 40 genomic instability features found that the change 

in the histone heterochromatin mark H3K9me3 binding level is accountable for more than 40% 

of the mutation rate variation in the cancer genome [40].  
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Figure (1.5) Electron microscopy of A- Condensed Jurkat 
cell showing condensation displaying condensed heterochromatic 
regions A. versus euchromatic regions B. with the condensation appearing 
to line the nuclear envelope; Scale bar: 1 μm. Heterochromatin is usually 
distributed close to the nuclear periphery and tethered to the lamina or 
around the nucleoli, while euchromatin is located in the nuclear interior. 
Picture reprinted after approved permission from the publisher [141]    

 

Phenotypically, electron microscopy studies were able to capture the morphology of the 

chromatin that revealed that condensed heterochromatin tends to line the nuclear membrane, 

and it can be broken by clear areas at the nuclear pores so that transport is allowed; distinct 

form euchromatin that tends to be instead dispensed and not readily stained [142]. With the 

paramount impact on genomic stability, there was a pressing need to understand how the 

chromatin transitions from the euchromatin to the heterochromatin state and what rules should 

be governed during this transition.  

Three models have been proposed for the chromatin state transition, illustrated in (Figure 

1.7) [143]. The first model involves de novo establishment of the heterochromatin domain in 

an euchromatin background mediated by Transposable element (TE) insertion into the 

euchromatic region that triggers heterochromatin formation with new domains mediated by 

small RNA pathways [144]. This model has been shown in the mouse embryonic stem cell 

lines carrying polymorphic retroposon insertions, and H3K9me3 and H4K20me3 marks have 

been observed in some retroposon insertions [145]. Such interactions may impact the nearby 

genes or genes on a different chromosome by reshaping the genome-wide folding [144, 145].  

B 
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The second model doesn't include element insertion; instead, it displays the change in 

euchromatin/heterochromatin balance. Such disbalance could be forced by the expansion of 

heterochromatin driven by the upregulation of heterochromatin-associated proteins or the 

downregulation of euchromatin-associated proteins [39, 146]. It has been proposed that such 

chromatin-boundaries-crossing form without the participation of boundary elements, such as 

CTCF proteins, and are thus called negotiable borders [143].  

The third model of the chromatin state shift is through mutations of TAD boundary sequences 

between euchromatin and heterochromatin domains. As described earlier, the TAD boundary 

sequences are usually CTCF binding sites, transcriptionally active genes, or large genomic 

rearrangements, such as inversions, deletions, or duplications [147]. Removal or inversion of TAD 

boundary sequences may expand heterochromatin domains into euchromatin regions [143].  

The major genomic instability driven by the chromatin phenotypic shift and 

euchromatin/heterochromatin disbalance makes it highly likely that altered chromatin structure 

drives tumorigenesis.  
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Figure (1.6). Chromatin Phenotype transition from euchromatin to 
heterochromatin state. Three proposed models of euchromatin to heterochromatin transition. A. 
The de novo formation of heterochromatin regions by TE insertions may impact proximal genes' expression 
by the expansion effect of newly formed heterochromatin regions. B. Balance shift in 
euchromatin/heterochromatin ratio. The spreading of heterochromatin can be promoted by upregulating 
heterochromatin-associated marks (e.g., H3K9me3 and H3K27me3, shown as dark blue dots) or 
downregulating euchromatin-associated marks (e.g., H3K9ac and H3K4me3, appear as red dots), the 
disbalance created what is named "negotiable borders" where chromatin boundaries form without the 
influence of boundary elements, such as CTCF proteins. C. Mutations of TAD boundary sequences between 
euchromatin and heterochromatin domains (appear as green lines between the two TADs). The alterations 
in boundary sequences may lead to the heterochromatin spreading into euchromatin. The newly formed 
heterochromatin domains from the three proposed models, A, B, or C, will interact with other preexisting 
heterochromatin domains at the lamina through phase-separated droplet fusion. Such chromatin dynamic 
changes may impact adjacent or distant genes by reshaping the chromatin folding. Het, heterochromatin; 
Eu, euchromatin; TE, transposable element. Reprinted after approved permission from the publisher [143]   

 

The high-throughput chromatin sequencing technologies (ChIA-PET, HiChIP, AQuA-

HiCHIP, TrAC-looping, Capture-HiC) significantly changed our understanding of the chromatin 
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organization for the cancer genome, which was shown to be vastly different from human reference 

genomes [148-150]. All these mechanistic studies demonstrated that chromatin looping, 

topologically associating domains (TADs), and the chromatin-defined "A" compartment 

(euchromatin regions) and "B" compartment (heterochromatin region) are implicated with the 

chromosome structural variation in malignancies.  

Cancer cells also undergo transitions in this compartmentalization to evade the expression of 

tumor-suppressor genes or promote the expression of proto-oncogenes. Recent studies showed that 

cervical cancer, triple-negative breast cancer, and neoplastic B-cells have around a quarter of this 

compartmentalization altered during cancer transformations, and cancer-specific TADs were 

reported in the prostate as well as breast cancer cells [151-154]. Heterochromatin markdown was 

shown to coincide with the acquisition of a transformed cancerous phenotype concurrent with the 

increase of the KDM4B and KDM6A demethylase enzymes that were found to be essential for the 

cancerous cells' survival [155]. Also, the reduced levels of Heterochromatin Protein 1α isoform or 

loss of its dimerization have been shown to induce the metastatic ability of breast cancer by 

disrupting the tethering of peripheral heterochromatin to the nuclear lamina, making the nuclei 

more avail, resulting in subnormal nuclear morphology and segregation errors that are common in 

cancers [156]. Furthermore, the accumulation of the euchromatin-regulating enzyme, KDM4C 

histone demethylase, was shown to be essential for the Wnt- β-catenin-TC4 signaling pathway 

needed for the regulation of glioblastoma tumorigenesis [157]. Reduced chromatin condensation 

causes a loss of nuclear rigidity, increased nuclear malleability, and more chromatin abnormality 

and destabilization [158]. 
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All these supported data validate that chromatin assembly is fundamental not only for the 

compaction of the genome in a confined nuclear space but equally crucial for regulated gene 

expression, repair mechanisms, and response to environmental cues. The hallmark features of 

aberrant gene expression and immortality of cancer cells observed at the onset of malignancy are 

now seen as outcomes of chromatin disorganization. Cancer establishment and progression show 

chromatin dynamics changes at multi-levels, alone or in conjunction with other tumorigenic 

events. Ultimately, there is a shift in the cancer genomics field, putting chromatin disorganization 

in cancer as a primary driver for cancer aggressiveness and therapy failure instead of being seen 

as an outcome of the oncogenic expression. 

 

II. Epigenetic-based therapy for human malignancies 

 

a. Introduction to the epigenetic-based therapy for human diseases. 

Despite the expansive growth in the therapeutic industry and the array of treatment modalities 

available, cancer remains the leading cause of death. Effective therapeutic responses are typically 

achievable during the early stages of cancer by employing combinations of chemotherapy, 

radiotherapy, immunotherapy, surgical resection, and targeted cancer therapies. [159]. 

Nevertheless, drug resistance and aggressive secondary relapses of the malignancy are widespread, 

leading to treatment failure and cancer recurrence [160].  

The past decade has witnessed an outburst of discoveries regarding the significant impact of 

epigenetic mechanisms in changing cellular regulation and cancer phenotypes. These remarkable 

interventions aim to correct the DNA packaging without changing the primary DNA base sequence 
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in the genome. As referenced earlier, many aspects of epigenome disorganization serve as 

defensive mechanisms for tumor cells to maintain immortality and self-renewal at the cost of a 

normal cellular state. Thus, there has been a growing emphasis on designing epigenetic-based 

therapies to reprogram cancer cells to retrieve normalcy. Many agents with different targeting 

epigenetic mechanisms are indeed under development or in clinical trials [161, 162]. Epigenetic-

based therapies have great potential because, in contrast to genetic abnormalities, epigenetic 

changes are reversible, allowing recovery of function for implicated oncogenes without changing 

DNA sequences [163].  

During embryonic development, the plasticity of the epigenome enables changes in cellular 

phenotypes from an embryonic to a terminal differentiated state. However, in cancer, epigenetic 

abnormalities emerge, trapping the cell in self-renewing machinery and impeding normal 

differentiation. Such cellular reprogramming phases usually evolve over years of neoplasm 

initiation and progression, leading to late cancer prognosis and posing significant challenges for 

successful therapeutic intervention. [164]. 

 It wasn't until the 1990s that drugs targeting epigenetic mechanisms started to gain access to 

clinical trials; however, reversing epigenetic alterations was initiated as early as the 1970s when 

agents targeting DNA methylation introduced [165]. DNA demethylating epigenetic therapies are 

now approved by the US Food and Drug Administration (FDA) as a chemotherapeutic [166].  

The global incidence of multiple cancers has been steadily increasing each year [160]. 

However, rapid advancements in our comprehension of epigenome regulation have enabled 

significant strides in the development of novel epigenetic therapeutic drugs. These drugs hold 

immense promise in reducing therapy-related side effects, improving survival rates, and potentially 
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offering long-term cures for certain cancers. Consequently, it is imperative to elucidate resistance 

mechanisms across different types of cancers, develop prediction models, and devise various 

strategies with combinational therapies to overcome resistance early in the treatment process. 

b. Targeting epigenetics regulators as anti-cancer to overcome cancer resistance.  

Drug resistance is mainly responsible for cancer recurrence and poor prognosis [159]. With 

the rising evidence regarding aberrant epigenetic regulations as a significant contributor to tumor 

therapy resistance, targeting epigenetic modifiers is an effective strategy to reverse drug resistance. 

 Multiple identified drug resistance mechanisms exist through which cancer cells develop 

considerable tolerance to the therapy. Among the principal resistant mechanisms is the P-

glycoprotein (P-gp), which promotes the efflux of drugs, where inhibition of P-gp was shown to 

reverse drug resistance significantly [167]. Also, the built-in protective cellular autophagic 

response often counteracts the apoptotic mechanisms of some anticancer drugs, contributing to the 

development of drug resistance [168]. However, most therapeutic resistance has been attributed to 

the intra-tumoral heterogeneity of the cancer cells. After starting a chemotherapeutic treatment, 

heterogenous or genetically diverse cell clones induce the development of clones of drug-resistant 

cancer cells, including cancer stem cells (CSCs). Notably, CSCs have additional unique 

mechanisms to evade the corrective immune system attacks. The mechanisms used by the immune 

checkpoint to mediate immunosuppression and facilitate CSC stemness are well established [169]. 

Remarkably, reversing the stemness phenotype that CSCs develop throughout the tumorigenesis 

journey has been among the top focuses as an effective means to overcome chemotherapeutic 

resistance [170]. 
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Furthermore, gene mutations are well known to contribute to drug resistance, like building 

resistance to tyrosine kinase inhibitors by the EGFR mutation [171]. A striking question is whether 

the epigenetics abnormality is one of the mechanisms for mediating chemotherapeutic resistance 

or is instead the primary drive under which the other resistance mechanisms are downstream. 

Notably, the overlapping between the modifications of DNA and histone affects the function of 

transcription factors during tumor development and regulates other epigenetic regulators, such as 

chromatin remodeling and non-coding RNAs, to secure the neoplastic environment [172]. The 

development of epigenetic therapies that aim to counteract drug resistance has provided hope to 

cancers with drug-resistant tumors [173]. Ongoing efforts to identify additional resistance 

mechanisms will continue to grow parallel with the development of novel treatments for drug-

resistant cancer. The discovery of these “bench-to-bedside” targeted epigenetic therapeutics will 

be achieved by tirelessly working on uncovering novel mechanisms and drivers that initiate, 

aggravate cancers, or activate drug resistance pathways. 

c. Histone modifications and chemotherapeutic resistance 

.  Histone modifications play a crucial role in fostering chemotherapeutic resistance in cancer 

cells through various mechanisms. They drive changes in gene expression profiles associated with 

resistance and contribute to increased heterogeneity among cancer cells, promoting the preferential 

selection of resistant phenotypes. Additionally, histone modifications have been associated with 

the enrichment of stemness markers in cancer stem cells (CSCs). In addition, histone modifications 

have been linked to the suppression of essential tumor-associated antigens in cancer cells, a tool 

in evading the immune system's detection [174]. Furthermore, histone-modifying enzymes were 

found to reduce the expression of the anti-tumorigenic chemokines [175]. It resulted in creating 
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the immunosuppressive tumor microenvironment that contributed to the immune evasion of CSCs 

[175].  

Histone methylation has been shown to play a major role in chemotherapeutic resistance. 

For instance, the increased expression of EZH2 was shown to activate cell survival pathways that 

drive the drug resistance of ovarian cancer cells to the chemotherapeutic cisplatin [176]. In 

addition, EZH2 was found to activate the PI3K/AKT pathway, which rendered Non-Small Cell 

Lung Cancer (NSCLC) [177] resistant to induced chemo resistant to gefitinib. In contrast, the 

combination therapy of EZH2 with the chemotherapeutic oxaliplatin showed a positive outcome 

in colorectal cancer cells [178]. Moreover, SETDB1 can interact with PELP1 and activate AKT, 

driving breast cancer resistance to tamoxifen [179]. Also, repressing the histone methyltransferase 

G9A increased the expression of tumor suppressor gene SOX6, significantly inhibiting the survival 

and self-renewal ability of leukemia stem cells [180].  Furthermore, the methyl transferase 

SETDB1 was shown to be involved in stem cell maintenance driving therapy resistance [181]. On 

the contrary, knocking down SETDB1 significantly increases KRAS-mutant colorectal cancer's 

sensitivity to cetuximab treatment [182].  

Histone acetylation has also been implicated in chemotherapeutic resistance. Generally, 

high deacetylation of histones was linked to chemotherapy resistance [159]. It was shown that 

HDAC6 increased drug resistance in NSCLC and melanoma by stimulating the stability of EGFR 

and tubulin β3 and inhibiting apoptosis,  [183].  HDAC1, 2, and 6 were demonstrated to induce 

cancer stemness and resistance of GBM to temozolomide [184]. Notably, the overexpression of 

HDAC1 and HDAC7 increased the stemness phenotype markers miR-34a, CD44, and CD166, 

which induced chemotherapy resistance, metastasis, and induced recurrence in breast cancer and 
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ovarian cancer [185]. Furthermore, uncontrolled expression of HDAC7 has been linked to less 

response to chemotherapy [186]. HDAC11 was also shown to interact with the transcription factor 

GLI1 to activate the expression of SOX2, which induces drug resistance in NSCLC [93, 187].  

The central role of HDACs in tumor regulation and drug resistance underscores the high 

potential of HDAC inhibitors as a class of epigenetic-based therapy. Indeed, extensive trials of 

HDAC inhibitor monotherapy or combination therapy with other drugs have been initiated for 

various drug-resistant tumors with some showing promising results [90, 188-192]. The earlier pan 

HDAC inhibitors, such as vorinostat and panobinostat, displayed more positive outcomes than 

anticipated when administered in combinational therapy in preclinical models of various drug-

resistant cancers. [85]. Vorinostat was shown to reverse cisplatin resistance and reduce the 

stemness phenotype of CSCs by repressing NOTCH signaling in solid tumors like head and neck 

and pancreatic cancer cells [169].  

Nevertheless, pan-HDAC inhibition remains complicated due to the interaction with the 

vast array of HDACs with their diverse mechanisms and regulation. Therefore, initiatives have 

been encouraged to conduct in-depth studies of each HDAC's differential mechanisms of action in 

different cancers. Such in-depth studies will enable the development of more targeted therapies for 

treating chemo-resistant cancers. 

III. HDAC class IIA inhibitors as epigenetic-based therapy for tumorigenesis. 

a) HDAC inhibition drug targeting opportunities  

The different classes of HDACs were primarily grouped based on their structural semi-

homology. However, on the functional and mechanistic level, members of the HDAC family 
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are diverse, and some of them act as tumor promotors or suppressors and dually regulate cancer 

progression by influencing cellular activities such as stemness, proliferation, apoptosis, 

differentiation, angiogenesis, migration, and invasion [85]. A comprehensive understanding of 

the structural disparities among HDACs and their corresponding mechanistic roles in binding 

and interacting with various cellular regulators is crucial. Such understanding will significantly 

enhance our comprehension of the involvement of HDACs in tumorigenesis. Moreover, it will 

aid in the development of isoform-specific HDAC inhibitors tailored to specific malignancies. 

Class I, II, and IV HDACs are zinc-dependent. The active sites of all the zinc-dependent 

HDACs consist of a curved tubular pocket with a wide cavity. The enzymatic mechanism is 

mediated by a charge-relay system of two adjacent histidine residues, two aspartate residues, 

and one tyrosine residue [51, 69]. The Zn2+ ion stabilizes the acetylated substrate in the 

enzyme's catalytic pocket and polarizes the carbonyl group, making the carbon a target for 

neutralizing water molecules via hydrogen bonding [51, 69]. The HDAC inhibitors' 

mechanism of action is through interacting with the zinc ion and the charge-relay system. The 

tyrosine residue may undergo a conformational transition in or out to adjust substrate binding.  

In class IIa, the tyrosine residue is substituted by a histidine, which proved crucial for forming 

the tetrahedral intermediate [51, 69, 77]. Such conformational differences justify the 

diminished enzymatic activity of the members of class IIa compared with that of other HDACs.  
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Figure (1.7) An illustration of the Zn-dependent HDAC 
interaction with an acetylated substrate. Enzyme-substrate 
complex showing the binding interaction between HDAC and an acetyllysine-
bearing protein substrate that potentially blocks the active site and inhibits 
the deacetylation enzymatic activity. Picture adapted and reprinted after 
permission granted from the publisher [193]  

 

  

A characteristic structural feature of HDAC IIa is that in addition to the Zn binding regions, 

the catalytic domains of class II HDACs exhibit another zinc ion-binding site known as the 

structural zinc ion-binding subdomain. Class IIa-specific residues are attracted to this structural 

zinc ion-binding site and at the entry site to the catalytic site [51, 69, 77].  

Because of the substrate binding through the catalytic carboxyl domain, HDAC targeting 

by HDAC inhibitors was predominantly through the targeting catalytic pocket of HDAC. Thus, 

many competitive HDAC inhibitors targeting the catalytic pocket have been designed. Many 

of these HDAC inhibitors were indeed examined in many preclinical and clinical settings [90, 

188-192, 194-199]. Pan HDAC inhibitors such as SAHA (Vorinostat, Zolinza™, Merck & Co, 

Inc., USA) and FK228 (Romidepsin, Istodax™, Celgene Corp., USA) are FDA-approved 

drugs and were introduced in the treatment of cutaneous T-cell lymphoma. The FDA recently 

approved Belinostat (PXD101, BELEODAQ™, Spectrum Pharmaceuticals, Inc.) against 

peripheral T-cell lymphoma. Moreover, panobinostat (Farydak, Novartis Pharmaceuticals) 

was approved for treating multiple myeloma in 2015 [84].  

Nonetheless, like other anticancer therapeutics, pan-HDAC inhibitors have generated 

toxicity and unwanted effects [90]. The side effects reported include thrombocytopenia, 

Acetylated substrate
(HDAC inhibitor analogs)



 48 

neutropenia, nausea, vomiting, diarrhea, and fatigue [84]. The most problematic adverse effect 

is cardiac toxicity with ventricular arrhythmia [84]. The major problem with the currently 

available HDAC inhibitors is their lack of HDAC target specificity.  The pan inhibition for all 

classes of HDACs does not proportionate with the significant differential tumor suppression 

mechanism of action and capability. Therefore, there has been a pressing call for the design of 

isoform-specific HDAC that would be relevant for the appropriate tumor, thereby minimizing 

off-target toxicity and unwanted effects. A thorough understanding of the mechanistic roles of 

each HDAC in tumorigenesis is essential for maximizing the efficacy of this promising class 

of epigenetic drugs in combating malignancies. 

 

b) Modulation of cell cycle regulators by HDAC inhibitors 

The mechanisms by which different HDACs regulate the cell cycle during cancer growth and 

development are diverse. HDACs can induce a range of cellular and molecular regulations through 

their deacetylating domains (in most HDACs) or their regulatory domain (in HDAC class IIa) [77, 

200, 201]. Studies have shown that HDACs can suppress tumor suppressor gene expression and 

modulate various oncogenic cell-signaling pathways [77, 84, 90, 202]. 

On the contrary, HDACi was shown to induce cell-cycle arrest in G1 through the up-regulation 

of cyclin-dependent kinase (CDK) inhibitors or down-regulation of cyclins and CDKs [77, 203]. 

HDAC inhibition was also demonstrated to disrupt the G1/S cell cycle transition by reactivating 

the Rb function and inhibiting the transcription factor E2F, blocking the gene transcription needed 

for the G1 progression [77, 204]. Furthermore, it was shown that treating leukemia cells with the 
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HDACi Vorinostat stimulated apoptosis in G0, G1, and S phases in the cell cycle [205]. HDACi 

FR901228 induced G1 and G2/M arrest in multiple cancer cell lines [206]. In addition, the role of 

HDACi in the cell cycle was shown to be dose-dependent, where a study showed that low doses 

of HDACi caused G1 arrest, whereas high doses stimulated G1 and G2/M arrests [207].  

Figure (1.8) HDAC inhibition targets cell cycle 
progression. HDAC inhibition thwarts cell cycle 
progression by directly inhibiting cyclin D1 or indirectly by 
stimulating p27. Disrupted activation of cyclin-CDK complexes 
inhibits mitogen-induced Rb phosphorylation and the 
subsequent activation of E2F-regulated genes, resulting in G1 
arrest and diminished SMC proliferation. The image was 
reprinted after the publisher approved permission [208]. 

 

c) HDAC inhibitors' effect on cancer stemness 

A characteristic feature of tumors is their composition of a highly heterogeneous cell 

population, of which only a tiny subset of stem-like cells, known as CSCs, can self-renew and 

recapitulate tumors in vivo [170]. These CSCs are a significant clinical challenge as they are 

resistant to established cancer therapies and play central roles in chemotherapy resistance, 

metastasis, and tumor relapse [162].  Despite the significant evolution in cancer therapeutics, it 

has been challenging to develop CSC-targeted treatments. Such a challenge can be attributed to 

our limited understanding of CSC biology and its uniqueness. Each tumor comprises a hierarchy 

of cells, of which CSCs form the royal subset with the ability to self-renew indefinitely and 

recapitulate tumors in vivo [162]. The rest of the tumor bulk is mainly comprised of differentiated 

non-stem tumor cells that descend from CSCs but lack any stemness capability to regenerate 
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tumors; they are capable only of transient proliferation and, therefore, do not contribute to long-

term tumor growth [209].  

The hierarchical differentiation of CSCs to differentiated cells takes a long time and many cell 

cycles, yet interestingly, it is also reversible, which indicates the implication of the epigenomic 

factors, including histone modifications, to be involved in the regulation of the CSC phenotype 

transition. The past few years saw a whole new perspective in our understanding of the CSC model, 

which showed tremendous plasticity, where they have a high potential to move up and down the 

hierarchy of phenotypic differentiation regulated by the environmental niche rather than the older 

terminal differentiation notion [209, 210].  

The classical CSC model established that the outcome of asymmetric cell divisions is another 

CSC or differentiated cell (transient amplifying cell). The more advanced CSC model has now 

established that there are neutral competition dynamics, where environmental niche signals 

determine the fate of the division process of CSCs to daughters [209]. Hence, CSCs can descend 

to one, two, or no daughter CSCs, depending on the available niche cues. More intriguingly, the 

number of CSC progeny is determined by the niche dimension, where daughter CSCs compete to 

colonize such niche that defines the number of the CSC progeny. Only cells loyal to the niche 

(remain in the niche) are specified as CSCs, whereas those that are hesitant (linger outside the 

niche) undergo differentiation [211, 212]. Additional features of the new CSC model include the 

observation that, in solid tumors, tumor progression occurs through the acquisition of more genetic 

alterations in the same signaling pathways that sustain the self-renewal of normal stem cells. This 

process has two outcomes. First, these mutations shift the CSCs to grow independently of niche 

signals, so more differentiated cells as the tumor evolves [209]. The second option is that the 
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liberated CSC phenotype inhibits differentiation, giving rise to a hierarchy with numerous CSCs 

and few non-CSCs [209]. 

The dysregulation of two classes of enzymes, HATs, and HDACs, is involved in the regulation 

of the CSC stemness properties by regulating vital signaling pathways essential in the maintenance 

of CSCs' niche fate [213]. It was shown that HDAC1 and HDAC7 are notably overexpressed in 

CSCs compared to non-stem tumor cells [185]. In addition, it was demonstrated that HDAC1 and 

HDAC7 are essential to sustain CSC properties and that overexpression of HDAC7 is sufficient to 

enrich the CSC phenotype [185]. Furthermore, HDAC7 overexpression in MCF7 cells was shown 

to upregulate 334 pro-metastatic or cancer stemness genes and was found to be responsible for 

driving gene alterations of CSC-related metabolic pathways [214]. Another study showed that 

HDAC1 and HDAC7 are targets for miR-34a, where HDAC1 and HDAC7 overexpression was 

implicated with increased cancer cell survival and therapy resistance via augmentation of stemness 

and inhibition of autophagic cell death in breast cancer [215]. It was also reported that the 

overexpression of HDAC 1, 7, and 8 in pancreatic ductal adenocarcinoma compared to non-tumor 

tissues and that patients with high HDAC 1, 7, or 8 expression levels showed significantly worse 

overall survival related to increased stemness phenotype [216].  

Conversely, it was demonstrated that HDACi could induce selective death of the CSC 

subpopulation in NSCLC and colorectal cancer models [183, 217]. Similarly, HDACi abexinostat 

decreased the tumorphere formation ability and increased CSC differentiation in 16 genotypically 

different breast cancer cell lines [218]. In addition, downregulating HDACs 1, 7, and 8 was 

demonstrated to suppress EMT and inhibit CSC phenotypes, decrease therapy resistance, and 

inhibit the likelihood of metastasis in the pancreatic ductal adenocarcinoma [216]. 
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Nevertheless, the mechanism by which HDACi influences cancer stemness is still poorly 

understood. The last few years have shown increased attempts to unravel these mechanisms owing 

to the tremendous effect HDACi has displayed in clinical and preclinical settings. For example, a 

class I- II HDAC inhibitor was reported to influence CSC by inhibiting TGF-β, Yap, and Notch 

signaling by double inhibiting cancer stemness genes SMAD4 and SMAD3 [219]. Another 

proposed mechanism is the depletion of nuclear depletion of YAP/TAZ, which are fundamental 

for inducing stemness, proliferation, and chemoresistance [220]. Furthermore, downregulating the 

transcription factor Notch1 downstream of TGF- β1 inhibition was reported as an outcome of 

HDACi treatment [221]. HDAC inhibition was also shown to inhibit Wnt pathway activation by 

induction of APCL, a negative regulator of β−catenin, after which the stemness genes c-Jun, c-

Myc, Cyclin D1, and CD44 were downregulated [222]. Despite that, the direct role and interactions 

governing HDACi activity remain obscure. Hence, further investigations are crucial for 

understanding the mechanisms by which each HDAC is involved in CSCs across different types 

of cancer. Such efforts will also necessitate the search for isoform-specific HDACi tailored to 

match the diverse pathways and conditions present in various malignancies. 

d) HDAC inhibitor compounds 

The extensive investigations that have been made on HDACs and their pivotal role in 

cancer accelerated the development of a promising new class for cancer therapeutics. 

Numerous synthetic and natural molecules that target classes I, II, and IV enzymes have 

already been developed and characterized; some have licensed FDA approval, and others are 

in clinical and subclinical trials.  
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HDACi recognition of HDACs is through binding to the Zn2+ ion located within the 

active site of HDACs, disrupting their enzymatic activity and thereby inhibiting their function. 

However, newer HDAC inhibitors have been designed to block not only the Zn2+ binding site 

but also the N-terminal binding site, as observed in class IIa HDAC inhibitors [90, 202, 223]. 

Based on chemical structures, HDACi are categorized into four groups: hydroxamates, 

benzamides, short-chain fatty acids, and cyclic peptides, illustrated by a table showing HDACi 

already under clinical investigation (Table 1.5). Most of these molecules have been developed 

as cancer therapeutics with variable specificity, efficiency, pharmacokinetic and 

pharmacodynamic properties. 

i. Hydroxamates 

Hydroxamates comprise the first class to be introduced as HDACi. They are organic 

compounds containing the active group C(O)-N(R)-OH. Their carbonyl and N-hydroxy groups can 

interact with metals, including zinc. The hydroxamate group was called the zinc-binding group 

(ZBG). All Zn-dependent HDAC inhibitors share three standard features: First, a large 

hydrophobic moiety, a surface binding or cap group (cap), that binds near the HDAC enzyme’s 

hydrophobic active site. Second is an aliphatic chain, typically consisting of five to six carbons 

(linker). Third, a functional zinc binding group that interacts with the zinc ion and disrupts the 

enzymatic activity of the HDAC enzyme. Many hydroxamate derivatives have been investigated 

in clinical trials; however, most were not licensed for inadequate trial design, low metabolic 

instability, poor bioavailability, and toxicity [224].  However, three pan HDACi from the 

hydroxamate class have been FDA-approved as drugs: vorinostat, panobinostat, and belinostat, 

even though they showed poor pharmacokinetics and unwanted effects [77]. Vorinostat (SAHA) 
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was the first HDAC approved by the FDA to treat patients with cutaneous T-cell lymphoma 

(CTCL). Preclinical studies have demonstrated that SAHA stimulates apoptosis and cell-cycle 

arrest and inhibits the CSC stemness and metastatic potential of cancer cells [200]. Also, belinostat 

(Beleodaq/PXD101) and panobinostat (LBH-589) were granted FDA approval to treat peripheral 

T-cell lymphomas (PTCL) [225]and multiple myeloma [226], respectively. These drugs are also 

under study in combination therapies for solid tumors [227]. 

ii. Cyclic tetrapeptides 

This is a natural class of HDACi with selective preferential towards class I HDAC 

selective, specifically HDAC1 and 2. The only clinically investigated and approved is Romidepsin, 

which is a prodrug; upon uptake by the cell, it is reduced by glutathione into a monocyclic dithiol. 

Reduced disulfide bond enables a free thiol group to bind to the zinc ion in the HDACs, blocking 

the active site. Romidepsin showed antitumor efficacy in multiple cancer models and was 

approved for treating CTCL and PTCL [77, 228]. 

iii. Benzamides 

This class of HDACs is structurally different from other HDACi; the aminobenzamide ring 

chelates the zinc ion to render more specificity towards Class I HDAC. An example of this class 

is Mocetinostat, currently in phase II clinical trial for relapsed classical Hodgkin's lymphoma 

(NCT00358982) [229]. Also, other drugs of the same class showed antiproliferative activity at 

micromolar concentrations against A549 and SF268 cancer cell lines by interacting with EGFR 

mRNA and protein expression [230]. 

iv. Short-chain fatty acids 
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Valproic acid is a known example of the short-chain fatty acids class of HDACs. They 

show selectivity towards Class I and II HDACs. However, they are relatively weak HDACi 

compared to hydroxamic acid or cyclic peptide-based agents. Studies on Valproic acid showed 

that it induces differentiation of CSCs in acute myeloid leukemia patients [231]. In addition, it 

demonstrated efficacy in inhibiting the overall tumor growth and metastasis formation in animal 

models [231].  

HDAC INHIBITOR SPECIFICITY CANCER 
TYPES 

CLINICAL 
TRIAL 

REFERENCES 

HYDROXAMIC ACID 

VORINOSTAT (SAHA) Classes I, II, and 
IV 

CTCL FDA 
approved in 
2006  

[232]  

BELINOSTAT 
(BELEODAQ/PXD101) 

Classes I, II, and 
IV 

PTCL FDA 
approved in 
2014 

 [225]  

PANOBINOSTAT (LBH-
589) 

Classes I, II, and 
IV 

MM FDA 
approved in 
2015 

 [226]  

RESMINOSTAT (4SC-
201) 

Classes I and II Advanced 
colorectal and 
hepatocellular 
carcinoma; HL 

Phase II trial  [233, 234]  

GIVINOSTAT (ITF2357) Classes I and II CLL; MM; HL Phase II trial [235, 236] 

PRACINOSTAT (SB939) Classes I, II, and 
IV 

AML Phase II trial  [237] 
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ABEXINOSTAT (PCI-
24781) 

Classes I and II Metastatic solid 
tumors; HL; non-
HL; CLL 

Phase I trial [192, 238] 

QUISINOSTAT (JNJ-
26481585) 

Class I and II 
HDACs 

Advanced solid 
tumor; lymphoma; 
CTCL 

Phase I and II 
trial 

[239] 

MPT0E028 HDAC1, 2, 6 Advanced solid 
tumor 

Phase I trial [191]  

CHR-3996 Class I Solid tumor Phase I trial [240] 

CUDC-101 Classes I and II 
HDAC, EGFR, 
HER2 

Solid tumor Phase I trial [241] 

CUDC-907 Classes I and II 
HDAC, PI3K 

MM; lymphoma; 
solid tumor 

Phase I trial [242]  

BENZAMIDES 

ENTINOSTAT (MS-275) Class I Solid and 
hematological 
malignancies 

Phase I and II 
trial 

[199]  

MOCETINOSTAT 
(MGCD0103) 

Class I and IV Solid and 
hematological 
malignancies 

Phase I and II 
trial 

[229] 

TACEDINALINE (CI-994) Class I MM; lung and 
pancreatic cancer 

Phase II and 
III trial 

[198] 

RICOLINOSTAT (ACY-
1215) 

HDAC6 MM; lymphoma Phase I and II 
trial 

[189]  

CHIDAMIDE (CS055/HBI-
8000) 

HDAC1, 2, 3, and 
10 

Breast cancer; 
NSCLC 

Phase II and 
III trial 

[196, 197] 
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CYCLIC PEPTIDES 

ROMIDEPSIN 
(DEPSIPEPTIDE/FK228) 

Class I CTCL; PTCL FDA 
approved in 
2009 and 
2011 

[190]  

ALIPHATIC FATTY ACIDS 

VALPROIC ACID (VPA) Class I and II Solid and 
hematological 
malignancies 

Phase I and II 
trial 

[195]  

PHENYLBUTYRATE Classes I and II Solid and 
hematological 
malignancies 

Phase I and II 
trial 

[243] 

AR-42 Class I and IIb AML Phase I trial [194] 

PIVANEX (AN-9) Classes I and II NSCLC; 
myeloma; CLL 

Phase II trial [188]  

Table 1.5. HDACi currently approved or under clinical phase trials. Adapted and 
reprinted after the publisher approved permission [77] 

e) Class IIa-specific HDACi 

The unique regulatory domain for class IIa HDAC and its specific epigenetic "reader" function 

made it an appealing target for HDACi, specifically for class IIa HDACs. A high-throughput 

screen discovered the trifluoromethyl oxadiazole (TMFO) derivatives as inhibitors selective for 

class IIa HDACs [244]. TMP269, a TMFO derivative, was shown to stimulate apoptosis by 

activating ER stress signaling and enhance the tumor response to the chemotherapeutics, 

tunicamycin or carfilzomib in multiple myeloma [244] More recently, it was shown that TMP269 

treatment showed anti-tumor proliferative effects and induced additive apoptotic effects when used 
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in combination with the chemotherapy Venetoclax in Acute myeloid leukemia [245]. Besides 

TMP269, another class IIa HDAC that gained interest is MC1568, which significantly enhanced 

apoptosis and drove G2/M arrest in pancreatic cancer cells [246]. It was also shown that the 

combination treatment of MC1568 with simvastatin led to synergistic induction of p27 expression 

and increased the antiproliferative effect in colorectal cancer cells [247]. Furthermore, MC1568 

potentiated the cytotoxicity in gastric cancer cells when combined with docetaxel [248]. 

f) Novel approaches: HDAC-specific PROTAC 

With the established role HDACs play in regulating cancer and the high number of HDAC 

small molecule inhibitors in clinical trials, new innovative therapies using advanced approaches 

have also been investigated to give additional hope in combatting cancer with this promising class 

of therapeutics. In the last few years, the proteolysis-targeting chimera (PROTAC) technology has 

gained attention as its unique mechanism of action extends hope for innovation in targeted cancer 

therapeutics. PROTAC protein degraders add additional specificity owing to their potential to 

therapeutically modulate proteins that are challenging to target with conventional small molecules 

[249].  

PROTACs are heterobifunctional small molecules comprised of two ligands joined by a linker; 

one ligand recruits and binds the targeting protein of interest, while the other recruits and binds an 

E3 ubiquitin ligase. The double protein binding of the target protein and ligase by the PROTAC 

stimulates ubiquitylation of the targeting protein and its subsequent degradation by the ubiquitin-

proteasome complex; after the degradation of the targeted protein, the PROTAC complex is 

recycled to target another copy of the targeted protein [249].  
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Compared to the classical small molecule HDACi, HDAC-PROTAC offers several 

advantages. The enhanced specificity of HDAC-PROTAC for a specific HDAC isoform 

overcomes the broad spectrum pan inhibition notion for the HDACi already in clinical trials. All 

HDACi under clinical investigation inhibit several HDAC isoforms and are, at best, class-selective 

[250].  HDAC-PROTAC usually copies the HDAC isoform inhibition profile of its parent HDACi 

[251]. The added benefits for HDAC-PROTACs above their parent HDACi include their mode of 

action, where they act catalytically [249]. Accordingly, a much lower drug load is needed. In 

addition, via targeted degradation,  

HDAC-PROTAC exhibits a more sustained inhibition than their parent HDACi [251]. While 

an HDAC-PROTAC targeting class IIa HDACs induces the degradation of the HDAC enzyme and 

interrupts their downstream signal pathways [252], HDAC-PROTAC can additionally be designed 

in a way to target the regulatory function which is independent of the deacetylase activity of these 

HDAC, which are poor deacetylating agents [74]. Taken together, the HDAC-PROTAC 

technology enables tremendous therapeutic benefits, which have great potential as a therapeutic 

approach to malignancies. The first group that reported this innovative strategy observed collateral 

loss of HDAC proteome complexes using the HDAC-PROTAC [251]. 

g) Novel approaches: RNAi-dependent-HDACi 

Gene therapy has paved its way as a promising therapeutic strategy. It presents high selectivity 

for its specific targeting of disease-causing genes in a sequence-specific manner, which enables a 

more personalized approach to combatting life-threatening diseases, including cancer [253]. Via 

orienting a specific nucleic acid change in the targeted gene, gene expression can be 

downregulated, upregulated, or fixed. Gene therapy molecules clinically investigated for inhibiting 
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gene expression include small interfering RNA (siRNA), microRNA (miRNA), and inhibitory 

antisense oligonucleotides (ASOs) [254]. Conversely, molecules aimed at inducing increased or 

corrected gene expression include plasmid DNA, messenger RNA (mRNA), small activating RNA 

(saRNA), and CRISPR/Cas. [255].  

RNA interference (RNAi) is a known biological protective mechanism by which the genome 

guards against outward invasion. Since their outstanding discovery, it has been proposed that they 

can silence any disease-related genes in a sequence-specific fashion, which puts small interfering 

RNA (siRNA) on the promising therapeutic horizon. More than two decades after its discovery by 

the Nobel Prize winner Craig Mellow [256], four FDA-approved siRNA therapeutics exist and 

demonstrate safety and efficacy in inhibiting their disease targets. GIVLAARI™ (givosiran) and 

ONPATTRO® (patisiran) are two siRNA therapeutics for Alnylam Pharmaceuticals that patients 

safely and effectively use. From the pharmaceutical standpoint, siRNA therapy has set up an 

unprecedented milestone among valid therapeutics, as it has indeed paved the road to a novel 

approach to treating and managing human diseases. 

  Despite the high potential, RNAi therapeutics face some challenges in the systemic 

administration [257]. For example, the nuclease degradation and short-lived circulation of the 

siRNA. Stability against degradation was successfully circumvented by incorporating chemical 

modifications in the siRNA sequence [258]. Utilizing the enhanced stabilization chemistry 

approach (ESC) introduced four chemical modifications at the 5′-end of the antisense strand and 

the 3′-end of the sense strand. These changes significantly improved siRNA potency and 

pharmacodynamics in the circulation by evading degradation by nucleases [259].  
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Adequate accumulation in target tissue is another problem that faces the siRNA therapeutics. In 

blood circulation, unspecific binding and glomerular filtration inhibit siRNA accumulation in 

target tissues. In addition, the relatively small size of the siRNA molecule (~7-8 nm in length and 

2-3 nm in diameter) makes it easily filtered into the urine and excreted out from the body quickly, 

within a few minutes to half an hour, which prevents them from accumulating in targeted tissues 

or cells [257]. However, adequate accumulation in the liver was the fastest to achieve by the 

siRNA-loaded nano-formulations using ionizable lipid nanoparticles (iLNPs) that predominantly 

accumulate in the liver by interacting with serum lipoproteins [260]. Furthermore, the innovation 

of the ligand–siRNA conjugation strategy introduced tissue specificity and accumulation in target 

tissues, hampered undesired side effects and toxicity, and achieved potent gene silencing at a low 

dosage [261]. The ligand–siRNA conjugation strategy's specific recognition was achieved by 

several ligands, including carbohydrates, peptides, antibodies, aptamers, and small molecules, that 

can recognize and bind to the surface receptor of the target tissue [261].  

Another challenge for the siRNA therapeutic is the adequate transmembrane trafficking 

[257]. The relatively high molecular weight (~14 kD) and the total negative charge constrain 

siRNA from crossing the cell membrane [257]. Then, the idea of utilizing carriers to achieve 

efficient transmembrane delivery was introduced. Cationic cell-penetrating peptides can facilitate 

the interaction between the siRNA guanidinium groups and the negative phosphates, sulfates, and 

carboxylates on the cell membrane surface [254]. This interaction showed cell membrane pore 

formation, resulting in the cellular uptake of siRNA. Another approach was also introduced by 

using positively charged lipids or polymers that can neutralize the negative charge of the siRNA 

and facilitate its membrane uptake via an adsorptive pinocytosis [254].  
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Achieving intracellular trafficking of siRNA in vivo requires escaping endosomes and 

lysosomes for cytoplasmic release and loading into RISC. Ideally, the siRNA delivery complex 

should release its contents from the acidic endosomal compartment, avoiding lysosomal 

degradation [261, 262]. Proper delivery ensures uptake via endocytosis, confining the siRNA 

complex within endosomes for recycling or degradation. pH adaptation is crucial for preventing 

siRNA degradation, with many systems employing pH-responsive mechanisms. These systems 

utilize a positively charged delivery complex to increase endosomal or lysosomal osmotic 

pressure, facilitating membrane disruption and siRNA release into the cytoplasm [261, 262]. 

Increasing the efficiency of the cytoplasmic release is still under rigorous investigation. Recently, 

a novel approach has been innovated to enhance liposomal evasion and cytosolic release [263]. 

Qui et al. developed novel endoplasmic reticulum (ER) membrane-modified hybrid nanoplexes 

(EhCv/siRNA NPs) that showed much improved RNAi activity systemically [263]. They employ 

the endosome–Golgi–ER pathway instead of the endosome–lysosome pathway for trafficking, 

thereby avoiding the lysosomal degradation of siRNA. In addition, electroporation was offered as 

an alternative to enable siRNA to cross the cell membrane directly, presenting an effective strategy 

to bypass liposomal evasion [264].  

Thus far, four RNAi therapeutics, GIVLAARI™ (givosiran), ONPATTRO® (patisiran), 

OXLUMO® (lumasiran), and LEQVIO® (inclisiran), have been sanctioned for commercial 

therapeutic usage. Furthermore, at least seven siRNA-dependent therapeutics are undergoing 

phase-3 clinical studies, with more candidates in preclinical settings targeting various diseases, 

including cancer, utilizing multiple delivery systems and ample drug pipelines [254]. 
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The development of new drugs and the pipeline of therapeutics is undeniably challenging. 

However, the discovery of RNAi has revolutionized cancer drug design, offering relatively rapid 

approaches. Moreover, the array of FDA-approved nanoparticles made from polymers and lipids 

designed for RNAi drug delivery provides promising prospects for the efficacy and safety of small 

interfering RNA (siRNA) therapeutics in cancer treatment. Combining an HDAC inhibitor with 

an RNAi targeting strategy to yield long-sought isoform-specific HDAC inhibitors may herald a 

new era in treating numerous cancers where individual HDACs play a significant role. While the 

potential of HDAC inhibitors is remarkable, translating these advancements to clinical use will 

necessitate the innovative design of novel, potent, and isoform-specific HDAC inhibitors that 

maximize efficacy while minimizing side effects. 

 

IV. Glioblastoma Multiform as a disease model. 

a.  Introduction to GBM  

Glioblastoma (GBM) is the most common and aggressive high-grade malignant primary brain 

tumor with an abysmal prognosis. It most commonly erupts in the frontal lobe, followed by the 

temporal, parietal, and occipital lobes, as reported by the American Brain Tumor Association®. 

The tumor comprises various cell types (including abnormal astrocytic cells and blood vessels) 

and areas of dead cells (necrosis). GBM is inherently invasive to different regions of the brain. It 

can also sometimes disseminate to the other half of the brain through the corpus callosum or the 

ventricular system [265].  



 64 

There has been a significant expansion for GBM genotyping in the new WHO classification. 

The expansion of multi-omics techniques and machine learning strategies are creating milestones 

toward more accurate determination of GBM prognoses and predictive responses to treatments 

[266].  In 2017, the formation of cIMPACT-NOW (Consortium to Inform Molecular and Practical 

Approaches to Central Nervous System (CNS) Tumor Taxonomy) was announced to evaluate and 

recommend changes to the WHO classification of brain tumors [267]. Also, the rigorous GBM 

research and the discovery of new mutations and targets in GBM opens the prospect of creating 

unexplored drugs with new potential for such a deadly disease.  

 GBM is now defined as Astrocytoma IDH-wildtype tumors with one or more of the following: 

microvascular proliferation, necrosis, EGFR gene amplification, TERT promoter mutation, or 

combined copy number variations of gain of chromosome 7 and loss of chromosome 10 [268]. 

Currently, there are no curative treatment options for GBM. Despite the revolutionary 

advancement in cancer research and the innovation of novel cancer therapies, the outcome for 

patients remains almost universally lethal. Median overall survival is 15 months after diagnosis, 

and the 5-year survival is 5%, which is the lowest long-term survival rate for brain tumors [268].  

There is a significant challenge in treating GBM. The failure of GBM treatment can be 

attributed to several factors, but on top of them is the presence of a population of stem-like cells 

known as glioblastoma stem cells (GSCs) [269]. These cells have the ability to self-renew, 

indefinitely proliferate, and differentiate into various cell types, thereby recapitulating the entire 

tumor invivo [270]. GSCs tend to migrate into the adjacent normal brain tissues and along the 

vasculature, which causes failure of complete surgical resection and limits the success of 

radiotherapy [271]. The treatment failure is also attributed to the blood-brain barrier (BBB) that 
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prevents many treatments from locally approaching the tumor. Furthermore, GBM is 

heterogeneous among patients (inter-tumoral heterogeneity). It can also change over time within 

the same patient (intra-tumoral heterogeneity), adding a poorer prognosis of the disease and 

making it more resistant to the treatment [272].   

GBM has been subdivided into different subtypes to categorize its diverse phenotypes, predict 

the treatment response, and offer a more reliable prognosis [273]. Initial genomic and 

transcriptomic profiling for the GBM landscape established from bulk RNA sequencing 

experiments has classified GBM into four subtypes (classical, mesenchymal, proneural, and 

neural) [274]. These subtypes are mainly distinguished by the expression levels of specific gene 

sets and known GBM mutations, and these subtypes showed different sensitivity to drug treatment 

[274]. The recent update for GBM classification helped narrow down the formerly designated 

profiles into only three main subtypes (proneural, classical, and mesenchymal), excluding the 

neuronal subtype for the more likely neuronal lineage contamination [275].  

The plasticity and intra-conversion among different GBM subtypes during GBM progression 

and recurrence were reported [275]. In addition, single-cell RNA- seq (scRNA-seq) experiments 

revealed that the GBM tumor exhibits substantial gene expression profile differences among the 

different cell states within the same tumor regarding the cell cycle, hypoxia, the immune response, 

and oligodendrocyte function [276]. Intriguingly, the three cell states’ genomic profiles were also 

reported in diffuse midline gliomas (pediatric gliomas), underscoring their importance [277]. 

GBM cell identity is highly dynamic, and reversible plasticity between the various cell 

states is ubiquitous and tends to be patient-specific. Current therapeutic intervention options result 

in complex transformations in the GBM landscape, further adding to its heterogeneity [276]. A 
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single oncogene does not drive GBM but can result from many different mutations. The most 

commonly mutated genes in GBM patients include TP53, EGFR, ATRX, TERT, IDH1-wild 

type, PTEN, and MDM2 [278].  

GBM inherently lacks immune support, and that returns to the brain being regarded as an 

immune-quiescent site with limited access; that is why the T cells' immunogenic functions are 

lacking in the brain. The immune deficiency of the brain returns to the safeguard BBB, lack of 

dedicated lymphatic channels, the low expression level of Major Histocompatibility Complex 

(MHC) class II molecules, lack of antigen-presenting cells (APC), and the inherent expression of 

immunosuppressive cytokines such as TGF-β [279]. That explains the high level of TGF-β in 

intracranial gliomas in in-vivo models, causing the accumulation of Tregs and immature dendritic 

cells, making an immunosuppressive feedback loop. This environment counters the priming of T 

cells and ultimately impairs the anti-tumor immune response [280].  

However, advanced research has improved our understanding of immune reactions in the 

CNS. A classical lymphatic system exists in the CNS through a circulation across the cerebrospinal 

fluid [280]. Accordingly, antigen-presentation cells and T and B lymphocyte priming happen at 

the deep cervical lymph nodes, indicating the existence of adequate immune responses in the CNS 

[280]. However, these immune mechanisms shift in the GBM, consistent with low CD4+ T cell 

counts, correlate with poor outcomes in GBM patients receiving the standard therapy [281]. In 

addition, the infiltration of CD8+ T cells in newly diagnosed GBM patients is linked to enhanced 

patient survival [282].  The GBM micro-environment adds more intertumoral heterogeneity, 

especially regarding the distinct populations of immune cells. Significant differences were found 

in the overall number of T cells and the contribution to different T cell states per patient. In 
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addition, the number of CD8+ T cells and Natural Killer (NK) cells differ significantly between 

patient subsets [283].  

Typically, microglia comprise ~ 10% of CNS cells, which regulates the normal quiescent 

phenotype in the healthy CNS, expressing low levels of MHC molecules and the priming 

conditions [284]. However, in the presence of an immunogen, the peripheral immune cells access 

the CNS and orchestrate immune responses; functioning microglia stimulate MHC II molecules 

and costimulatory molecules and present antigens to activated T cells [280, 284]. These findings 

support the notion that the CNS should be regarded as a unique immune environment rather than 

an immune-deficient site and provide the foundation for opportunities to develop targeting 

immunotherapy for GBM [285]. 

 
b. Molecular basis of GBM  

Recent advancements in genomic techniques have enhanced our knowledge of the critical 

molecular changes that trigger or aggravate GBM. Some molecular markers were shown to carry 

prognostic and predictive information, increase tumor progression, and present a new hope for 

targeted therapies. For instance, ATRX gene mutation (a-thalassemia/mental-retardation-

syndrome-X-linked) is a biomarker for GBM[286]. The ATRX gene encodes the ATRX chromatin-

remodeling protein, which works with DAXX to chaperone histone H3.3 to the heterochromatin 

[287, 288]. ATRX mutations exist in more than half of the relapsed GBM [268]. In a prospective 

study, losing ATRX expression was linked to a better prognosis than those with higher ATRX 

expression [289]. Another crucial biomarker is TP53 (Tumor protein P53) gene mutation. The 

functional p53 protein regulates proliferation, survival, genome integrity, and other cellular 

functions. The presence of TP53 inactivation mutations is linked with the progression of GBM, as 
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well as increased invasiveness, decreased cell apoptosis, increased proliferation, worse overall 

patient survival, and chemotherapy resistance, including temozolomide by increasing MGMT 

expression [290, 291]. Also, the GBM biomarker EGFR (epidermal growth factor receptor) gene 

mutation encodes a receptor with tyrosine kinase activity activated by EGF (epidermal growth 

factor) [292]. EGFR protein promotes cell proliferation by activating the MAPK and PI3K-Akt 

pathways [292]. The EGFR gene amplification was reported in 50-60% of GBM cases and has 

been associated with poor prognoses [293]. Also, MGMT (O6-methylguanine DNA 

methyltransferase) mutation indicates a GBM prognosis. The MGMT gene encodes the MGMT 

protein responsible for DNA repair, removing an alkyl group from the DNA alkylation site O6 

position of guanine. MGMT promoter methylation positively predicts a better overall survival 

[294, 295]. The standard of care chemotherapeutic, Temozolomide, works by mimicking MGMT 

function and methylates DNA at the N7 and O6 atoms for guanine and N3 for adenine. Identifying 

the MGMT promoter methylation status is crucial to identify patients who might benefit and who 

might not from Temozolomide in the combinational therapy of newly diagnosed GBM, which 

would pave the way towards more tailored therapies, overcoming drug resistance and refractory 

GBM  [294, 296].  

Furthermore, TERT (Telomerase Reverse Transcriptase) promoter mutation has been 

excessively reported in GBM tumor tissues. The TERT gene encodes telomerase enzyme protein, 

an enzyme that adds the missing 3′ end of a DNA strand during replication. After serial cell 

divisions, once telomere length has reached a specific size (the Hayflick limit), normal cells should 

undergo irreversible cell cycle arrest, referred to as senescence [297]. Senescence physically 

prevents additional cell proliferation and DNA replication, safeguarding cells from genetic 

mutations and chromosome rearrangements, which could result in oncogenesis [298]. Telomerase 
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prevents telomere loss by stabilizing and elongating telomeres by adding the telomere repeat of 

TTAGGG to the 3′ ends of human chromosomes [299]. The mutation of the TERT gene promoter 

results in increased telomerase activity and telomere elongation, increasing TERT expression to a 

fourfold increase [300]. Although pTERT mutations are present in up to 80% of GBM [301], the 

role of pTERT mutation as a prognostic factor is still being studied under the heterogeneous co-

occurring factors from other mutation biomarkers of IDH, EGFR mutations, and MGMT 

methylation status [302].  

c. Glioblastoma stem cells as the main drive of GBM pathology.  
 

While the exact origin of GBM remains controversial, the expansion in genomic 

sequencing, particularly scRNA-seq data, expanded our knowledge of specific niches, cellular 

hierarchies, and transcriptional programs in GBM tumors [303]. The presence of GSCs as the 

central seed for GBM tumors is now a matter of fact; however, their evolution and plasticity during 

tumor development remain an active research area. GSCs have been linked to therapy tolerance, 

and their role in building and communicating with the tumor microenvironment has direct 

implications for the relevance and success of any targeting therapy [276]. The cell of origin for a 

tumor refers to the normal cell that receives the initial cancer-promoting genetic hit(s) and responds 

by initiating a transformation. Thus, which normal brain cell received the first transforming hit 

requires understanding the hierarchy of cell lineages in the CNS.  

The primary progenitor stem cells in the brain are the neural stem cells (NSC), which are 

quiescent cells that exhibit indefinite self-renewal capability and multipotentiality to proliferate 

into a hierarchy of progenitor cells that have the less self-renewal capability and are fated to 

differentiate into various cell types. NSCs give rise to multipotent progenitors (MPPs) that give 

rise to all CNS cell types [211, 304, 305]. NSCs can differentiate into bipotential progenitors 
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(BPP), such as Ascl1 progenitors, that give rise to both adult oligodendrocyte progenitor cells 

(OPCs) and neural progenitor cells (NPCs). Unipotent progenitors (UPP) differentiate into 

oligodendrocytes, neurons, or astrocytes [211, 304, 305]. However, the hierarchical relationship 

between these progenitors still needs to be clarified. Experiments using conditional inducible 

mutations and known GBM driver mutations showed that all these progenitors can transform to 

GSC and give rise to GBM (Figure 1.9). Whether each cell of origin is susceptible to specific 

mutations is still being investigated.  

Many studies suggest that stem cells and progenitors are widely vulnerable to various 

mutations [306]. It was proposed that specific cell types may display preferential susceptibility to 

certain mutations and that particular cell of origin-mutation assortments lead to specific genetic 

and epigenetic signatures, which might shape the various GBM genotypes and the inter-tumoral 

heterogeneity [304]. Indeed, the relentless pursuit of global research continues each day, bringing 

us closer to understanding the precise origin of GBM tumors. This ongoing effort holds the 

promise of unlocking new avenues for targeted therapies, offering hope for improved treatment 

outcomes, and ultimately enhancing the quality of life for patients affected by this devastating 

disease. 
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Figure 1.9 Lineage hierarchy of 

GBM-cell of origination. 
The multipotentiality of NSCs gives rise to 
multiple cell progenitors with the likelihood 
of transforming any cell populations to GSCs 
to recapitulate the GBM tumor with exposure 
to conditional inducible mutations and 
known GBM driver mutations. Multipotent 
progenitors (MPPs) give rise to all CNS cell 
types. NSCs differentiate into bipotential 
progenitors (BPP) that give rise to both adult 
oligodendrocyte progenitor cells (OPCs) and 
neural progenitor cells (NPCs). Unipotent 
progenitors (UPP) differentiate into 
oligodendrocytes, neurons, or astrocytes. 
Dashed lines denote that the hierarchical 
relationship between different progenitors is 
still undefined. Picture reprinted from [304] 
(reprinting was allowed  without additional 
permission from the publisher) 
 
 
 
 
 
 

d. Inter- and Intra-tumoral heterogeneity of GSCs 
 

The recent comprehensive understanding of inter-tumoral heterogeneity in GBM is seen as 

an outcome of genetic and epigenetic alterations, along with gene signature profiles resulting from 

variances in the cell of origin [304]. Such intertumoral heterogeneity needs to be crucially 

considered when making therapeutic decisions. Subgroup-specific therapeutic designs must be 

enforced based on the final biological phenotype, which takes in consideration the GBM 

heterogeneity. For instance, treatment of IDH mutant glioma with an epigenetic modifier was 

shown to restore insulator function and downregulate the prominent glioma oncogene, the receptor 

tyrosine kinase gene PDGFRA [307]. In contrast, using DNA alkylating temozolomide in such 
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IDH wild-type GBM may require revision, as it generates a relapsed hypermutated phenotype 

[269]. 

Heterogeneous tumor marker gene expression patterns and uneven cellular distribution of 

genetic alterations were seen in genomic studies and even in earlier immunohistochemistry and 

pathological studies [276, 308]. Advancements in genomic sequencing techniques have revealed 

how multiple clones harboring various genetic alterations coexist within the same tumor. 

Moreover, segregating clones based on genetic signature has unraveled a side of the tumor 

development process [275]. The paradigm for clonal evolution posits that tumor formation is 

initiated in a cell of origin and is followed by the accumulation of single or multiple somatic 

genetic alterations, driving more complex heterogeneity and providing the tumor with survival 

mechanisms [304]. Cells harboring similar genetic alterations tend to aggregate, yet their invasive 

nature results in clonal mixing and brain infiltration. Invading tumor cells penetrate the normal 

brain parenchyma, contributing to further heterogeneity; these infiltrated cells are the clones likely 

to evade surgical removal. Referred to as the "invasive niche" or "surgery-flee clones", they 

migrate along vasculature and white matter tracts, utilizing cadherins and integrins to navigate the 

extracellular matrix [304]. 

Two further environmental niches add further heterogeneity at the cellular level within the 

same tumor. Hypoxic and necrotic niches are a hallmark of GBM and provide GSCs with 

mechanisms for maintenance, proliferation, as well as drug resistance. Clones residing in the 

hypoxic niche develop survival mechanisms under nutrient-deficient conditions, promoting shifts 

towards aerobic glycolysis and glutamine-mediated fatty acid production [305, 309]. This leads to 

the enrichment of therapy-resistant cell populations. [305, 309].  



 73 

The perivascular niche serves as the third reported niche, facilitating paracrine signaling 

among tumor clone cells (inter-clonal communication) or between tumor clone cells and immune 

cells (inflammatory niche). Within this niche, crucial cues are provided for maintaining GSCs’ 

stemness and inducing the enrichment of pathways necessary for migration and DNA repair [310]. 

For instance, proximity to the endothelial cells supports GSCs’ stemness phenotype through 

NOTCH and nitric oxide signaling pathways, among many others. In contrast, tumor cell clones, 

such as tumor-associated macrophages, reside in the perivascular and secrete pro-tumorigenic 

chemokines that induce GSCs’ growth and proliferation [310, 311]. A schematic representation of 

all these cross-talking niches is illustrated in (Figure 1.10).  

 

 
Figure 1.10 The complexity of inter- and 

intra-tumoral heterogeneity in GBM.  
 
Inter- and intra-heterogeneity between different patient 
populations arises from the cell of origin and the 
subsequent significant epigenetic and genetic shifts. A. 
Such derivatization generates diverse clones of tumor-
initiating cells (TICs) or GSCs. B. TICs expand, adding 
more heterogeneity to the clonal cell populations as 
they divide, owing to more genetic and epigenetic 
alterations. Cells with similar genetic alterations exist 
nearby, but their invasive properties will cause clonal 
mixing and invasion into normal brain tissue. C. 
Environmental factors add additional heterogeneity at 
the cellular level. Three niches were identified: the 
hypoxic niche, the invasive niche, and the perivascular 
niche from the tumor cell-to-cell communication or 
tumor cell-to-immune cell communication. Picture 
reprinted after the publisher approved permission 
[272] 
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e. Epigenetic regulation in GBM 

Epigenetic regulation plays a vital role in the development, progression, and prognosis of 

GBM [162, 276, 312]. A tumor cell's epigenetic and genetic landscape can determine its 

association with the different cell states denoted by its global chromatin accessibility [276]. The 

epigenetic modification of enhancer regions drives the aggressive phenotype of the GSCs subtypes 

in addition to the active promoters being significantly common among GBM patients, as shown 

by Chromatin Immunoprecipitation followed by sequencing (ChIP-seq) experiments [312].  A 

recent single-cell multi-omics study unraveled the significant difference in chromatin topography 

between primary versus recurrent tumors  [313]. Relapsed tumors shifted to the more aggressive 

mesenchymal subtype and increased open chromatin peaks belonging to components of crucial 

signaling pathways in the GBM [313]. In addition, single-cell assay for transposase-accessible 

chromatin sequencing (scATAC-seq) experiments revealed three epigenetically distinct 

populations of GSCs across GBM patients; each population shows a unique signature of 

epigenetically activated transcription factors [314, 315].  

Epigenetic abnormalities are now regarded as prognostic markers and can be used as a 

means for personalized therapy for matching GBM patients' subgroups and as predictive to 

patients' survival [314, 316]. In addition, prediction models for specific DNA cytosine methylation 

patterns provide a high degree of accuracy for the overall survival of GBM patients from TCGA 

datasets [317]. More comprehensively, the gene expression patterns correlate with epigenetic mark 

depositions in the transcription start site (TSS) regions in distinct grades of the gliomas [318]. 

PTM of histones impact chromatin accessibility and have a higher say in activating or repressing 

gene expression in the GBM [48]. For instance, H3K9me3 and H3K27me3 are hallmarks of 

condensed heterochromatin and gene silencing in the GBM [133, 155]. In contrast, acetylation of 
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histone lysine residues, H3K4, H3K79, and H3K36, are typically associated with active chromatin 

[49]. In addition, Histone H3 acetylation and H3K4me1 marks distant to promoter regions have 

been related to functional enhancers in different GBM cell types [319]. The interplay between the 

chromatin organization and various epigenetic mechanisms provides a fine-tuned regulation of 

gene expression, which has roles in developing or progressing the GBM tumor [312] 

f. The histone variant H3.3 in adult and pediatric high-grade gliomas  

 

The human histone H3 family comprises histones: H3.1 and H3.2, known as "canonical 

histones", H3.3, and the centromere-specific variant CENP-A, known as "histone variants" [120]. 

The variant H3.3 can operate like its counterpart canonical H3 as a core component of the 

nucleosome, but in addition it is also deposited into transcriptionally active regions to replace 

displaced nucleosomes at any point of the cell cycle [320]. Thus, H3.3 is deposited in a replication-

independent manner in contrast to the canonical histones, which are deposited in a replication-

dependent manner [114]. Moreover, H3.3 is deposited into regions associated with actively 

transcribed genes in euchromatin in addition to relatively silent regions, such as telomeres and 

pericentric heterochromatin [121]. Thus, H3.3 is found in the genomic areas enriched for either 

the euchromatin as H3K4me3 or heterochromatin as H3K27me3 and H3K9me3 [114]. 

Two major histone chaperone complexes have been identified to be accountable for H3.3 

deposition in the nucleosome. Histone regulator A (HIRA), which deposits H3.3 into euchromatic 

regions in a replication-independent manner, and the death-associated protein (DAXX)/ a-

thalassemia X-linked mental retardation protein (ATRX) complex, which deposits H3.3 into 

pericentromeric and telomeric heterochromatin regions [288, 320]. Consistent with that, the loss 
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of H3.3 and disruption of the ATRX/DAXX complex was shown to cause the loss of the 

heterochromatin mark H3K9me3 at some genomic regions [288]. Similarly, the markdown of 

H3K9me3 was also seen at telomeres in DAXX knockout cells [321]. It was proposed that the 

ADD domain of ATRX physically interacts with H3K9me3, which presumably induces the 

chaperoning of ATRX/DAXX/H3.3 [288]. DAXX can then interact with the methyl transferases 

SETDB1 or SUV39H, both of which catalyze the tri-methylation of H3K9. Subsequently, 

ATRX/DAXX can target heterochromatin for deposition of H3.3 and recruit more 

methyltransferases to mediate direct modification of K9me3 on H3.3 [288]. As crucial in the 

genomic stability as they could be, the loss of ATRX results in chromosomal segregation errors 

during embryogenesis [322]. Moreover, ATRX and DAXX have been reported to be mutated in 

cancers, including brain tumors and other cancer types, which makes this complex an appealing 

target to explore for cancer [286, 323].  

On the other hand, HIRA was found to be involved in depositing histone H3.3 into distinct 

genomic regions, including active promoters, enhancers, and gene bodies[324]. Still, their 

mechanism of deposition needs to be better understood. One study showed that the single-stranded 

DNA binding protein (RPA) acts as a regulator that physically interacts with HIRA to form the 

RPA/HIRA/H3.3 complex [325]. This complex could be driving the deposition of gene regulatory 

elements [325]. However, how HIRA is recruited to gene regulatory elements to deposit H3.3 in 

the euchromatin regions of transcriptionally active genes remains elusive.  

HIRA chaperoning to H3.3 has a substantial role in oocyte developmental competence and 

embryogenesis through regulating chromatin condensation and transcriptional quiescence, which 

is crucial during embryonic development [324]. Likewise, it was reported that loss of HIRA causes 
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defects in early embryogenesis [326]. Although HIRA plays a crucial role during embryo 

development, its significance extends beyond this stage. Its reappearance in the transcriptional 

scene is widely associated with cancer development [327]. HIRA chaperoning and deposition for 

H3.3 was reported to be related to aggressive tumors and metastatic phenotype, where 

incorporation of HIRA to H3.3 was found essential for the chromatin remodeling that mediates 

pro-metastatic transcriptional reprogramming  [327]. Taken together, the interplay between HIRA 

versus ATRX/ DAXX in depositing H3.3 histones may represent a crucial axis in the cellular 

reprogramming that enables complex cell fate decisions during tumorigenesis; however, the 

dynamic plasticity between these two complexes still needs to be better understood.  

Historically, pediatric patients have been treated the same way adult high-grade gliomas 

are treated. Moreover, most previous clinical trials on pediatric high-grade glioma tumors were 

based on studies from adult GBM [328]. It was not until recently that the World Health 

Organization separated adults from pediatric-type high-grade gliomas, emphasizing the clinical 

and molecular differences between these different age tumors [268]. High-grade pediatric gliomas 

account for 10-15% of all brain tumors in children [329]. They are characterized by ominous 

prognoses with currently no curative therapy available, with the typical survival being less than 

two years [330]. Around half of the high-grade pediatric gliomas show diffuse growth in the 

brainstem, mainly in the pons, defining a separate subgroup termed diffuse intrinsic pontine glioma 

(DIPG) [329, 330]. These tumors are exceptionally challenging to treat owing to their anatomical 

site, which makes the median survival of these kid patients only nine months [329, 331]. Recent 

large-scale genomic, epigenomic, and transcriptomic studies of DIPG tumors show that DIPG 

tumors represent a class by themselves for their unique mutational and gene expression signatures 

[332].  
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Histone H3.3 plays a fundamental role in DIPG’s tumors. Large-scale genomic studies 

identified a crucial mutation in histone H3.3 that defines DIPGs, the lysine-27-to-methionine 

mutation (H3.3K27M), which often co-occurs with a TP53 mutation (~77%) [333]. While in adult 

GBM, hypermutation typically arises at the time of GBM recurrence driven by the alkylating 

agents' dependent therapeutics [314, 334], in children, hypermutation is present at the diagnosis 

time and what likely impacts the failure response of DIPGs to first-line therapeutic attempts.  

The H3.3K27M mutation was found to drive global epigenetic changes in DIPG, such as 

causing a global reduction in the repressive mark H3K27me3, an increase in the transcriptionally 

activating mark H3K27ac, as well as a reduction in DNA methylation [126]. H3K27M exhibits a 

high affinity for the methyltransferase EZH2, the catalytic subunit of the polycomb repressive 

complex 2 (PRC2), which drives the trimethylation of H3K27, and thereby inhibits the repressive 

PRC2’s enzymatic activity [126, 335]. It was recently proposed that PRC2 recruitment is not 

majorly impaired in DIPG but that H3K27me3 disrupts spreading across promoter-associated 

regions, particularly at the extended unmethylated CpG islands related to cell fate and lineage 

differentiation [336]. It was reported that correcting H3K27M restores the spreading of 

H3K27me2/me3 and entirely abolishes the tumor formation in mice [336].  

After extensive research showed that the standard of care for high-grade gliomas is 

irrelevant to DIPG, several attempts have been investigated to correct the disrupted epigenetic 

landscape made by the mutation H3K27M, with some showing possible clinical outcomes. 

Targeting EZH2, the catalytic subunit of PRC2, was introduced where it was reasoned that since 

PRC2 activity is indispensable for the proliferation of H3K27M-expressing DIPGs, thus inhibiting 

EZH2 could be a potential therapeutic strategy for interfering with the transcriptional programs in 
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these tumors [337, 338]. Another therapeutic approach that was introduced and heavily 

investigated for its extraordinary potential is using HDACi [339]. The milestone for using the 

HDACi in DIPGs is that HDACs do not rely on the presence of histone mutations to exert their 

function. Preclinical work investigating the utility of the pan HDACi Panobinostat showed a 

positive response against both H3K27M DIPG and the non-mutant DIPG. Currently, HDACi 

Panobinostat is existing in clinical trials for DIPG, e.g., (NCT02717455).  

Nevertheless, pan HDAC inhibition will always have its toxicity toll from the unspecific 

global HDAC inhibition. In a phase I Panobinostat clinical trial for children with solid tumors, 

one-third of children experienced severe thrombocytopenia [227]. In light of that, the current 

attempts are inclined towards isoform-specific HDACi that possess more specificity, better tumor 

cytotoxicity, and more safety in targeting the highly heterogeneous aggressive high-grade gliomas 

in children and adults. 

 

g. Current treatment strategies for GBM  

The current standard of care for GBM patients is surgery, radiation therapy, and chemotherapy. 

Depending on the overall health of the patient and disease condition, they may also be enrolled in 

relevant ongoing clinical trials, Tumor Treating Fields (TTFields), and targeted therapies [340, 

341]. Surgery remains the first line to get a biopsy and make an initial diagnosis, ease the pressure 

from the brain swelling, and safely remove as much tumor as possible [340, 341]. Radiation and 

chemotherapy often follow surgery to eliminate part of the residual tumor tissues that were not 

accessible for surgical removal [340, 341]. However, much of the residual tumor that invaded 
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normal brain tissue remains hidden and inaccessible by therapy, the factor usually behind the 

relapsed or recurrent GBM.  

Temozolomide is a DNA-alkylating agent discovered in the 1970s and approved in 2005 by 

the FDA to be among the standard of care for newly diagnosed GBM patients. GBM patients who 

show some initial response towards temozolomide and enhanced survival often have methyl-

guanine-methyltransferase (MGMT) genes with hypermethylated promoters as compared to 

patients with hypomethylated MGMT genes [342]. Despite its inclusion in the standard 

chemotherapeutic regimen for GBM, temozolomide exhibits toxicity, fails to eradicate GBM even 

in combination therapies, and can induce hyper-mutated relapsed GBM. [269, 334].  

Tumor Treating Fields (TTFields), generating low-intensity alternating intermediate-

frequency electric fields, disrupt the growth and division of tumor cells. This therapy may also be 

administered in combination with chemotherapy for GBM patients. [343]. TTFields were 

introduced as an approach to applying intermittent electrical fields to exert biophysical force on 

charged and polarizable molecules known as dipoles.  

Nevertheless, GBM recurrence after first-line therapy is inevitable [265, 285, 344]. Thus far, 

no standard approach has successfully targeted recurrent highly mutated GBM. Second-line 

treatments for GBM recurrence encompass various approaches such as surgical resection of the 

recurrent tumor, reirradiation, temozolomide rechallenge, administration of bevacizumab (an anti-

vascular endothelial growth factor monoclonal antibody), or tyrosine kinase inhibitors for GBM 

patients with mutations in tyrosine kinase receptors [265, 285]. Despite these initiatives, the 

median overall survival after GBM recurrence is 6.5 months [345], while a longer overall survival 

(12 months) resulted from bevacizumab and the DNA alkylating chemotherapeutic nitrosourea, 
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lomustine [346]. Although immunotherapy showed hope with certain types of cancers, it failed its 

initial battle against GBM. Nevertheless, advanced research that considers the uniqueness of the 

CNS immune microenvironment provides more hope for opportunities to develop targeted 

successful immunotherapy for the GBM [285]. Many HDACi are indeed being used in 

combinational therapy, and many others are being investigated in preclinical settings. 

Nevertheless, the field desperately needs specific HDACi to match the various pathways and 

conditions involved in different types of cancers, specifically heterogeneous aggressive tumors 

like GBM. 

Regardless of the chosen therapy and its potential, drug delivery for brain tumors has 

always been a great challenge. Many cross-talking factors enforce this challenge we face for 

targeting brain tumors: blood-brain barrier (BBB), blood-brain tumor barrier, the drug distribution 

hardship from the tightness of the brain parenchymal tissue, the overexpressed efflux pumps, the 

infiltration, invasion, cancer stem cells' heterogeneity, drug, and immune evasion driven by the 

collective tumor microenvironment. However, since most of the recurrent GBM bursts are in or 

near the prior resection cavity, there are recent attempts to locally deliver high doses of therapeutics 

to the GBM cavity (intraoperatively) that give hope for maximizing local efficiency, minimizing 

the systemic effect, overcoming constraints from the BBB [347].  

Convection-enhanced delivery (CED), a novel modality for local drug delivery currently 

undergoing clinical trials, operates by applying a positive pressure gradient. The advantage of this 

modality is that it improves the spatial distribution, with lower concentrations of compounds being 

necessary to treat a similar area and can remain in situ for a prolonged period [348]. In addition, 

with the tight brain parenchyma and tumor tissue restricting the diffusion of many therapeutics, 
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the positive pressure gradient presented by the CED will enhance the diffusion of the therapeutics 

[347]. Multiple clinical trials with CED (NCT03086616), (NCT02022644), and (NCT03566199) 

are currently taking place with various therapeutic agents for GBM and DIPG, and advances are 

also still ongoing with multiple treatment plans and therapeutic agents that present great potential 

in combatting GBM.  

Implanted and injected delivery methods like implanted reservoirs or stereotactic injections 

with chemo- or immuno-therapeutics are also from the proposed delivery modalities. The 

advantage of the implanted reservoir is that it is implanted under the skin and can be accessed 

intermittently, giving more treatment and dosing adjustment flexibility for the patient and clinician 

during the course of treatment.is A study that used the implanted reservoir to deliver the 

nitrosourea alkylating agent nimustine into the resection cavity combined with a brain distribution 

enhancer agent, together with oral temozolomide, showed a slight enhancement in the patients’ 

OS and PFS. However, adjustments to the delivered therapeutics, dose, and implantation 

techniques might improve the implanted reservoirs’ efficacy and safety [347].  

In the early days of GBM treatment attempts, the intra-arterial delivery of 

chemotherapeutics demonstrated significant promise, particularly when other modalities were not 

feasible [349]. However, concerns regarding neurotoxicity and other unfavorable effects made 

intra-arterial delivery less appealing in the late 1990s, concurrent with the initial hope given 

towards temozolomide back then  [350]. However, a recent interest in intra-arterial delivery was 

renewed owing to the improved selective angiographic strategies [350, 351]. An intra-arterial 

catheter can deliver high dosages of therapeutics directly over the tumor with the help of a brain 

disruption agent such as mannitol to maximize the route of the compound across the tight brain 
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parenchyma [351]. At least six various clinical phase I and II trials for primary and recurrent GBM 

are currently underway using selective intra-arterial delivery of multiple therapeutics 

(NCT01269853, NCT02285959, NCT01811498, NCT02800486, NCT02861898) [347]. One 

(NCT03672721) showed a tremendous initial outcome regarding a full or partial response with 

minor hematological adverse effects and no neurological complications [352]. 

Furthermore, our group has introduced a novel delivery idea using a biodegradable 

hydrogel called GliaTrap [353].  GliaTrap is a biodegradable, non-swelling, injectable hydrogel 

that has sustained release of a chemoattractant. GliaTrap aims to attract and trap the migrating and 

invading GSCs back to the tumor resection cavity to combat recurrence and improve surgery 

outcomes. Our team innovated a biodegradable and injectable hyaluronan/collagen II-based 

(HA/Col) hydrogel that does not swell in vivo. The hydrogel is loaded with a chemoattractant 

CXCL12-loaded FDA-approved liposomes. However, the GliaTrap concept can expand beyond 

this application to deliver additional therapeutics.  

Local delivery offers promising avenues for enhancing the efficacy of various therapeutics 

while minimizing systemic side effects. This approach is particularly valuable for therapies with 

significant antitumorigenic potential but limited benefits when administered systemically due to 

challenges in crossing the blood-brain barrier (BBB) and accessing the tumor. Ultimately, all these 

drug delivery modalities have great potential in our battle against GBM. 

Taken together, the current focus should be on investigating comparisons between different 

compounds, drug combinations, doses, and innovative drugs with improved specificity, favoring 

tumors over normal brain tissue to maximize benefits and minimize adverse effects. The battle 

against GBM and other forms of cancer necessitates rigorous collaboration among researchers, 
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clinicians, institutions, and governmental entities. It is crucial to work together to establish 

environments that foster innovation and development, providing accelerated pathways to translate 

promising ideas from the bench to the patient. 
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V. Thesis overview  

a) Historical development of the thesis project 

This dissertation focuses on HDAC7 as a key epigenetic regulator with therapeutic potential 

in malignancies. We provide evidence of HDAC7's overexpression in GBM and other cancers and 

demonstrate that its inhibition significantly affects the self-renewal capability of cancer stem cells, 

the main driver of GBM pathology.  

The last decade witnessed extensive studies on HDACs and their role in cancer, which 

accelerated the advancement of a new class of cancer therapeutics, HDACi. Indeed, a large number 

of HDACi compounds have been developed and studied extensively [188-191, 194-199, 237, 239-

243]. Many of these compounds were indeed granted FDA approval or under ongoing clinical and 

preclinical trials [225, 226, 232]. Thus far, the constraints associated with their clinical application 

stem from their unwanted side effects due to the lack of HDAC-isoform specificity. [354, 355] 

Due to the distinctive nature of class IIa HDACs, which have been associated with cancer [77, 

84, 85, 213, 250], but with a limited understanding of their regulation in malignancies, we aimed 

to explore the consequences of their overexpression in GBM. Based on the results from our initial 

screens, we hypothesized that HDAC7 stands out among class IIa HDACs as a crucial regulator 

in GBM and could serve as a novel potential druggable target in preclinical settings.  

We employed multiple strategies aimed at developing a drug specifically targeting HDAC7 

without impacting other HDACs; our approach sought to maximize specificity and minimize 

unwanted side effects. We also aimed to gain mechanistic insights into the role of HDAC7 in 

regulating cancer stemness by uncovering the HDAC7 interactome in the nucleus of GSCs. We 

viewed this comprehensive approach to have the potential to generate valuable insights that may 
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be translated into therapeutic interventions targeting HDAC7 in GBM, offering new avenues for 

the treatment of this therapeutically challenging tumor. 

 

b) Overview of the experimental strategic plan for the thesis project 

A key experimental system utilized in Chapter 2 includes investigating the expression of 

class IIa HDACs in GBM. We utilized various publicly available data sets, through which we 

compared expression levels of HDAC class IIa members in GBM to those in other malignant 

gliomas and non-tumorous tissues. Furthermore, we performed survival analyses to test the 

correlation between individual HDAC isoform expression and overall survival among GBM 

patients across multiple cohorts. Our results indicated the specific overexpression of HDAC7 in 

GBM, distinct from the rest of class IIa HDAC.  

Next, we collected RNA from paraffin-embedded samples from GBM patients at RIH and 

performed gene expression analysis using the Nanostring PanCancer progression panel. Data from 

84 patients were curated and categorized as high-risk (HR) and low-risk (LR) based on the 

expression level of genes HDAC7. Subsequently, we performed differential gene expression with 

the related enrichment analyses. We further conducted a Kaplan-Meier survival analysis based on 

the HR/LR stratification using patient data based on the risk derived from HDAC7 expression. 

Following our findings, we tested HDAC7 expression in various primary stem cells from 

adult GBM and pediatric Diffuse Intrinsic Pontine Glioma (DIPG) compared to normal brain 

lysates and human astrocytes to further validate HDAC7's specificity in these tumors. 
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We then conducted a cell viability assay, comparing GSCs treated with small interfering 

RNA (siRNA) against HDAC7, and non-targeting siRNA was used as a control. Furthermore, we 

performed tumorsphere formation on GSCs transfected with siRNA targeting HDAC7. These 

experiments aimed to identify the potential of HDAC7 to derive phenotypic changes in patient-

derived GSCs. 

After knocking down HDAC7 in GSCs using siRNA, we performed a transcriptomic 

analysis using RNA-seq to elucidate the changes in gene expression profiles. We used differential 

gene expression analysis to identify genes that were significantly changed after HDAC7 inhibition. 

Next, we utilized various enrichment analyses to gain insights into the biological processes, 

molecular pathways, and protein domains enriched after the HDAC7 knockdown. Additionally, 

we tested whether the down-regulated genes have roles in stemness as a way to understand their 

involvement in GSCs driving the pathogenesis. This comprehensive transcriptomic analysis aimed 

to provide us with the potential molecular mechanisms HDAC7 inhibition can induce in GSCs, 

providing valuable insights into its therapeutic potential in GBM treatment. 

In Chapter 3, our key experimental strategy focused on a drug design pipeline aimed at 

exploring various methods to specifically target HDAC7. Based on preliminary results indicating 

that narrowing the spectrum for HDACs could yield a comparable inhibitory effect to pan HDACs 

while minimizing off-target effects and side effects, we opted to investigate ways to design a drug 

specifically targeting HDAC7. In collaboration with Fiser's Lab, a structural biology and 

bioinformatics lab at Albert Einstein University, we conducted a structure-based virtual screening 

of structurally related compounds of HDAC IIa inhibitors using multiple approaches. This 
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collaborative effort aimed to identify potential candidate compounds with high specificity for 

HDAC7, laying the foundation for the development of targeted therapies for GBM. 

Our drug design pipeline was meticulously designed to incorporate multiple parallel 

approaches to mitigate potential challenges and maximize the likelihood of success in developing 

an effective HDAC7 inhibitor in a timely manner. Recognizing the limitations of computational 

prediction models, we adopted a comprehensive approach that encompassed both computational 

and experimental strategies. The first approach involved screening the National Cancer Institute 

Developmental Therapeutics Program (NCI DTP) library of available compounds to identify 

potential candidates with binding affinity towards HDAC7. Concurrently, we pursued a second 

strategy focused on the de novo synthesis of compounds based on structural superimposition 

computational models, leveraging known HDAC class IIa inhibitors such as TMP269 as templates. 

Compounds identified through these approaches were then subjected to rigorous analysis to 

evaluate their specificity towards HDAC7 over other structurally related HDACs, HDAC4, 5, and 

9. This involved experimental assays to assess enzymatic activity and binding affinity. 

Subsequently, we utilized the insights gained from these analyses to refine our structural drug-

designing training models and explore innovative approaches, including the use of proteolysis-

targeting chimeras (PROTACs) to enhance drug specificity and efficacy. 

Ultimately, in our RNA interference (RNAi)-based approach targeting HDAC7, we 

employed a systematic design process to generate specific siRNAs capable of silencing HDAC7 

expression. This strategy aimed to silence HDAC7 expression selectively, offering an alternative 

therapeutic modality with potential advantages in terms of specificity and mechanism of action. 

Through BLAST similarity for sequences that target the open reading frame and 3’- untranslated 
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region of human HDAC7, we filtered and refined the candidate siRNAs to ensure specificity for 

HDAC7. Ultimately, we selected four individual siRNA sequences for HDAC7 and synthesized 

them for experimental testing. At the beginning, we utilized a smart pool approach, combining the 

four designed siRNA variants. Subsequently, we transfected GSCs with the smart pool of 

siHDAC7 at different concentrations. Following a 72-hour transfection period, we assessed the 

efficacy of HDAC7 knockdown by analyzing HDAC7 protein expression levels in cell lysates 

using Western blotting.  

To avoid off-targeting effects from the smart pool siRNA, we opted to test the specificity 

of each siHDAC7 variant in our designed smart pool. Subsequently, we chose the siRNA variant 

with the highest specific inhibition of HDAC7 protein expression while not affecting the protein 

expression of HDAC4, HDAC5, and HDAC9. 

This comprehensive experimental pipeline allowed us to validate the efficacy and 

specificity of our siRNA-designed drug in selectively targeting HDAC7 expression in GSCs, 

paving the way for further investigation of its therapeutic potential in GBM and potentially other 

cancers. 

The key experimental strategy implemented in Chapter 4 aimed to elucidate the 

mechanistic insights into HDAC7's role in regulating cancer stemness. Following the knockdown 

of HDAC7 in GSCs, we conducted Mass Spectrometry analysis (Mod Spec) to examine the global 

landscape of post-translational histone modifications affected by HDAC7 inhibition. This analysis 

aimed to provide insights into not only changes in acetylation/deacetylation patterns but also the 

broader impact of HDAC7 inhibition on the epigenetic landscape of GSCs. 
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Following this, we conducted rapid immunoprecipitation mass spectrometry of 

endogenous protein (RIME) experiments to elucidate the protein partners of HDAC7, particularly 

focusing on transcription factors, chromatin, and DNA binding proteins in close proximity to 

HDAC7. Our aim from the RIME experiment was to identify the interactome of HDAC7 that could 

play a role in driving malignancies. We then analyzed the pathways enriched with HDAC7 

interactome. To validate our protein-protein interaction findings from the RIME experiment, we 

performed an array of co-immunoprecipitation followed by western blot experiments. 

Next, we tested the potential involvement of HDAC7 in mediating chromatin phenotype 

changes by examining its coordinated binding with histone H3.3. To test this hypothesis, we 

performed experiments to validate the protein-protein interaction between HDAC7 and histone 

H3.3 and its impact on chromatin dynamics. We applied immunofluorescence with antibodies 

against known chromatin phenotype markers, including H3K9me3 and histone H3.3, following 

HDAC7 knockdown. Furthermore, we applied western blot for proteins known to have a role in 

heterochromatin spreading. Additionally, we knocked down HDAC7 and then tested the 

expression of DAXX, a chromatin assembly protein known to deposit histone H3.3 onto 

heterochromatin regions. Our findings were further supported with ELISA and western blot to test 

the expression levels of H3K27me3 and H3K9me3 marks after inhibiting HDAC7 in GSCs. 

Finally, to provide more rigor to our findings regarding HDAC7’s role in mediating chromatin 

phenotype changes, we utilized electron microscopy to visualize the morphological changes in the 

chromatin phenotype following HDAC7 inhibition in GSCs.  

 

c) Brief of project impact. 
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The study presented in this dissertation identifies HDAC7 as a potential epigenetic 

regulator in GBM. It delves into the biological and molecular consequences of HDAC7 

overexpression driving tumorigenesis. Moreover, the study investigates potential strategies to 

selectively target HDAC7 without impacting other structurally related HDACs. Additionally, it 

elucidates the mechanistic pathways through which HDAC7 impacts the epigenome and the 

transcriptome of GSCs. Our ultimate goal is to develop a GBM therapeutic with translational 

potential in a preclinical setting. 

Targeting HDACs for treating human malignancies has rapidly gained momentum in recent 

years. Four HDACi drugs have already been approved by the FDA: Vorinostat, Romidepsin, 

Panobinostat, and Belinostat. However, these drugs target the enzymatic activity of HDACs, which 

HDAC class IIa does not possess. Additionally, pan-HDAC inhibition has been associated with 

various toxicities and unwanted effects [84, 85, 252].  

In this dissertation, we present evidence highlighting the significant genetic and epigenetic 

implications of a singular HDAC isoform in GSCs, HDAC7, which correlates with the survival of 

GBM patients. Moreover, we reveal that HDAC7 lacks deacetylase activity but is integrated into 

a proteome alongside histone H3.3 on the chromatin. Our findings support that HDAC7 functions 

as a chaperone for the histone variant H3.3, and inhibiting HDAC7 leads to the spreading of 

heterochromatin in cancer stem cells, thereby silencing tumorigenic transcriptional programs. The 

data presented in this dissertation strongly supports the hypothesis that HDAC7 represents a 

promising therapeutic target in GBM and potentially in other cancers as well.  
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Abstract  

Glioblastoma multiforme (GBM) is the most aggressive primary brain tumor. GBM has an 

ominous prognosis with a survival rate of 14-15 months after diagnosis, and despite worldwide 

initiatives to optimize therapeutic approaches, GBM is still among the most challenging diseases 

to treat and the fastest to relapse in clinical oncology. We show that HDAC7, as an epigenetic 

regulator, plays a crucial role in GBM and constitutes a novel druggable target for this universally 

fatal disease. Survival analysis of GBM patients from Rhode Island Hospital showed a significant 

decrease in survival for patients with high HDAC7 mRNA expression as distinct from other 

members of class IIa HDACs. In addition, analyzing publicly available data revealed that HDAC7 

expression is significantly higher in GBM tumors relative to non-tumor samples and correlated 

with worse survival in these GBM cohorts. Transcriptomic analysis after HDAC7 inhibition in 

three different primary GSCs (Glioblastoma stem cells) revealed one-third to half differential gene 

expression of the normally expressed genes. HDAC7 drives the stemness of GSCs to embryonic 

phenotype and enriches cell cycle and tumorigenic activities, whereas, inhibiting HDAC7 induces 

stemness phenotype change in GCSs. Taken together, our analysis provides valuable insights into 

the impact of HDAC7 inhibition on the phenotypic and transcriptomic landscape of GBM, 

shedding light on the dysregulated expression of HDAC7 and its potential contribution to GBM 

pathogenesis which holds promise for its targeting as a therapeutic approach in cancer. 
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I. Introduction  

 

GBM is the most common high-grade primary malignant brain tumor with the worst prognosis 

among brain tumors [1-3]. The current standard of care for GBM includes surgery, radiotherapy, 

and pharmacotherapy (typically chemotherapy with temozolomide). Nevertheless, the prognosis 

for patients remains grim, with a 15-month median survival rate [1, 3-7]. Innovative therapeutic 

approaches are urgently required that can address the plasticity and diversity characteristics of 

GBM. [2, 3, 5, 7-11].  

With the advancements in global cancer genomic research over the past decade and the 

enhanced genetic and epigenetic profiling, innovative therapeutics for GBM are now rapidly 

advancing. This progress is evident through the initiation of numerous active clinical trials with 

epigenetic-based therapies [12-14]. 

Given the unique structure and function of class IIa HDACs, with their implications in cancer 

[15-19], our objective was to investigate whether they have a role in GBM. Examination of GBM 

data from publicly available genomic atlases revealed elevated expression levels of HDAC7 in 

GBM compared to other glial tumors, with particularly high expression levels observed in GBM 

relative to normal brain tissue. This preliminary data built the foundation, elaborated upon in 

Chapter 2, to elucidate our efforts in comprehending the role of HDAC7 in promoting tumor 

aggressiveness in GBM.  

The significant impact of HDACs on tumor regulation and drug resistance, influencing various 

cellular functions including stemness, proliferation, apoptosis, differentiation, angiogenesis, 
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migration, and invasion, underscores the considerable potential of HDAC inhibitors  (HDACi) as 

a class of epigenetic-based therapy [15, 20-23]. However, on the functional and mechanistic level, 

members of the HDAC family are diverse, and some of them act as tumor promotors or suppressors 

and dually regulate cancer progression [24]. Therefore, broad-spectrum HDAC inhibition for 

cancer treatment presents challenges, often leading to significant toxicities and adverse effects [25-

27]. By delving into the distinct roles played by a specific HDAC isoform and its implication in 

various cancer types, we aimed to participate in shedding light on how narrow targeted therapy 

can spare a lot of complications and toxicities during cancer treatment.  

Despite its implications in cancer, there remains a limited understanding of HDAC7’s 

involvement in the GBM pathogenesis and the specific transcriptional programs it employs to drive 

tumorigenesis. Studies have demonstrated that HDAC7 promotes the proliferation and metastasis 

of many tumors, while its inhibition has been documented in numerous studies to suppress 

epithelial-to-mesenchymal transition (EMT) and inhibit cancer stem cell (CSC) phenotypes [28-

33]. Therefore, we aimed to investigate the tumorigenic phenotypic and genotypic changes 

following HDAC7 inhibition in our patient-derived GSCs through a variety of functional assays. 

In addition, we aimed to investigate its overexpression’s outcome on GBM local patients from 

Rhode Island Hospital (RIH) as well as bigger patient cohorts from publicly available data. 

A recent study showed that HDAC7 modulated NSCLC proliferation and metastasis via 

activation of the β-catenin-FGF18 pathway [34]. Another recent study showed that the HDAC7/c-

Myc signaling pathway drives the proliferation and metastasis of choroidal melanoma cells [31]. 

It was also reported that HDAC7 implication in stemness and tumorigenesis is mediated through 

HDAC7 control over the tumor microenvironment [33]. However, its implications in GBM have 
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not been extensively characterized before. Expanding upon this knowledge gap, we aimed to 

elucidate the phenotypic and transcriptomic outcomes of HDAC7 inhibition in primary GSCs. 

Through this comprehensive analysis, our goal was to uncover the molecular mechanisms 

underlying the effects of HDAC7 inhibition in GSCs, providing valuable insights into its 

therapeutic potential for GBM treatment. Lastly, we sought to explore HDAC7’s implication in 

other malignancies as well. The data presented in this Chapter supports the high potential of 

HDAC7 as a promising narrow-spectrum HDACi therapeutic in GBM, as well as other cancers. 
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II. METHODS 

 

• Primary GSCs extraction from tumors of RIH GBM patients  

Patient-derived primary GSC (Glioma Stem Cells) samples were GBM tumor tissues obtained from 

RIH and characterized for patients with a confirmed diagnosis of IDH WT GBM. GSCs were obtained 

directly from the operating room (OR) in the neurosurgical department and then transported to the 

laboratory as per the Institutional Review Board (IRB) protocols in a sterile 50mL conical tube consisting 

of 1X Dulbecco's phosphate-buffered saline (DPBS) and 2X Anti-Anti on ice in a sealed biohazard 

container.  

Using BL2 practices, the tissue sample was transferred into a 60mm plate and cut into 1mm3 fragments 

with sterile microscissors. Digestion was performed by impeding and resuspending in 1mg/mL of 

collagenase/dispase (Roche, Catalog #: 10 269 638 001), followed by incubation at 37°C for 20-30 minutes 

or longer as needed. Isolated cells were filtered several times and resuspended in Neurobasal -A only to a 

final volume of 10mL and span at 110rcf for 10 minutes, removed out of supernatant and cultured in an 

enrichment growth media and refed two times a week after inspection. GSCs usually start making spheres 

3 - 4 weeks after first isolation.  

The enrichment complete growth media consists of Neurobasal-A media (Fisher Scientific, Catalog #: 

10888022 or 12349015) supplemented with growth factors: 10ug basic fibroblast growth factor (bFGF) and 

10ug epidermal growth factor (EGF) (20ng/ml final concentration respectively; Peprotech, Catalog # 100-

18B & 100-47 respectively).  Heparin is supplemented as a growth co-factor (2ug/ml final concentration; 

StemCell Tech, Catalog #: 07980). As a serum substitute, B-27 without Vitamin A is used (50X final 

concentration; Fisher Scientific, Catalog #: 12587010). For energy supplantation, 1X 2mM Glutamax is 

used (100X final concentration; Fisher Scientific, Catalog #: 35050061). Finally, The GSCs complete media 
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is supplemented with antibiotics to prevent contaminations during culturing; 1X Antibiotic: Antimycotic 

(Anti-Anti) (100X final concentration; Fisher Scientific, Catalog #: 1524006. 

Following approved guidelines, the freshly isolated GSCs were routinely tested for their stemness 

through in-vitro and in-vivo techniques by the Tapinos lab team. This was followed by free-of-mycoplasma 

contamination testing and validation through short tandem repeats (STR) by ATCC. Once the 

authentication was guaranteed, the cells were either maintained in culture for conducting various 

experiments or preserved in the liquid nitrogen cryo-freezer for a more extended repository.  
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Figure (2.1) Characterization of the GSCs used in the study.  A. In vitro limiting dilution 
stemness assay showing the self-renewal ability of the GSCs used in this study and other studies 
in the lab. The experiment was conducted as six technical replicates per cell dose, and significance 
was calculated with a Chi-square test (p<0.05) using the ELDA software. B. GSCs used in the 
experiments express stem cell-specific transcripts (CD133, Sox2, Olig2), which they lose entirely 
(CD133, Olig2) or downregulate (Sox2) after differentiation for seven days by removal of EGF, 
bFGF, and Heparin and the addition of 10% serum. Moreover, following differentiation, they gain 
expression of GFAP, which was not expressed in GSCs. The graph presents representative RNA-
seq data. The same analysis has been performed for all GSCs that are being used in the lab. C. An 
image for a mouse orthotopic xenograft GBM after transplantation of GSCs in nude mice results 
in the formation of invading glioblastomas (black/dark regions in the HuNu+ image), verifying 
the tumor-forming ability of the GSC lines. The image shows a HuNu+ glioblastoma (left) and 
H&E stain (boxed area, right) four weeks after the transplantation of 150,000 GSCs.  

 

• GSCs Cell culture maintenance  

Patient-derived GSCs (GSC1, GSC2, GSC3, GSC4, and GSC5) were used in this study. 

Primary GSCs were cultured in the enrichment complete growth media stated before. 

Cryopreserved GSCs were passaged twice as neurospheres and then attached for at least one 

passage to ensure adequate adaptation to culture conditions, which was done routinely for all 

experiments in this study. According to the experiment in use, neurospheres or attached GSCs 

were used when ~80% confluency was reached in the culturing medium. 

• DIPG cells maintenance 

The enrichment working tumor stem media (TSM) consists of Neurobasal-A media (Fisher 

Scientific, Catalog #: 10888022 or 12349015), D-MEM/F-12 (1X), liquid, 1:1 (Invitrogen, Catalog 

#: 11330-032), HEPES Buffer Solution (1M) 1 (Invitrogen, Catalog #: 15630-080), MEM Sodium 

Pyruvate Solution (100X) (Invitrogen, Catalog #: 11360-070), MEM Non-Essential Amino Acids 

solution 10mM (100X) (Invitrogen, Catalog #: 11140-050). TSM media was supplemented with 

growth factors: 10ug basic fibroblast growth factor (bFGF) and 10ug epidermal growth factor 

(EGF) (20ng/ml final concentration respectively; Peprotech, Catalog # 100-18B & 100-47 
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respectively).  10 ug H-PDGF-AA, H-PDGF-BB growth factors were supplemented (10ng/ml final 

concentration respectively; Peprotech, Catalog # 100-13A & 100-14B respectively). Heparin is 

supplemented as a growth co-factor (2ug/ml final concentration; StemCell Tech, Catalog #: 

07980). As a serum substitute, B-27 without Vitamin A is used (50X final concentration; Fisher 

Scientific, Catalog #: 12587010). For energy supplantation, 1X 2mM Glutamax is used (100X 

final concentration; Fisher Scientific, Catalog #: 35050061). Finally, The DIPG complete media 

is supplemented with antibiotics to prevent contaminations during culturing; 1X Antibiotic: 

Antimycotic (Anti-Anti) (100X final concentration; Fisher Scientific, Catalog #: 1524006. 

• Cancer cell lines culture maintenance  

Various cancer cell lines were used in this study in addition to the GSCs. Kidney cancer cells 

(ACHN) were cultured per ATCC recommendations in Eagle's Minimum Essential Medium 

enriched with 10% fetal bovine serum. Non-small lung cancer cells (A549) were cultured per 

ATCC recommendations in ATCC-formulated F-12K Medium enriched with 10% fetal bovine 

serum. Colorectal cancer (HCT116) cells were cultured per ATCC recommendations in TCC-

formulated McCoy's 5a Medium Modified enriched with 10% fetal bovine serum. Melanoma (SK-

Mel-5) cells were cultured per ATCC recommendations in ATCC-formulated Eagle's Minimum 

Essential Medium, enriched with 10% fetal bovine serum. 

• Nanostring PanCancer progression panel and related analysis 

We collected RNA from paraffin-embedded samples from GBM patients at RIH and 

performed gene expression analysis using the Nanostring PanCancer progression panel. The 

PanCancer Gene Expression Panel is a gene expression panel that comprises the vital components 

of pathways involved in the complex interplay between the tumor and its microenvironments in 
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cancer. The Nanostring panel included 48 biological signatures to predict outcomes. Among these 

signatures was the 18-gene Tumor Inflammation Signature. Data from 84 RIH patients were 

curated and categorized as high-risk (HR) and low-risk (LR) based on the expression level of the 

top five GBM epigenetic regulators identified from the vial competition library. Then, we applied 

differential gene expression analysis on the HR versus LR group on the 770 pan-cancer genes. 

Then, the same analysis was repeated after filtering the risk from the five top genes to HDAC7 as 

an expression-level risk factor. Overall survival and progression-free survival were estimated by 

the Kaplan-Meier method. Gene enrichment and pathway enrichment were performed on the 

differentially expressed genes via the Gene Ontology Field and the KEGG pathway [35]. 

• Analyzing publicly available datasets 

Using the Cancer Genomic Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA), 

we tested the class IIa HDAC expression in GBM tumors across various datasets from these 

databases and visualized in the Kaplan-Meier Plotter [36], GlioVis [37] web tools and via the R 

Bioconductor package.  

• siRNA transfection treatment for primary GSCs,  

The following 72-hour transfection protocol was optimized and standardized across the various 

experiments in this study after testing multiple time points, siRNA concentrations, and transfection 

conditions. The RNAase-free environment was rigorously maintained in all experiments. 

- GSCs were grown over fibronectin/HBSS-treated culture plates in antibiotic-free media 

supplemented with Neurobasal-A, B-27-A, Glutamax, growth factors (EGF and FGF), and 
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heparin, and GSCs were incubated at 37oC with 5 % CO2 overnight. GSCs’ readiness for 

transfection was determined by the optimal confluency of 70 % growth. 

- SiRNA (Dharmacon ON-TARGETplus™ siRNA) of 50 nM final concentration was the 

optimized concentration from the array of various concentrations (25- 100 nM) tested. Stocks 

of siRNA aliquots were prepared by dissolving in RNase-free water and incubated for 30 

minutes on a rotator at room temperature.  

- The transfection master mix was prepared by adding 5.5 μL siRNA (equivalent to 50 nM) 

and 6 μL of TransIT-X2 Dynamic Delivery System (Mirus Bio) to 200 μL of the reduced 

serum media (Gibco™ Opti-MEM™). Tubes containing the master mix were incubated for 

30 minutes at room temperature until the transfection complexes formed.  

- Meanwhile, the transfection media of Neurobasal-A, B-27-A, Glutamax, and growth factors 

(EGF and FGF) were freshly prepared. 

- Monolayer GSCs were aspirated from their growth medium and washed with the 1X DPBS 

(-)(-) (Gibco) to remove any residual heparin that could interfere with the siRNA uptake by 

cells. 

- The formed transfection complex was added dropwise gently while swirling the plate. 

- 72 hours after transfection, GSCs were taken down for further downstream experiments. 

- After each transfection experiment, an aliquot of the taken-down cells was lysed and 

inspected by western blot to validate the success of transfection and inhibition of  

HDAC7. 

- Smart pool siRNA used was a pool of 4 siRNA variants against HDAC7 versus non-targeting 

siRNA, respectively, with the following sequences: 

siRNA-1 sense: 5' G.A.C.A.A.G.A.G.C.A.A.G.C.G.A.A.G.U.G 3' 
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         antisense: 5' C.A.C.U.U.C.G.C.U.U.G.C.U.C.U.U.G.U.C 3' 

siRNA-2 sense: 5' G.C.A.G.A.U.A.C.C.C.U.C.G.G.C.U.G.A.A 3' 

          antisense: 5' U.U.C.A.G.C.C.G.A.G.G.G.U.A.U.C.U.G.C 3' 

 siRNA-3 sense: 5' G.G.U.G.A.G.G.G.C.U.U.C.A.A.U.G.U.C.A 3' 

          antisense: 5' U.G.A.C.A.U.U.G.A.A.G.C.C.C.U.C.A.C.C 3' 

 siRNA-4 sense: 5' U.G.G.C.U.G.C.U.U.C.U.C.G.G.G.U.U.A.A 3' 

          antisense: 5' U.U.A.A.C.C.C.G.A.G.A.A.G.C.A.G.C.C.A 3' 

Non-targeting control siRNA- sense: 5' A.G.C.G.A.C.U.A.A.A.C.A.C.A.U.C.A.A 3' 

                                             antisense: 5' U.U.G.A.U.G.U.G.U.U.U.A.G.U.C.G.C.U 3' 

- siRNA variant two was proven to be the most inhibitory targeting and the most specific. As 

shown in Chapter 3, it was chosen as the inhibitory drug of choice in this study. 

- In-vivo siRNA sequences were edited to render stability and escape nuclease cleavage in 

vivo by the customized siSTABLE form of siRNA with the following sequence in vivo form 

of variant 2: 

In vivo siRNA Sense: 5' G.C.A.G.A.U.A.C.C.C.U.C.G.G.C.U.G.A.A.U.U 3' 

            Antisense: 5' 5'-P.U.U.C.A.G.C.C.G.A.G.G.G.U.A.U.C.U.G.C.U.U 3' 

In vivo non-targeting control siRNA  

sense: 5' U.A.G.C.G.A.C.U.A.A.A.C.A.C.A.U.C.A.A.U.U 3' 

antisense: 5' P.U.U.G.A.U.G.U.G.U.U.U.A.G.U.C.G.C.U.A.U.U 3' 

• Western blot analysis 

Cells were lysed, and whole lysate protein was extracted using a 1% SDS lysis buffer 

containing protease inhibitor cocktail and phosphatase inhibitor. After denaturation, samples were 
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boiled at 95 degrees for 5 minutes, and 40 μg of whole lysates from compared samples were 

electrophoresed through Bolt™ 4 -12%, Bis-Tris (Invitrogen) or NuPAGE™ 3 to 8%, Tris-Acetate 

(Invitrogen), 1.0, protein gels. Gels were then transferred to nitrocellulose membranes, followed 

by blocking with 5% non-fat milk in 1x TBST. Primary antibodies in 5% BSA were incubated 

with the membrane at 4°C overnight. Anti-rabbit IgG, HRP-linked goat antibody, and anti-mouse 

IgG, HRP-linked horse antibody were the secondary antibodies against the various primary 

antibodies, stated below, used in the study. 

Antibody animal Dilution M wt Source 

HDAC7 (E7O8V) Rabbit  1:1000  124 kDa cell signaling 

SMC4 (D14E2)   Rabbit  1:1000  180 kDa cell signaling 

CHD4 (ab72418) Rabbit  1:2000  280 kDa Abcam 

NCOR2/SMRT 
(D8D2L)  

Rabbit  1:1000  270 kDa cell signaling 

β-Catenin (D10A8)  Rabbit  1:1000  92 kDa cell signaling 

SETDB1 (Me 
transferase) 

Rabbit  1:1000  170 kDA Proteintech 

Ezh2 (D2C9) XP®  Rabbit  1:1000  98 kDA cell signaling 

HIRA (D6O8L)  mouse 2:1000  120 kDA Active motif 

HDAC4 (D8T3Q) Rabbit  1:1000  140 kDa cell signaling 
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HDAC5 (D1J7V)  Rabbit  1:1000  140 kDa cell signaling 

HDAC9  Rabbit  1:1000  145 kDa Active motif 

DAXX  mouse 0.4:1000  90-100 kDA Proteintech 

H3.3 Rabbit  1:1000  15 kDa Abcam 

H3K9me3 Rabbit  1:1000  17 kDa Active motif 

H3K27me3 Rabbit  1:1000  17 kDa Active motif 

H3K9me3 Mouse 1:1000  17 kDa Active motif 

H3K27me3 Mouse 1:1000  17 kDa Active motif 

Table 2.1: List of the antibodies used in the current study 

• Tumor sphere formation assay 

Tumor sphere formation assay was performed as the established protocol [38] with nuance 

adjustments. Cells were treated with siRNA transfection as described before. After 24 hours, cells 

were dissociated, and 200 cells in 200 μL (1 cell/μL) were seeded per well into 10 inner wells of 

a 96-well Clear Flat Bottom Ultra-Low Attachment Microplate. Replicates were given as 10-wells 

per condition per plate. Singlet cells were left for seven days under standard culture conditions. 

Sphere formation by visual counting was estimated after seven days in a blinded, unbiased format 
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by counting the number of spheres in each well by two independent experimenters. Only one of 

the experimenters knew the condition assignment of the wells. Significance estimation and plotting 

were tested via Graph-Pad Prism. 

• Cell viability measurement 

Cells were seeded at a density of 5 × 103 cells per well in a 96-well plate in treated 

fibronectin/HBSS-coated flat bottom plates and left to adhere overnight. After 24 hours, cells were 

treated accordingly. After the course of treatment, cell viability was estimated using the CellTiter 

Glo assay (Promega). Cells were combined with 25 μL of CellTiter-Glo reagents in 100 μL of 

culture non-colored media, and bioluminescence was assessed using the Promega™ GloMax® 

Plate Reader. Blank (culturing media without cells) was used to normalize the luminescence 

signals. Cell viability of the treated versus untreated cells was estimated via Graph-Pad Prism. 

• RNA isolation and purification 

RNA isolation and purification for the GSCs was done via the TRIzol method from Invitrogen 

(Identifier:15596026). Isolated RNA was DNase-treated and concentrated using the Qiagen kit 

protocol (Identifier:79254 and 74204). At least 500 ng - 1μg of RNA was reverse transcribed 

following Invitrogen's SuperScript IV (Identifier: 18091050) protocol. RT-qPCR reactions 

included 1 μl of cDNA per well. RT-qPCR was performed using 500 ng - 1μg of RNA and the 

PowerUp SYBR Green (Applied Biosystems, Identifier: A25742) protocol. Normalization with 

GAPDH was used via the Delta Ct method. 
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• RNA Sequencing and related transcriptomic analysis 

RNA isolated from siHDAC7-treated versus control-treated for each GSC1, GSC2, and GSC3 

were sent to Azenta US, Inc. in duplicates. Samples were shipped on ice-dry and validated via 

Azenta's quality control assurance for isolated RNA quality and purity to undergo a Standard 

RNA-seq with ribosomal RNA (rRNA) depletion. Succeeding alignments and other analyses were 

performed in-house. 

RNA-seq differential gene expression was performed in the R Studio platform using DESeq2 for 

dispersion of RNA seq data and annotated with GENCODE reference annotation for the human hg38 

genome. The StemChecker web tool was used to evaluate the stemness of the differentially expressed genes 

[39]. The ChEA3 web tool was used for the transcription factor enrichment analysis [40]. The GSEA 

software [41] was used to evaluate the stem cell signature of the GSCs using stemness signature sets for 

Verhaak et al. [42], and Carro et al. [43]. Gene enrichment, pathway, and genomic interaction analyses 

were done via Gene Ontology, KEGG pathway, and InterMine enrichment databases. 

• Statistical analysis 

Kaplan Meier survival analysis based on the same high-risk/low-risk stratification was used 

with the log-rank test and Gehan-Breslow-Wilcoxon method. For the inhibition analysis, we 

performed a two-tailed, paired student T-test, or one-way ANOVA for the relations between 

different groups; the p-value of significance was P ≤ 0.05, and representation was done as means 

± standard deviation (SD) or ± standard error of the mean (SEM). For the tumor sphere formation 

assay, we performed a two-tailed, unpaired student t-test; the P-value of significance was P ≤ 0.05. 

The cutoffs used for the differential expression analysis were adjusted to P-value = 0.05 and 

Log2FC = 0.5. Statistical significance is represented as follows: P ≤ 0.05: *, P ≤ 0.01: **, and P ≤ 
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0.001: ***, topped by the number of experiments repetitions as once: *, twice: **, thrice: ***, and 

quadlet: ****. 

R scripts, packages, and related genome-wide tools used in the data analysis are available upon 

request and have been deposited at GEO. 
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III. Results  

HDAC7 expression is GBM regulator, distinct from other members of class IIa HDAC, from 

publicly available data. 

Previous studies have demonstrated that individual HDACs can play roles in various forms 

of cancer. However, the expression levels of these HDACs can vary, with some being over-

expressed and others under-expressed across different types of cancers [18]. Indeed, the concept 

of pan HDAC inhibition faced complications, particularly in cancer treatment, due to its 

nonspecific approach of inhibiting different isoforms. This challenge arose from the fact that these 

isoforms have been shown to exert distinct mechanisms of epigenetic regulation [15, 19].  

By utilizing the Chinese Glioma Genome Atlas (CGGA) and comparing mRNA expression 

levels of each individual class IIa HDAC in GBM relative to other forms of malignant gliomas, 

we found that the expression of all class IIa HDACs is elevated across various glial tumors, with 

HDAC7 showing the highest expression observed in GBM (Figure 2.2A-D). Remarkably, survival 

analysis conducted on GBM patient cohorts from the CGGA revealed that high HDAC7-

expressing patients showed a significantly lower probability of survival, while the expression level 

of other members of Class IIa HDACs has no correlation to worse patient survival (Figure 2.2E-

H).  

Additionally, we utilized the Cancer Genome Atlas (TCGA) to compare expression levels 

of individual HDAC class IIa members in the GBM TCGA dataset relative to non-tumor samples. 

Interestingly, our analysis revealed that HDAC7 is the only Class IIa HDAC with significantly 

higher expression in GBM as compared to the non-tumor samples (Figure 2.3A-D). These findings 

suggest a potential specificity of HDAC7 as a therapeutic target for tumors over normal cells, 
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thereby potentially reducing off-target effects. Furthermore, we performed survival analysis on 

patients, high- and low-expressing Class IIa HDAC. Patients were divided into these two groups 

based on the maximally ranked statistics using the log-rank test as well as the Gehan-Breslow-

Wilcoxon method. High HDAC7-expressing patients showed a significantly lower probability of 

survival (p<0.004), while the expression level of other members of Class IIa HDACs showed no 

inhibition to patient survival.  (Figure 2.3E-H).  
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Figure 2.2 Class IIa HDAC is highly expressed in different forms of glioma, where HDAC7 
only affects the survival of the GBM patients from the Chinese Glioma Genome Atlas (CGGA). 
A-D. The expression of the individual HDAC class IIa in the different forms of the glial tumors for 
patients from the CGGA data shows the highest expression for HDAC5 and HDAC7, amongst 
other gliomas. E-H.  Kaplan-Meyer Survival analysis for GBM patients from the CGGA cohort 
showing the effect of the individual HDAC IIa members on the survival of GBM patients divided 
into two groups (“high HDAC expression” and “low HDAC expression”), with HDAC7 “low 
expression” versus  “high expression” showing the highest GBM patients survival compared to 
all other HDAC IIa expressions. 
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Figure 2.3 HDAC7 is the Class IIa HDAC with the highest expression in GBM from the Cancer 
Genome Atlas (TCGA). A-D. The expression of the individual HDAC class IIa in GBM tumors 
versus non-tumors from the TCGA data with HDAC7 shows the most outstanding exclusivity for 
GBM over normal brains compared to all other HDAC class IIa. E-H.  Kaplan-Meyer Survival 
analysis for GBM patients from the TCGA cohort showing the effect of the individual HDAC IIa 
members on the survival of GBM patients divided into two groups (“high HDAC expression” and 
“low HDAC expression”), with HDAC7 “high expression” group showing the worst survival and 
HDAC7 “low expression” group showing the highest survival compared to all other HDAC IIa 
expressions. 
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HDAC7's high expression dysregulates the expression of almost half of the genes in the GBM 

tumors from the TCGA data and enriches metastatic pathways. 

From the transcriptomic analysis of RNA-seq data on the GBM cohort downloaded from 

the TCGA database, we identified 4238 genes that were differentially expressed based on high 

expression levels of HDAC7 alone with the FDR <0.05 (Figure 2.4A and B). Furthermore, Gene 

Ontology enrichment analysis revealed significant enrichment of biological functions related to 

angiogenesis and metastasis in GBM (Figure 2.4C). The TCGA GBM data cohort consisted of 

primary, secondary, and recurrent GBM cases. Interestingly, Kaplan-Meier survival analysis 

indicated that the poorest survival outcomes were observed among patients with primary GBM 

tumors. This observation suggests that high expression of HDAC7 in GBM tumors at the time of 

initial diagnosis may contribute to poorer tumor prognosis and reduced survival for patients. 

A.

B.

C.

D.
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Figure 2.4 HDAC7 expression is a GBM regulation factor in the TCGA RNA-seq data. A. Heat 
Map representation of differentially expressed genes in the HDAC7 high expression group versus 
the HDAC7 low expression group in the GBM cohorts from TCGA data. B. Volcano plot 
representation showing 4238 differential expressed genes in the HDAC7 high- versus -7 low 
expression in the TCGA GBM cohorts, FDR<0.05. C. Gene Ontology enrichment analysis for the 
RNA-seq from TCGA shows enrichment towards metastatic phenotypes for the HDAC7 high-
expression group. D. Kaplan-Meyer Survival Analysis for the three subgroups of the GBM patients 
from TCGA: primary, secondary, and recurrent GBM. 

 

The expression of HDAC7 correlates with the progression-free survival and aggressiveness 

of GBM tumors in RIH's patients. 

In collaboration with the Pathology Department at Rhode Island Hospital, we collected 84 

PFF tumor samples from patients with a confirmed diagnosis of IDH WT Glioblastoma. We 

conducted Nanostring gene expression analysis using the Pan-Cancer Panel, comprising 770 genes 

known to play roles in cancer. We clustered the expression data based on the levels of HDAC 

expression, where HDAC7 expression was shown to correlate with a significant increase in the 

expression of 45 genes and inhibition of 2 genes (Figure 2.5A). Consistent with findings from the 

TCGA data, we observed gene enrichment towards pathways involved in migration, metastasis, 

and cell proliferation (Figure 2.5C). Furthermore, mirroring our previous discoveries from online 

datasets of GBM patients from TCGA and CGGA, we observed decreased survival in our GBM 

cohort from RIH patients with high HDAC7 expression. This was determined through Kaplan-

Meier survival analysis based on the same low-risk/high-risk stratification using the log-rank test 

and the Gehan-Breslow-Wilcoxon method (Figure 2.5B). 
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Figure 2.5. HDAC7 is an epigenetic regulator for GBM patients from RIH. A. Volcano plot 
representation of differential expression analysis of genes stratified by HDAC7 expression HR/LR 
tumors, with 10e-5 P adjusted cut-off and Log Fold change cut-off of 0.5. B. Kaplan-Meier 
Survival Analysis for GBM patients from RIH. Data are divided into two groups, with the HDAC7 
“high expression” patient group showing less survival than “low expression” patients. A log-rank 
test and the Gehan-Breslow-Wilcoxon method are used for the Kaplan-Meier curve estimation. C. 
Gene Ontology enrichment analysis of the differentially expressed genes. The p-adj (False 
discovery rate) method is Benjamini & Hochberg with a P-adjusted cut-off of 0.05. 
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HDAC7 protein expression is highly expressed in primary GSCs, and DIPGs show minimal 

expression in human astrocytes. 

To validate our hypothesis regarding the specificity of HDAC7 as a potential target for 

GBM, we conducted protein expression analysis using six primary GSCs and four DIPGs and 

compared them to normal human astrocytes. We show, through western blot that HDAC7 is highly 

expressed in GSCs and DIPG cells while minimally expressed in control human astrocyte lysates 

(Figure 2.6). This reaffirms the specificity of HDAC7 as a potential therapeutic target for GBM.  

 

 

Figure 2.6. HDAC7 protein expression is high in GSCs and DIPGs and is minimally expressed 
in the human astrocyte lysates.  Relative HDAC7 protein expression in six primary GSCs and four 
DIPGs versus the normal human astrocytes. Protein levels were done with western blot and 
normalized with B-actin (n=3). A "Brown-Forsythe ANOVA test" for multiple comparisons was 
used to calculate statistical significance: p ≤ 0.0001: ****. 
 

B.

A.
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HDAC7 inhibition suppresses the oncogenic potential for primary GSCs in vitro. 

Since increased cell viability and tumorsphere formation capability are crucial for GSCs 

mediating GBM progression, we conducted experiments to assess these capabilities in patient-

derived GSCs after inhibition of HDAC7 using siRNA. We observed that HDAC inhibition 

significantly suppressed both GSC viability and their ability to form tumorspheres in vitro (Figure 

2.7A and B). Furthermore, we transfected two patient-derived GSCs with an expression construct 

for HDAC7 obtained from Origene and conducted a colony formation assay, comparing HDAC7-

transfected GSCs with GSCs transfected with GFP as a control. Our results demonstrated that high 

expression of HDAC7 significantly increased the number of cell colonies per field at 10X 

magnification (Figure 2.7C). 

 Figure 2.7. HDAC7 alters the phenotypic oncogenic potential of patient-derived GSCs.  A. 
Quantification of GSCs cell viability with CellTiter Glo shows inhibition of the siHDAC7-treated 
GSCs compared to siCT-treated. B. Tumor sphere formation assay shows the inhibition of the 
tumor sphere formation potential for siHDAC7-treated GSCs compared to siCT-treated. C.  
Representative image of a colony formation assay of two GSCs transfected with GFP or HDAC7. 

***
**

GSC1 GSC2

A. B.
C.

D.
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Cells were stained with methylene blue, and the images were acquired at 10X magnification 
(p<1E-22). D.  Quantification of methylene blue stained colonies following transfection of two 
patients derived GSCs with HDAC7 or GFP. HDAC7 expression induces a significant increase in 
the number of cell colonies.  (n=3). An unpaired test was used to calculate statistical significance: 
p ≤ 0.0001: ****, p ≤ 0.001: **. 

 

Inhibiting HDAC7 disrupts one-third to half of the typically expressed genes in primary 

GSCs. 

Given the known heterogeneity of GSCs, we conducted experiments to assess the effects 

of specific HDAC7 knockdown in three different patient-derived GSCs using siRNA (n=3), 

followed by RNA-seq analysis. Transcriptomic analysis revealed differential gene expression, 

with an FDR<0.05, in 1342, 1870, and 6270 genes across the three primary GSCs after HDAC7 

knockdown compared to siRNA negative control. Additionally, distinct significant clustering was 

observed among the knockdown control samples in the three different GSCs (Figure 2.8 A-C and 

Supplementary Figure 1), with up to three-fold changes in both upregulated and downregulated 

genes (Figure 2.8 D-F).  
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Figure 2.8. HDAC7 inhibition disrupts the transcriptomic profile of patient-derived GSCs.  A-
C. Heat Map representation shows inhibition of HDAC7 for the top 500 differentially expressed 
genes with least P adjusted values, inhibiting HDAC7 causes significant disruption in the gene 
expression in three different patient-derived GSCs, respectively, compared to control (n=3 per 
one GSC). D-F. Enhanced Volcano plot representation shows inhibition of HDAC7, causing up to 
a three-fold decrease or increase in the gene expression in three different patient-derived GSCs, 
respectively, compared to the control (n=3 per one GSC). The false discovery rate (FDR) is <0.05. 
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Inhibiting HDAC7 drives the stemness of GSCs to embryonic phenotype and enriches cell 

cycle and tumorigenic activities. 

We conducted an analysis focused on the downregulated genes after HDAC7 inhibition, 

revealing that 653, 740, and 394 stemness genes were suppressed by HDAC7 knockdown (Figure 

2.9 A-C). Phenotypic assessment of these downregulated stemness genes across 26 stemness gene 

signatures unraveled that these genes were closely associated with the phenotypes of embryonic 

stem cells and embryonal carcinoma, with significant adjusted P values < (Figure 2.9 A-C).  

To understand the functional significance of these genes, we performed gene enrichment 

analysis on the differentially expressed genes using various tools for gene enrichment, including 

Gene Ontology and KEGG enrichment pathways. We observed that the enriched pathways 

primarily suppressed various biological processes related to cell cycle elongation phases, 

chromatin organization, cellular activities, and cell division (Figure 2.10 A-C and 

Supplementary Table 1). Furthermore, transcriptional factor enrichment analysis on the 

downregulated genes revealed E2F1, DNMT1, MYBL2, and FOXM1 as hits. These results 

indicate that HDAC7 enriches the GSCs towards transcriptional programs for cell cycle 

elongation, chromatin organization, chromosomal segregation, as well as oncogenesis (Figure 

2.10 D-F). 
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Figure 2.9. HDAC7 inhibition drives patient-derived GSCs to the embryonic phenotype.  A-C. 
An overlap radar chart displays the overlap between the downregulated stemness genes across 
the different stem cell types.  HDAC7 inhibition drives the stemness phenotype towards the 
embryonic stem cell and embryonal carcinoma phenotype with significantly adjusted P values 
repeated twice in three different patient-derived GSCs, respectively, compared to control (n=3 per 
one GSC).  
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Figure 2.10. HDAC7 is implicated in oncogenic pathways.  A-C. Gene enrichment analysis using 
Gene Ontology shows the implications of the downregulated genes after HDAC7 inhibition in 
critical pathways important for oncogenesis and GBM tumor progression. D-C. HDAC7 inhibition 
drives the enrichment of critical transcription factors implicated in tumor initiation and 
progression with significantly adjusted P values repeated twice in three different patient-derived 
GSCs, respectively, compared to control (n=3 per one GSC).  
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HDAC7 does not seem to affect the epithelial-to-mesenchymal transition (EMT) 

In many human cancers, including GBM, the transition of cancer cells from an epithelial 

to a mesenchymal phenotype is often associated with more aggressive tumors [44, 45]. We 

aimed to investigate the involvement of HDAC7 in this phenotypic transition and whether 

HDAC7 affects the expression of a mesenchymal transcriptome. To achieve this, we utilized 

GSEA software to identify mesenchymal and proneural (epithelial) expression signatures 

based on various verified gene signature stratifications [42, 43]. By calculating the enrichment 

score for each gene set, we observed that HDAC7 inhibition suppresses both the mesenchymal 

and proneural gene set signatures altogether, which was validated for various GSCs and 

multiple signature gene sets (Figure 2.11A).  

To further validate this finding, we examined the expression of subtype signature genes in 

the TCGA and CGGA GBM databases. Our analysis revealed that HDAC7 expression is 

relatively evenly distributed among the three GSC subtypes (Figure 2.11B). These findings 

support the notion that HDAC7 inhibition suppresses transcriptomic signatures across all GSC 

subtypes without exhibiting specific selectivity towards certain signature profiles. 
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Figure 2.11 HDAC7 expression is implicated in all GSCs subtypes signatures. A. GSEA 
enrichment plots of HDAC7-knocked down GSCs versus control using two different signature gene 
sets showing that HDAC7 inhibition inhibits the signature genes of the mesenchymal and the 
proneural phenotypes. The normalized enrichment scores (NES) are displayed for each plot. The 
peak point of the green plot is the ES (enrichment score), which tells how over or under-expressed 
the gene is with respect to the ranked gene signature list. The second part of the graph (red and 
blue) shows where the rest of the genes related to the signature feature are located in the ranking. 
The third part of the graph (gray) shows how the metric is distributed along the list. B. HDAC7 is 
equally expressed in the three GSCs’ subtypes from the publicly available TCGA and CGGA data. 

 

HDAC7 is highly expressed in other forms of cancers compared to normal counterparts. 

Anomalous expression and function of HDAC7 have been associated with various cancers, including 

colorectal, gastric, renal, pancreatic, melanoma, adenocarcinomas, and brain cancer [31, 46-48]. 

Additionally, accumulating evidence suggests that HDAC7 may serve as a potential biomarker for the 

TCGA data set

CGGA data setB
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progression of many cancers [46, 48, 49]. HDAC7 has been shown to play roles in driving tumorigenesis 

and progression by stimulating oncogenic signaling and evading immune attacks [33, 48, 50-52]. Given 

the pivotal role we demonstrated for HDAC7 in GBM, we aimed to investigate the potential implications 

of HDAC7 in other cancers. Utilizing data from the TCGA repository, we performed survival analysis on 

two patient cohorts (HDAC7 high and low expression patients) in multiple well-known deadly cancers, 

including cervical squamous cell carcinoma, kidney renal clear cell carcinoma, kidney renal papillary cell 

carcinoma, liver hepatocellular carcinoma, stomach adenocarcinoma, and uterine corpus endometrial 

carcinoma. Our analysis revealed a decrease in patients' overall survival proportional to high HDAC7 

expression (Figure 2.12A).  

Furthermore, we assessed HDAC7 protein expression in several known human cancer cell lines 

from the NCI 60 cell line screen, including A549 (non-small-cell lung cancer carcinoma NSCLC), 

ACHN (metastatic renal adenocarcinoma), HCT116 (colorectal carcinoma), and SK-Mel-5 

(malignant melanoma). Our findings revealed that HDAC7 is expressed in all these cancer cell 

lines, with the highest expression observed in A549 and ACHN cells (Figure 2.12B & C). 

Additionally, we conducted exploratory transfection experiments on some of these cell lines to 

evaluate their suitability for HDAC7 siRNA inhibition. Our results demonstrated that HDAC7 

siRNA can effectively inhibit the protein expression of HDAC7 in these cells, suggesting the 

potential applicability of siRNA therapeutics in the corresponding cancers of these cells (Figure 

2.12D & E). Finally, we investigated the oncogenic changes in cell viability in one of these cell 

lines (A549) following siRNA inhibition of HDAC7. Our data revealed that HDAC7 inhibition 

significantly suppresses A549 cancer cell viability (Figure 2.12F). Taken together, our findings 

indicate that HDAC7 is highly expressed in various forms of malignancies. Its association with 
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tumor aggressiveness and progression suggests that HDAC7 holds promising potential as a 

therapeutic target in multiple human cancers. 
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Figure 2.12 HDAC7 expression could be implicated in other forms of human cancers. A. 
Kaplan-Meier Survival Analysis for patients from the TCGA database from various cancers, 
including A549 (non-small-cell lung cancer carcinoma NSCLC), ACHN (metastatic renal 
adenocarcinoma), HCT116 (Colorectal carcinoma), and SK-Mel-5 (Malignant Melanoma). Data 
are divided into two groups, with HDAC7 “high expression” patient group showing less survival 
than “low expression” patients. A log-rank test and the Gehan-Breslow-Wilcoxon method are used 
for the Kaplan-Meier curve estimation. Significant corresponding P values are shown on each 
respective plot B. Western blot analysis for the HDAC7 protein expression of A549, ACHN, HCT-
116, and SK-Mel-5 cancer cell lines.  C. Quantification of western blot results of HDAC7 protein 
expression levels in the tested cancer cell lines normalized with B-actin. D. Western blot analysis 
for the HDAC7 protein expression of each ACHN and SK-Mel-5 cancer cell line with siRNA 
against HDAC7 versus si-control.  E. Quantification of western blot results showing a decrease 
in the HDAC7 protein expression levels after HDAC7 siRNA transfection in the tested cancer cell 
lines normalized with B-actin. F. Quantification of A549 NSCLC cell viability with CellTiter Glo. 
Inhibition of HDAC7 with HDAC7 siRNA induces significant inhibition of A549 cell viability 96 
hours after transfection (p<0.0001). 

 

 

 

 

 

 

 

 

 

 

 



 155 

IV. Discussion 

Epigenetic modification of gene expression through HDACs has been gripping considerable 

attention for their significant implications in driving major oncogenic pathways in various 

hematologic and solid cancers [17, 18, 23, 28, 53, 54]. HDACs influence cellular activities such 

as stemness, proliferation, apoptosis, differentiation, angiogenesis, migration, and invasion [15, 

55].  

We demonstrate that HDAC7 is a critical epigenetic regulator in GBM from tumor tissue 

samples from RIH patients. By analyzing publicly available data from large GBM cohorts, we 

showed that HDAC7 is distinguished from the other members of HDAC class IIa by demonstrating 

the highest specificity for GBM tumors versus normal brains. In addition, HDAC7 expression was 

shown as the most impactful regulator to be inversely correlated with a decrease in the overall 

survival of the GBM cohort from the public databases. This observation was supported by showing 

that HDAC7 expression correlated to the progression-free survival and aggressiveness phenotype 

of GBM patients from RIH. These findings highlight the unique role of HDAC7 in the context of 

GBM tumorigenesis and suggest its potential as a specific therapeutic target for GBM treatment. 

We show that HDAC7 inhibition reduced the oncogenic potential of primary GSCs by 

inhibiting their cell viability and tumorsphere formation ability. In contrast, GSCs transfected with 

HDAC7 expression constructs showed increased cell colony formation. Such an observed impact 

on their phenotype suggests that HDAC7 has the potential to modulate GSCs’ tumor pathogenesis.  

Through transcriptomic analysis, we reaffirmed HDAC7's significant impact in driving tumor 

pathogenesis in GSCs at the genomic level. We demonstrated that knocking down HDAC7 
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disrupts up to half of the gene expression in GSCs derived from RIH patient samples and larger 

publicly available cohorts. 

Our investigation revealed that numerous downregulated genes subsequent to HDAC7 

inhibition are associated with stemness, particularly exhibiting an embryonic phenotype rather 

than neural stem or mesenchymal characteristics distinct from what we anticipated. We reasoned 

that this suggests that HDAC7 might be involved in fundamental cellular regulation by reactivating 

cellular activities typically dormant post-embryogenesis. Additionally, gene enrichment analysis 

indicated that HDAC7 is associated with biological processes and pathways highly active during 

embryonic development or tumor formation. Furthermore, unsupervised clustering of RNA-seq 

data post-HDAC7 inhibition, as well as analysis of TCGA data against EMT signature gene sets, 

demonstrated that HDAC7 inhibition suppressed all GSCs subtypes indiscriminately, further 

indicating a more fundamental regulatory role for HDAC7 in GBM pathology. 

We also show that HDAC7’s implication in oncogenesis is beyond GBM and is extended to 

many other forms of cancer. Indeed, it was shown before that HDAC7 abnormal expression and 

function have been linked to many forms of cancer [46-49]. We show that HDAC7’s high 

expression is linked to decreased overall survival in patients who were candidates for many types 

of malignancies. Through assessment of HDAC7 protein expression in various cancer cell lines, 

we observed significant expression across these cell lines, with particularly high levels detected in 

cell lines associated with non-small-cell lung carcinoma and metastatic renal adenocarcinoma. 

Furthermore, employing our HDAC7 siRNA variant and transfection protocol, we successfully 

inhibited HDAC7 expression in these cell lines, leading to reduced cell viability, which validates 

the suitability of these cancer cells for our HDAC7 siRNA inhibition strategy.  
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Our analysis provides valuable insights into the impact of HDAC7 inhibition on the phenotypic 

and molecular landscape of GBM, shedding light on the dysregulated expression of HDAC7 and 

its potential contribution to GBM pathogenesis. By elucidating the distinct expression profile of 

HDAC7 in GBM, we have laid the groundwork for further investigations into its functional roles 

and therapeutic implications in this aggressive brain tumor. This preclinical study demonstrates 

the role of HDAC7 as a biomarker for GBM and potentially other cancers and provides new 

insights for epigenetically driven malignancies, which could significantly improve therapeutic 

options and outcomes for cancer patients. 
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V. Supplementary Figures  

Supplementary Figure 1. HDAC7 inhibition disrupts the transcriptomic profile of patient-
derived GSCs.  MA plot representation with gold change is computed versus mean expression, 
considering the magnitude of the P value that is sometimes overlooked in volcano plots. Inhibition 
of HDAC7 caused up to a three-fold decrease or increase in the gene expression in three different 
patient-derived GSCs, respectively, compared to control (n=3 per one GSC). The false discovery 
rate (FDR) is 0.05. 
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Supplementary Figure 3. Down-regulated genes after HDAC7 suppress many stemness genes 
verified in various databases. The checkerboard table shows the occurrence of each 
downregulated stemness gene that is mutual in three different patient-derived GSCs after HDAC7 
inhibition and its occurrence across different stemness signature databases. These databases were 
constructed from TF target genes, expression profiles, RNAi screens, and computationally 
predicted. Analysis was done using the StemChecker web tool. 
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Supplementary Table 1. Pathways inhibited after HDAC7 inhibition are tumorigenic 
pathways. Gene enrichment analysis using KEGG pathway databases shows the crucial pathways 
enriched after HDAC7 inhibition that are important for oncogenesis, GBM tumor progression, and 
metastasis with the respective P values (n=2 per one GSC repeated in three different patients 
derives GSCs, respectively). 
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I. Introduction 

 

The potential of HDAC inhibitors (HDACi) as a therapeutic for diseases, specifically 

cancers, is superb.  HDACs have been implicated in regulating the cell cycle, angiogenesis, and 

potentiating stemness in various cancer stem cells [1-4]. Conversely, HDAC inhibition was shown 

to disrupt the G1/S and G2/M cell cycle transition [4-6]. In addition, it was demonstrated that 

HDACi induced selective death of the CSC subpopulation in several cancer models [7-9]. 

However, most limitations accompanying their clinical usage are tied to many unwanted side 

effects from the lack of HDAC-isoform specificity [10, 11]. In a phase I Panobinostat clinical trial 

for children with solid tumors, one-third of children experienced severe thrombocytopenia [12]. 

Given these findings, current efforts are directed toward developing isoform-specific HDACi that 

offer increased specificity, enhanced tumor cytotoxicity, and improved safety profiles. 

Recently, a high-throughput screen study discovered the trifluoromethyl oxadiazole (TMFO) 

derivatives as inhibitors selective for class IIa HDACs [13]. TMP269, a TMFO derivative, was 

shown to stimulate apoptosis by activating endoplasmic reticulum stress signaling and enhancing 

the tumor response to the chemotherapeutics, tunicamycin, or carfilzomib in multiple myeloma 

[13]. Furthermore, recent studies have shown that TMP269 treatment exhibited anti-tumor 

proliferative effects and enhanced apoptotic effects when combined with the chemotherapy 

Venetoclax in acute myeloid leukemia [14]. Another class IIa HDAC-specific, MC1568, 

significantly enhanced apoptosis and drove G2/M arrest in pancreatic cancer cells [15]. It was also 

shown that the combination treatment of MC1568 with simvastatin led to synergistic induction of 

p27 expression and increased the antiproliferative effect in colorectal cancer cells [16] and 

potentiated cytotoxicity in gastric cancer cells when combined with docetaxel [17].  Based on these 
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previous findings, in Chapter 3, we tested the potentiality of the class IIa HDACi in changing the 

GSCs’ phenotype. We demonstrate how the inhibitory effect of class IIa HDACi (TMP269) is 

comparable to an FDA-approved pan HDACi. 

We layered pieces of evidence from Chapter 2 showing how HDAC7, distinguished from its 

peers from the same class IIa HDAC, significantly impacts the genetic expression and phenotype 

change in patient-derived GSCs. In addition, HDAC7 was reported in many studies to suppress 

the epithelial-to-mesenchymal transition (EMT) and inhibit CSC phenotypes, decrease therapy 

resistance, and inhibit the likelihood of metastasis in multiple malignancies [18-23]. 

Given the encouraging outcomes observed with class IIa HDACi, we pursued several strategies 

to formulate a specific drug tailored to target HDAC7 while distinguishing it from closely related 

class IIa HDAC members. Our primary goal from the design was to achieve an innovative design 

of novel, potent, isoform-specific HDAC7i that would possess maximum efficacy and minimal 

side effects as a translational therapy. 

Our drug design pipeline included several parallel and backup scenarios that overcome being 

stuck by one unwanted outcome; we understood from the beginning that computational prediction 

models are not fault-free by the end, and we preplanned accordingly. Since members of HDAC 

class IIa are structurally similar and different from other members of HDAC superfamily, we built 

our model based on a known and previously crystallized class IIa HDACi, TMP269. Our pipeline 

employed three outline approaches: first, screening the NCI DTP library of available compounds. 

The second is an utterly new synthesis based on structural superimposition computational models. 

The output compounds from both approaches were courtesy ordered from the NIH or were 

outsourced for chemical synthesis, respectively. We analyzed the received compounds to 
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determine their specificity towards HDAC7 over HDAC4, 5, and 9. Accordingly, we improved 

the structural drug-designing training models and introduced the PROTAC approaches to 

improved designs.  

PROTACs are heterobifunctional small molecules composed of two ligands connected by a 

linker. One ligand is designed to recruit and bind the target protein of interest, such as HDAC7, 

while the other ligand recruits and binds an E3 ubiquitin ligase. Upon binding both proteins, the 

PROTAC induces ubiquitylation of the target protein, leading to its degradation by the ubiquitin-

proteasome complex. Once the targeted HDAC7 protein is degraded, the PROTAC complex can 

recycle to target another copy of the HDAC7 protein. Studies have shown that HDAC-PROTACs 

offer sustained inhibition compared to their parent HDAC inhibitors [24]. Furthermore, HDAC-

PROTACs designed to target members of class IIa HDAC can be engineered to bind to the 

regulatory N-terminal domain. This approach is advantageous because it can target regions 

independent of the deacetylase activity of HDACs, which HDAC class IIa are known to lack. 

However, the main challenge in PROTAC technology lies in finding the optimal combination 

of the three key components: the linker moiety that best matches the E3 ligase and the ligand 

moiety for the target protein. Achieving this precise match is crucial for the successful design and 

function of PROTAC molecules. 

Our last approach in our drug design was RNAi-based HDACi using siRNA specific against 

HDAC7. RNAi therapeutics have emerged as class of drugs with high potential in various diseases, 

including cancer. In our study, siRNA presented a promising approach to target HDAC7 with high 

degree of specificity and efficacy.  



 171 

By employing several specificity assays and through evaluations to assess the efficacy and 

selectivity of our tested modalities from different approaches in our drug design pipeline, we 

reached a consensus that the siRNA targeting HDAC7 was the most effective and selective drug 

in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 172 

II. Methods 

 

• Cell culture maintenance.  

Patient-derived GSCs were used in this study. Primary GSCs were cultured in the Neurobasal-

A media enriched with Glutamax, FGF, EGF growth factors, heparin, and antimicrobials. 

Cryopreserved GSCs were passaged twice as neurospheres and then attached for at least one 

passage to ensure adequate adaptation to culture conditions. According to the experiment, 

neurospheres or attached GSCs were used when ~80% confluency was reached in the culturing 

medium. GSCs were incubated at 37°C in a humidified environment containing 6% CO2. The 

GSC was authenticated and tested to ensure the culture was free from mycoplasma infection. 

• Primary GSCs HDAC inhibitor treatment  

At 80% confluency, GSCs were counted, and a corresponding volume of 5,000 cells was added 

to each well of a treated fibronectin/HBSS-coated 96-well microtiter plate. 100 μL of culture 

noncolored complete growth media was added to each well. GSCs were left 24 hours at normal 

culturing conditions for complete attachment. After an overnight attachment period, GSCs were 

treated with the designated concentrations of the new compounds, positive controls (known 

HDACi), or negative control (DMSO).  5 and 25 μM concentrations from the different compounds 

were used for the initial screening. The compounds that were tested are listed below: 

o Pan HDACi used: Vorinostat (SAHA), Trichostatin A (TSA) 

o Class IIa inhibitor used: TMP269. 

o The number of NCI-DTP compounds: 11 compounds 
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o The number of computational hit compounds: 114 compounds 

o The number of synthesized compounds: 63 compounds 

o The number of the actual tested compounds after filtering out those with molecular 

weight< 400 kDA: 54 compounds 

o The number of PROTAC-HDACi tested: seven compounds. 

For all the compounds in this study, stocks of 5 mM, 2.5 mM, 1 mM, and 0.5 mM were prepared 

by dissolving in DMSO. The final concentration of DMSO in all experiments was kept below 

0.8%. 

• Cell viability measurement  

After the course of treatment, cell viability was estimated using the CellTiter Glo assay 

(Promega™). Cells were combined with 25 μL of CellTiter-Glo reagents in the 100 μL of media, 

and bioluminescence was assessed using the Promega™ GloMax® Plate Reader. Blank (culturing 

media without cells) was used to normalize the luminescence signals. Cell viability of the treated 

versus untreated cells was estimated via Graph-Pad Prism. 

• Limiting dilution assay  

Extreme Limiting dilution assay (ELDA) is used to characterize the frequency of self-renewing 

cells in a population [25]. Upon harvesting, dissociating, and briefly culturing, primary GSCs were 

plated in 6 replicates into the inner 60 wells of 96-well plates in GSC growth media. A ten-serial 

dilution of GSCs (ranging from 2,000 cells/well down to 4 cells/well) was generally used in two-

fold dilutions, as illustrated in (Table 3.1). GSCs were observed microscopically to ensure the 

singleness of the seeding of GSCs. The GSCs were maintained under standard culturing conditions 
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of incubation at a 37oC 6% CO2 incubator. After 1-week, the cells were examined to ensure healthy 

growth, and GSCs were fed by topping 50 μL of freshly prepared media/well. The cells were then 

allowed to grow for an additional week. By the end of the second week, the cells were examined 

and scored for neurosphere formation using binary identification where "1" denotes the presence 

of neurospheres and "0" indicates the lack of neurospheres; all the "1s" were summed up for each 

cell dose and used for the score sheet. After that, the score sheet was used to conclude self-

renewability through a logarithmic software, "Extreme Limiting Dilution Analysis (ELDA) 

Software" [26]. In the score sheet, "Tested" refers to the number of replicates used, and "Response" 

refers to the sum of "1s" found for each cell dose. An example of a sphere formation setup, score 

sheet, and an example of LDA scoring, and ELDA analysis is shown in (Table 3.1 A and B). 

Column #  # of GSCs Initial 
conc./ml 

Final 
conc./ml 

Cell 
suspension 
volume (μl) 

Media 
volume (μl) 

Final 
volume 
(μl)/ well 

2 2000 100,000 20,000 100 0 100 

3 1000 100,000 20,000 50 50 100 

4 500 100,000 20,000 25 75 100 

5 250 100,000 20,000 12.5 87.5 100 

6 125 100,000 20,000 6.25 93.75 100 

7 63 10,000 2,000 31.5 68.5 100 

8 31 10,000 2,000 15.5 84.5 100 

9 16 10,000 2,000 8 92 100 

10 8 10,000 2,000 4 96 100 

11 4 10,000 2,000 3 98 100 

A. 
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Table (3.1) A. Limiting 
dilution assay setup. B. 
Limiting dilution analysis 
score entry in the ELDA 
software. 

 

 

• Drug design pipeline 

Using multiple approaches, our pipeline started with a structure-based virtual screening of 

HDAC IIa inhibitor TMP269 with HDAC7 versus TMP269 with each HDAC4, 5, and 9. 

Initially, we conducted a screening of library compounds sourced from the National Cancer 

Institute Therapeutics (NCI DTP) library. Positive hits specific to HDAC7 were identified among 

the small molecules in the library. Subsequently, we narrowed down the positive-hit compounds 

based on their ability to dock successfully inside the HDAC7 pocket using a comprehensive 

pipeline for virtual ligand screening facilitated by Schrödinger ligand designer software. The top-

performing structures were then requested from the National Institutes of Health (NIH) and, upon 

approval, granted to us for further research.  

The second approach involved designing a de novo HDAC7 selective inhibitor compound 

using the crystal structure of HDAC7 complexed with the HDAC class IIa inhibitor (TMP269) as 

positive design input and the crystal structures of HDAC4, HDAC5, and HDAC9 as negative 

design inputs. We utilized Schrödinger computational ligand designer software, which integrates 

B. 
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predictive physics-based methods with machine learning techniques, for combinatorial chemical 

binding, docking, and affinity calculations to model potential ligand compounds specific to 

HDAC7 versus HDAC4, HDAC5, and HDAC9. By leveraging the software, we obtained more 

reliable predictions than manual prediction methods for sites tolerating the extension of binding 

groups similar to TMP269. We explored numerous binding groups in these predicted sites until 

we identified potential compounds successfully docked with higher affinity towards HDAC7 and 

lower affinity towards other HDAC class IIa members. 

 Furthermore, to evaluate physical interactions and affinity calculations for the potential 

compounds towards HDAC7, we employed dynamic simulations and interactions with water 

molecules, neighboring ions, and necessary cofactors. This approach aimed to simulate druggable 

compounds with improved pharmacokinetics and pharmacodynamics when utilized biologically. 

Ultimately, the designed winning compounds were outsourced to a chemical biology facility for 

small compound synthesis. 

We worked on refining the most promising synthesized compounds from approach two 

through more rigorous computational superimposition techniques. Subsequently, we leveraged 

PROTAC (proteolysis-targeting chimera) technology to advance our efforts [27].  

RNAi-dependent HDACi was the last and winning approach for us. We tried various HDAC7 

siRNA variants with multiple concentrations. SiRNA against HDAC7 (Dharmacon ON-

TARGETplus™ siRNA) of 50 nM final concentration was the optimized concentration from the 

array of the concentrations (25- 100 nM) tested. The transfection protocol was applied according 

to the optimization protocol described in Chapter 2. Initially, a smart pool siRNA used was a pool 

of four siRNA variants against HDAC7 versus non-targeting siRNA. Shortly, we tested the 
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transfection specificity of each siHDAC7 variant. siRNA variant 2 (highlighted) was proven to be 

the most inhibitory targeting and the most specific (shown in the results section of this Chapter).  

 The siHDAC7 smart pool was a pool of the following sequences: 

siRNA-1 sense: 5' G.A.C.A.A.G.A.G.C.A.A.G.C.G.A.A.G.U.G 3' 

         antisense: 5' C.A.C.U.U.C.G.C.U.U.G.C.U.C.U.U.G.U.C 3' 

siRNA-2 sense: 5' G.C.A.G.A.U.A.C.C.C.U.C.G.G.C.U.G.A.A 3' 

          antisense: 5' U.U.C.A.G.C.C.G.A.G.G.G.U.A.U.C.U.G.C 3' 

 siRNA-3 sense: 5' G.G.U.G.A.G.G.G.C.U.U.C.A.A.U.G.U.C.A 3' 

          antisense: 5' U.G.A.C.A.U.U.G.A.A.G.C.C.C.U.C.A.C.C 3' 

 siRNA-4 sense: 5' U.G.G.C.U.G.C.U.U.C.U.C.G.G.G.U.U.A.A 3' 

          antisense: 5' U.U.A.A.C.C.C.G.A.G.A.A.G.C.A.G.C.C.A 3' 

 

Non-targeting control siRNA- sense: 5' A.G.C.G.A.C.U.A.A.A.C.A.C.A.U.C.A.A  

                       antisense: 5' U.U.G.A.U.G.U.G.U.U.U.A.G.U.C.G.C.U 3' 
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Figure (3.1) Outline for our drug design pipeline. Overview of the hierarchal routes we employed 
while looking for a novel compound specific for HDAC7 inhibition. 

 

• HDAC fluorogenic enzymatic assays  

All dilutions for HDAC substrates and HDAC7 enzymes were prepared immediately prior to 
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compounds were prepared from stocks so that each well received an equal volume of 5 μl of the 

tested compound. Positive controls (TSA, SAHA, and TMP269) were prepared and added 

similarly to their designated wells. Blank wells were designated by adding 5 μl of HDAC assay 

buffer. Enzymatic reactions were initiated using a multi-channel pipette by adding 5 μl of HDAC7 

enzyme to all wells (with tested compounds, positive control, and Blank). 50 μl of undiluted 

HDAC Assay Developer (2x) was added to each well, and plates were incubated at room 

temperature. After 15 minutes, the plate was imaged in a microtiter plate-reading fluorimeter using 

the Promega™ GloMax® Plate Reader with excitation at a wavelength in the range of 350-380 

nm and detection of emitted light in the range of 440-460 nm. Blank was used to normalize the 

fluorescence signals. Enzymatic activity was estimated via Graph-Pad Prism. 

 

• Timepoint treatment of GSCs with the designed PROTAC HDAC7 inhibitor  

Seven synthesized PROTAC-HDACi were prepared as stocks in DMSO. Upon harvesting, 

dissociating, and briefly culturing, primary GSCs are seeded into a 6-well culturing treated and 

coated plate with 2 ml of enrichment standard growth media. 1 μM of each PROTAC compound 

was treated per well of the 6-well plate. Time 0-hour is initiated by maintaining GSCs under 

standard culturing conditions of incubation at a 37oC 6% CO2 incubator. Cell lysis and harvesting 

of cells were done at the time points: 1-hour, 4-hour, and 24 hours. Cells were lysed, and whole 

lysate protein was extracted using a 1% SDS lysis buffer containing protease inhibitor cocktail and 

phosphatase inhibitor. After denaturation, samples were boiled at 95 degrees for 5 minutes, and 40 

μg of whole lysate from compared samples were analyzed using the same western blot protocol 

described in Chapter 2. 
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• Statistical analysis 

For the various analyses, we performed a two-tailed, paired student T-test, or one-way 

ANOVA for the relations between different groups; the p-value of significance was P ≤ 0.05, and 

representation was done as means ± standard deviation (SD) or ± standard error of the mean 

(SEM). For the tumor sphere formation assay, we performed a two-tailed, unpaired student t-test; 

the P-value of significance was P ≤ 0.05. GraphPad Prism was used for statistical analyses and 

graphical representation. Statistical significance is represented as follows: P ≤ 0.05: *, P ≤ 0.01: 

**, and P ≤ 0.001: ***, topped by the number of experiments repetitions as once: *, twice: **, 

thrice: ***, and quadlet: ****. 
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III. Results 

  

A class IIa HDAC inhibitor suppresses the cell viability of the GSCs in a manner 

comparable to that of the pan HDAC inhibitors. 

 Since specific HDACi targeting HDAC7 do not currently exist, we tested our hypothesis 

using an HDACi targeting class IIa HDACs, TMP269. We compared its effect on GSCs’ 

viability with the FDA-approved pan HDACi, Vorinostat (SAHA), and Trichostatin-A (TSA) 

(Figure 3.2). Interestingly, we observed that the TMP269 reduced GSCs' viability to a similar 

extent as the pan HDAC inhibitor SAHA, which is FDA-approved under the brand name 

ZOLINZA® and is currently used clinically in combination therapies for multiple types of 

cancers [28, 29]. This data supports our hypothesis that targeting a narrower spectrum of 

HDAC inhibition can yield a comparable inhibitory effect to pan HDACi, potentially leading 

to fewer off-target effects and side effects.  

Figure (3.2) Class IIa HDACi inhibits GSCs cell viability by a comparable trend to Pan HDACi. 
Dose-response curve for GSCs cell viability inhibition after treatment with HDAC class IIa 
inhibitor (TMP269) compared to pan HDACi Trichostatin A (TSA) and Vorinostat (SAHA). A 
"Brown-Forsythe ANOVA test" for multiple comparisons was used to calculate statistical 
significance: p ≤ 0.0001: ****. 

+Pan HDACi + HDACi class IIa
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HDAC class IIa inhibition hinders the self-renewal capability of primary GSC from different 

RIH patients.  

 Upon testing the stemness capability of our GSCs following treatment with the class IIa 

HDACi compared to control-treated GSCs, we observed a significant inhibition in the ability of 

the TMP269-treated GSCs to self-renew. This was assessed using the established LDA to 

characterize the frequency of self-renewing cells [25]. Importantly, we replicated the experiment 

several times using various patient-derived GSCs, consistently obtaining significant results 

(Figure 3.3). 

 
Figure (3.3) Class IIa HDACi blocks GSCs’ stemness capability. Microscopic images for GSC1 
and GSC2 from cultures treated with 0.8% DMSO (control) A. and C and class IIa HDACi. B. and 
D. with the respective graph using an online algorism to score and assess the self-renew ability of 
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each GSC treated with DMSO, respectively, in a limiting dilution assay, where GSCs treated with 
the HDAC class IIa inhibitor show an inability to form neuro-spheres in a 2-week LDA compared 
to the control GSCs that showed neurosphere-forming ability at a very early time point.  A 
"Likelihood ratio test of single-hit mode test" for whether the log-dose slope equals one was used 
to calculate statistical significance: p ≤ 0.0001: ****. 

 

Small molecule screened compounds from NCI-DTP screens did not show efficacy towards 

HDAC7.  

After screening library compounds from the NCI-DTP library and filtering the positive hits 

specific to HDAC7 for small molecules, we tested the compounds the NIH granted for their HDAC 

activity towards HDAC7. This assessment was conducted in the presence of HDAC substrates 

using HDAC7 enzymatic fluorogenic assays. However, despite our efforts, we did not observe any 

significant affinity of HDAC7 for the tested compounds compared to positive and negative 

controls (Figure 3.4). 
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Figure (3.4) NCI- DTP screen compounds do not display HDAC7 affinity. Graph plots for 
compounds (1-11) from NCI-DTP screens showing no affinity towards HDAC7 in an HDAC7 fluorogenic assay. 
Results were estimated in GraphPad Prism and represented as mean of+/- SD (n=2)   
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Pharmacophore differences among the class IIa HDAC members shed light on structural 

differences between members of HDAC class IIa. 

After shifting our focus to the alternative strategy in the drug design pipeline, we began 

exploring potential modifications to the class IIa HDACi TMP269 that could enhance its affinity 

for HDAC7 while reducing its affinity for other class IIa members. To achieve this, we visualized 

the interaction between the parent compound TMP269 and the class IIa HDAC binding pocket 

using molecular modeling techniques (Figure 3.5 and Supplementary Figures 1 and 2). By 

superimposing the molecular structures of the class IIa HDAC members using Schrodinger 

software, we identified several potential sites within the TMP269 structure that could be modified 

to confer greater specificity towards HDAC7.  

Among these sites, we found that HDAC4, in contrast to other class IIa HDACs, has a 

tyrosine amino acid instead of histidine at position 843. This difference presented an interesting 

opportunity for enhancing selectivity towards HDAC7. By selecting an appropriate R binding 

group at positions C35 and C36, we hypothesized that we could increase selectivity towards 

HDAC7. Additionally, the added group presented a potential to hinder accessibility to C34, which 

interacts with the tyrosine residue at position 843 in HDAC4. This strategic modification could 

help to tailor the inhibitor towards HDAC7 while reducing its affinity for HDAC4.  

Another site that caught our attention as a potential differentiator between HDAC5 and 

HDAC7 was the presence of aspartate at position 146. In HDAC5, this residue is located at a 

distance greater than 8 angstroms from position C13. However, in HDAC4 and HDAC7, it is 

approximately half this distance from C13. Additionally, at position C13, the added R-group forms 

an interaction bridge between the aspartate at position 146 and the phenylalanine at position 258, 
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specifically in HDAC7. This interaction bridge was not observed in HDAC4 and HDAC5 (Figure 

3.5C). This unique interaction pattern suggests that modifications at this site could enhance the 

selectivity of inhibitors towards HDAC7 over HDAC5. 

In addition, at HDAC4, an NH3 group at position C36 was not observed; instead, an OH 

group clashes with tyrosine at position 363. This distinction in interaction patterns highlights 

another potential site for modifying inhibitors to enhance selectivity towards HDAC7 over 

HDAC4 and HDAC5 (Figure 3.5D).  

Together, we decided with the Fiser lab that by designing a class IIa HDACi derivate 

through trying several possible binding groups at positions C34, C35, C36 & C13 in the parent 

compound TMP269, we can generate potential HDACi with more specificity towards HDAC7 

over the rest of class IIa HDAC. 
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Figure (3.5) Structural differences were found among the closely related HDAC class IIa 
members. Snapshots from the Schrodinger designer software for A. The molecular structure for 
the parent HDAC class IIa compound with enumeration for the potential sites identified to guide 
differences between members of class IIa. B. Superimposition for the three-dimensional protein 
structures for HDAC7 (violet-colored) with HDAC4 (green-colored), HDAC5 (teal-colored), and 
HDAC9 (orange-colored) having the parent compound TMP269 in the binding pocket with all the 
possible binding strands. Protein-ligand interaction for C. Position C13 and D. Position C36 for 
the parent TMP269 in the binding pocket of each of HDAC7, 5, and 4.  
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Some designed and synthesized small molecule compounds showed affinity towards HDAC7 

inhibition comparable to the pan HDACi and the parent class IIa HDACi compound. 

After the designed compounds were outsourced for chemical synthesis, we tested the 

designed synthesized compounds in-house. From all the 72 screened compounds, three showed an 

inhibitory effect towards inhibiting HDAC7 in the presence of HDAC substrates using HDAC7 

specificity assays in a trend comparable to the pan HDACi (TSA) and the parent compound 

(TMP269) (Figure 3.6). 
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Figure (3.6) Novel small molecule compounds inhibit HDAC7 enzymatic activity. Graph plots 
for small molecule newly designed small molecule compounds (1-72), some of which show affinity 
towards HDAC7 inhibition in an HDAC7 fluorogenic assay (Fluorescent green-colored) as 
compared to TSA as pan HDACi (Dark blue-colored) and the class IIa HDACi Purple-colored). 
Results were estimated in GraphPad Prism. 
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Novel small molecule HDACi exhibits promising specificity towards HDAC7, demonstrating 

higher affinity than other class IIa HDACs. 

To assess the specificity of compounds demonstrating HDAC7 inhibitory effects over the other 

class IIa HDACs, we conducted HDAC4, HDAC5, and HDAC9 affinity assays. These assays were 

compared against the pan HDAC inhibitor TSA and the parent class IIa HDAC inhibitor TMP269. 

This screening identified three compounds showing promising potential relative to the others 

(Figure 3.7). One specific compound exhibited the highest affinity towards HDAC7. 

Consequently, compound 21 emerged as the most promising candidate and warranted further 

optimization. 

Figure (3.7) Novel small molecule compounds affinity towards class IIa HDACs. Graph 
plots for three small molecule newly synthesized compounds, pan HDACi and class IIa HDACi, 
with their relative affinities towards HDAC7 as compared to their affinities towards HDAC4, 
5, and 9 in an HDAC4, 5,7, and 9 fluorogenic assays. The teal green color is for the HDAC7 
affinity of the tested compounds). Results were estimated in GraphPad Prism. 
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Protein proteolysis-targeting chimera (PROTAC) is a promising and appealing approach to 

overcome the low enzymatic activity of HDAC class IIa. 

With advances in novel drug design technology, PROTACs have introduced a good solution 

for targets with low structural similarity. We sought to introduce PROTAC to the newly 

synthesized HDACi small molecule compound, which showed good potential from our test 

screens. With the help of the chemical biology lab at Albert Einstein University, Dr. Sidoli and his 

team helped us develop heterobifunctional small molecules comprised of two ligands joined by a 

linker; one ligand is compound 21 from our screens that recruits and binds HDAC7, while other 

recruits and binds an E3 ubiquitin ligase.  

We synthesized seven de novo PROTAC-HDACi compounds from a comprehensive ligand-

linker screen. However, despite treating GSCs with these compounds at different time points (one, 

four, and 24 hours), analysis of the whole lysate revealed that none of the engineered compounds 

demonstrated the ability to induce proteolysis of HDAC7. 

Nonetheless, we are actively pursuing further investigation of this approach through collaboration 

involving our group, Dr. Sidoli's team, and Dr. Fiser's team. Conducting larger screens and 

exploring various combinations of linkers and ligands for PROTACs holds tremendous potential 

for success. This concerted effort could ultimately result in discovering novel and effective 

PROTAC-HDAC inhibitors specifically targeting HDAC7. 
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RNA interference (RNAi) targeting HDAC7 represents a successful approach with a high 

level of specificity. 

We designed and screened sequences through BLAST similarity to target the open reading 

frame and 3’- untranslated region of human HDAC7, where we ended up with four individual 

siRNAs for HDAC7. We used a smart pool of the four designed and synthesized siRNA variants 

to transfect our patients' derived GSCs using different concentrations. We tested the expression of 

HDAC7 in the lysates of the 72-hours-transfected GSCs using Western blot, and Beta Actin was 

used as a loading control. Accordingly, we chose the 50 nM concentration for giving 70-90% 

HDAC7 inhibition relative to the non-targeting siRNA-treated control (Figure 3.8A & B).  

Next, we decided to test the specificity of our designed siHDAC7 across all members of 

class IIa HDACs in the transfected GSCs using Western blotting 72 hours after transfection. 

Control cells were transfected with non-targeting siRNA, and Actin was used as a loading control. 

Our designed siHDAC7 showed high selectivity towards inhibiting HDAC7 and minimally affects 

the rest of class IIa HDACs (Figure 3.8C & D). 
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Figure (3.8) Designed siRNA shows significant specificity toward HDAC7. A & B. Western 
blot detection images and its plotted quantification graph respectively for HDAC7 following 
transfection of GSCs with our designed siHDAC7 comparing two concentrations where 50nM 
showed more inhibition.  C. & D. Western blot detection images and its corresponding plotted 
quantification graph for all class IIa HDACs following transfection of GSCs with our designed 
siHDAC7. HDAC4, HDAC5, and HDAC9 expression show minimal changes between the 
siHDAC7 and si-control GSCs, while HDAC7 expression is abolished. Results were estimated 
in GraphPad Prism. Error bars represent the mean +/- standard deviation. Statistical test: 
unpaired t-test with P-values, *** p < 0.001. ns: nonsignificant. 
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Individual variant HDAC7 siRNA shows great specificity in inhibiting HDAC7 with minimal 

to no effect on other class HDAC IIa members. 

To avoid off-targeting effects from the smart pool siRNA, we decided to test the specificity 

of each siHDAC7 variant in our designed smart pool. One variant (siHDAC7 variant-2) showed 

the highest specific inhibition of HDAC7 protein expression and did not significantly affect the 

expression of HDAC4, HDAC5, and HDAC9 (Figure 3.9A- Q). In addition, our designed siRNA 

introduced phenotypic morphological stress to GSCs 72-hour post-transfection (Figure 3.10A- D).  
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Figure (3.9) Designed specific variant for siRNA shows significant specificity toward 
HDAC7. A. Western blot detection images for all class IIa HDACs following transfection of 
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GSCs with our designed siHDAC7.HDAC4, HDAC5, and HDAC9 expression show minimal 
changes between the siHDAC7 and si-control GSCs, while HDAC7 expression is abolished. 
B-Q. Corresponding plotted graphs for the relative class IIa HDAC expression for each siRNA 
variant, where siRNA variant 2 (F-I) shows the greatest HDAC7 inhibition with the highest 
HDAC7 specificity. Results were estimated in GraphPad Prism. Error bars represent the mean 
+/- standard deviation. Statistical test: unpaired t-test with P-values, *** p < 0.001. ns: 
nonsignificant. 

 

 

Figure (3.10) SiRNA against HDAC7 causes morphological changes to GSCs after 72 hours of 
transfection. Microscopic images for control GSCs (non-targeting siRNA) with 4X A. and 20X C. 
magnification lens compared to siHDAC7 treated-GSCs with 4X B. and 20X D. magnification 
lens. The images show how siHDAC7 induces morphological stress to the GSCs compared to their 
control counterparts. 

 

 

 

 

GSCs  (non targeting control 72hrs) 4X GSCs  (siHDAC7 treated 72hrs) 4XA. B.

GSCs  (non targeting control 72hrs) 20X GSCs  (siHDAC7 treated 72hrs) 20XC. B.
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IV. Discussion 

We demonstrate that using class IIa HDACi exhibits comparable potential in changing the 

phenotype of patient-derived GSCs like pan HDACi, which are clinically used to treat some 

cancers. Despite the recognized side effects linked with pan HDACi, their inclusion in cancer 

regimens underscores their high potential to induce significant therapeutic impact, thus 

highlighting their promising role in cancer treatment.  

Therefore, we contend that comparable results could be achieved with even fewer off-target 

effects by further narrowing the spectrum towards an HDACi specific for HDAC7.  Indeed, in 

Chapters 2 and 3, we showed that the HDAC7 inhibition in GSCs and NSCLC cells changed the 

phenotype of these patient-derived and cancer cell lines. Together with our previous findings from 

Chapter 2 that HDAC7 exhibits high expression in the GBM and is minimally expressed in the 

normal cells, we contend that HDAC7 is a promising druggable target for GBM with less off-

target effects from the narrowed spectrum of HDAC inhibition.  

HDACi drug discovery demonstrates much interest in the field; at least four are currently FDA-

approved. We designed an innovative pipeline with several approaches that led to a promising 

design for siRNA against HDAC7 that does not significantly affect other HDACs.  

RNAi discovery has opened a new arena for developing relatively fast approaches toward 

cancer drug design. Furthermore, the abundance of FDA-approved nanoparticles derived from 

polymers and lipids, specifically designed for RNAi drug delivery, holds significant promise for 

the effective and safe treatment of human cancers.  
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Although the BBB has long posed a challenge for drug delivery to the brain, there are now 

several advanced drug delivery modalities emerging to overcome this obstacle. These include 

implanted reservoirs and stereotactic injections, among others [30]. Furthermore, the concept of 

intra-arterial delivery, once proposed in earlier days, has been revitalized and reintroduced as a 

modality for delivering high dosages of therapeutics directly to the tumor site. Currently, there are 

six clinical trials underway involving intrathecal delivery, highlighting the renewed interest and 

potential of this method. Also, among the promising novel modalities for local brain delivery 

existing in clinical trials is convection-enhanced delivery (CED), which works by applying a 

positive pressure gradient that demonstrates improved spatial drug distribution, with lower 

concentrations of compounds being necessary to treat a similar area and can remain in situ for a 

prolonged time [31].  

To date, four RNAi therapeutics, including GIVLAARI™ (givosiran), ONPATTRO® 

(patisiran), OXLUMO® (lumasiran), and LEQVIO® (inclisiran), have received approval for 

commercial therapeutic use. Additionally, at least seven siRNA-dependent therapeutics are 

undergoing phase-3 clinical studies, with numerous candidates in preclinical settings targeting 

various diseases, including cancer [32]. 

Ultimately, with our proposed HDAC7 siRNA drug design model, we believe we have the 

nourishing environment to take this innovative drug to more advanced preclinical settings, with 

the goal of changing the trajectory of this deadly disease, cancer. 
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V. Supplementary Figures 

Supplementary Figure 1. The protein-Ligand interaction profiler for class IIa HDACi 
(TMP269) within the virtual binding pocket of class IIa HDAC. Snapshots from the 
Schrodinger designer software show how class IIa HDAC members possess different bindings and 
interactions with this parent compound.   
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Supplementary Figure 2. TMP269 within the virtual binding pocket of HDAC7. Snapshots 
from the Schrodinger designer software show the binding of TMP269 within HDAC7, with the 
blue clouds referring to the areas that tolerate modification in this parent compound to render it 
more HDAC7-specific. 
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Heterochromatin Spreading in Cancer Cells Through HDAC7-Mediated Histone H3.3 
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Abstract 

 

Class IIa histone deacetylases (HDACs) are a family of enzymes that, despite their name, do not 

have any measurable histone deacetylase activity, but they function as multi-protein interaction 

hubs due to the presence of a prolonged N-terminal domain.  Here, we show that HDAC7, a 

member of the Class IIa HDAC family, is a chaperone for Histone H3.3 and interacts with H3.3 

and HIRA on chromatin. Specific inhibition of HDAC7 expression with subtype-specific siRNAs 

results in inhibition of the interaction of H3.3 with HIRA, while the association of H3.3 with 

DAXX and H3K9me3 is significantly increased, resulting in H3.3 being deposited on 

H3K9me3+/DAPI+ heterochromatin nuclear foci. Inhibition of HDAC7 triggers a significant 

increase of heterochromatin marks H3K9me3 and H3K27me3, global heterochromatin spreading 

in cancer cells, and reprogramming of the H3.3 chromatin landscape. This drives substantial 

alteration of cancer cell gene expression as well as inhibition of the stemness phenotype for cancer 

cells. Our work demonstrates the involvement of HDAC7 in the euchromatic H3.3 chaperone 

network and shows that inhibiting HDAC7 induces H3.3 landscape reprogramming, 

heterochromatin spreading, and epigenetic restriction in cancer cells.   
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Highlights: 

• Inhibiting HDAC7 induces an increase in heterochromatin histone marks H3K9me3 and 

H3K27me3 

• Inhibiting HDAC7 inhibits CSC stemness phenotype 

• Inhibiting HDAC7 drives H3.3 chromatin deposition switch from HIRA to DAXX  

• HDAC7 induces global heterochromatin spreading in cancer stem cells 

 

Graphical Abstract 
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II. Introduction  

Epigenetic mechanisms have emerged as key players in cancer development. Alterations in 

chromatin mediate cell reprogramming and oncogenesis, while epigenetic changes triggered by 

the tumor microenvironment regulate cancer cell phenotypic transitions and tumor architecture [1, 

2]. Chromatin exists in two higher-order states: euchromatin refers to loosely packed chromatin 

that is easily accessible to transcriptional regulators and RNA polymerase, while heterochromatin 

is densely packed and not accessible [3, 4]. Alteration of the state of chromatin impacts global 

gene expression by making genes either more or less accessible for transcription. Interconversion 

between these two chromatin states occurs through the function of several regulators that affect 

levels of DNA methylation or posttranslational modification of histones (acetylation, methylation, 

phosphorylation, SUMOylating, etc.). This dynamic regulatory system is commonly referred to as 

the epigenetic control of gene transcription [5].  

Histone deacetylases (HDACs) remove acetyl- groups from histone molecules, hence 

regulating posttranslational modification of histone marks. Expression of HDACs is elevated in 

several tumors, resulting in transcriptional activation of oncogenes, increased transcriptional rates, 

and chromosomal translocations [4, 6, 7]. HDACs can be divided into class I (HDAC1, 2, 3, and 

8), class II (HDAC4, 5, 6, 7, 9, and 10), and class IV (HDAC11) based on sequence similarity. 

The class II HDACs are further divided into class IIa (HDAC4, 5, 7, and 9) and class IIb (HDAC6 

and 10) according to their domain compositions. However, Class IIa HDACs lack any measurable 

enzymatic activity and their deacetylase activity is minimal towards acetylated histones [5]. Class 

IIa HDACs exhibit a prolonged N-terminal region compared to Class I HDACs that harbor a 

nuclear localization signal and a nuclear export signal, so they are found both in the nucleus and 

the cytoplasm [5]. The presence of this unique N-terminal region suggests that Class IIa HDACs 
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may participate in multi-protein complexes to exert their biological function. In human 

malignancies, Class I and II HDACs are considered oncoproteins that regulate gene expression to 

promote tumorigenesis and cancer development [5-7]. Specifically, HDAC7 has been implicated 

in the pathogenesis of colorectal [8, 9], pancreatic [10, 11], liver [12], gastric [13], lung [14], breast 

[15] and brain cancer [16, 17].  

Canonical histone proteins are incorporated into chromatin in a DNA replication-

dependent manner, while Histone H3.3 is incorporated in a DNA replication-independent manner 

[18-20]. In Drosophila melanogaster and Arabidopsis thaliana, H3.3 is enriched in replication 

origins [21-26], while in human cells, it is associated with early replication and recruited on sites 

of DNA repair [26-28]. Although H3.3 is mainly associated with euchromatin and regulation of 

active transcription [20, 29], recently, it was shown that it was also associated with 

heterochromatin on telomeres, pericentric heterochromatin, and heterochromatin marks on gene 

regulatory regions[29, 30]. Association of H3.3 with euchromatin or heterochromatin is largely 

dependent on a group of proteins with chaperone activity that interact with H3.3 and deposit it on 

chromatin regions. Euchromatin deposition is regulated by a HIRA/UBN1/CABIN1 chaperone 

complex, while heterochromatin deposition of H3.3 depends on interaction with DAXX/ATRX 

[31, 32]. The balance between HIRA/UBN1/CABIN1 versus DAXX/ATRX deposition of H3.3 

on euchromatin or heterochromatin, respectively, may represent a crucial node in histone 

landscape reprogramming that enables complex cell fate decisions during tumorigenesis. 

Involvement of HDACs on these Histone chaperone complexes has only been suggested for the 

MIER1 complex but not for individual HDACs [33] and the participation of Class IIa HDACs in 

the regulation of the Histone H3.3 chromatin landscape has not been studied to date. 
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Here, we show high expression of HDAC7 in glioblastoma tumors, patients-derived glioma 

stem cells (GSCs), and patient-derived pediatric DIPG cells. HDAC7 shows minimal histone 

deacetylase activity but forms protein-protein interactions with Histone H3.3 on chromatin. 

Specific inhibition of HDAC7 expression with an in vivo stable siRNA results in an increase of 

heterochromatin marks H3K9me3 and H3K27me3, global heterochromatin spreading in cancer 

cells, and rebalancing of the H3.3 chromatin landscape. Following HDAC7 inhibition, the 

interaction of H3.3 with HIRA is reduced, the association of H3.3 with DAXX and H3K9me3 is 

significantly increased, and H3.3 is deposited on H3K9me3+/DAPI+ heterochromatin nuclear foci. 

This results in significant alteration of cancer cell gene expression, and inhibition of GSC growth 

and self-renewal. Our work demonstrates the involvement of HDAC7 in euchromatic H3.3 

chaperone complexes and shows that inhibition of HDAC7 results in H3.3 landscape 

reprogramming, heterochromatin spreading, and epigenetic restriction in cancer cells.  
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III. Methods 

  

• GSCs culture maintenance. 

Patient-derived GSCs (GSC1, GSC2, GSC3) were used in this study. Primary GSCs were 

cultured in the enrichment complete growth media described before. Cryopreserved GSCs were 

passaged twice as neurospheres and then attached for at least one passage to ensure adequate 

adaptation to culture conditions, which was done routinely for all experiments in this study. All 

cultures were routinely tested for mycoplasma contamination using the LookOut Mycoplasma 

PCR Detection kit (Sigma). According to the experiment in use, neurospheres or attached GSCs 

are used when ~80% confluency is reached in the culturing medium. 

• DIPG cells maintenance 

The enrichment working tumor stem media (TSM) consists of Neurobasal-A media (Fisher 

Scientific, Catalog #: 10888022 or 12349015), D-MEM/F-12 (1X), liquid, 1:1 (Invitrogen, Catalog 

#: 11330-032), HEPES Buffer Solution (1M) 1 (Invitrogen, Catalog #: 15630-080), MEM Sodium 

Pyruvate Solution (100X) (Invitrogen, Catalog #: 11360-070), MEM Non-Essential Amino Acids 

solution 10mM (100X) (Invitrogen, Catalog #: 11140-050). TSM media was supplemented with 

growth factors: 10ug basic fibroblast growth factor (bFGF) and 10ug epidermal growth factor 

(EGF) (20ng/ml final concentration respectively; Peprotech, Catalog # 100-18B & 100-47 

respectively).  10 ug H-PDGF-AA, H-PDGF-BB growth factors were supplemented (10ng/ml final 

concentration respectively; Peprotech, Catalog # 100-13A & 100-14B respectively). Heparin is 

supplemented as a growth co-factor (2ug/ml final concentration; StemCell Tech, Catalog #: 

07980). As a serum substitute, B-27 without Vitamin A is used (50X final concentration; Fisher 

Scientific, Catalog #: 12587010). For energy supplantation, 1X 2mM Glutamax is used (100X 
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final concentration; Fisher Scientific, Catalog #: 35050061). Finally, The DIPG complete media 

is supplemented with antibiotics to prevent contaminations during culturing; 1X Antibiotic: 

Antimycotic (Anti-Anti) (100X final concentration; Fisher Scientific, Catalog #: 1524006. 

Cryopreserved DIPGs underwent two passages as neurospheres before being attached for at 

least one passage to ensure proper adaptation to the culture conditions. This protocol was 

consistently followed for all experiments conducted in this study. Regular testing for mycoplasma 

contamination was performed on all cultures using the LookOut Mycoplasma PCR Detection kit 

(Sigma). Depending on the specific experiment, neurospheres or attached DIPGs were employed 

when they reached approximately 80% confluency in the culture medium. 

• siRNA transfection treatment  

The transfection protocol was applied according to the optimization done in Chapter 2, and 

the HDAC7 siRNA variant.2 from the validation study done in Chapter 3 was the selected 

transfection treatment in this study. 

HDAC7 siRNA sense: 5' G.C.A.G.A.U.A.C.C.C.U.C.G.G.C.U.G.A.A 3' 

                     antisense: 5' U.U.C.A.G.C.C.G.A.G.G.G.U.A.U.C.U.G.C 3' 

Non-targeting control siRNA- sense: 5' A.G.C.G.A.C.U.A.A.A.C.A.C.A.U.C.A.A 3' 

                                        antisense: 5' U.U.G.A.U.G.U.G.U.U.U.A.G.U.C.G.C.U 3' 

All transfection experiments were followed by western blot analysis to validate the knocking-

down efficiency, which was maintained at 70-90% inhibition as compared to non-targeting 

control. 
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• LC-MS for histone PTM Mass Spectrometry (Mod-Spec) 

a- Histone extraction and preparation for mass spectrometry 

Five million GSCs were counted per condition per replicate and seeded in coated cell 

culture plates. Three biological replicates for siHDAC7-treated versus si-control treated GSCs 

were verified for HDAC7 inhibition by Western blot. Bulk histones from each sample were acid-

extracted from cell pellets, propionylated, and subjected to trypsin digestion as described 

previously [34]. Briefly, histones were extracted by incubating samples at room temperature for 1 

hour in 0.2M sulfuric acid with intermittent vortexing. Histones were then precipitated by the 

addition of trichloroacetic acid (TCA) on ice, and recovered by centrifugation at 10,000 x g for 5 

minutes at 4°C. The pellet was then washed once with 1mL cold acetone/0.1% HCl and twice with 

100% acetone, and then air dried in a clean hood. The histones were propionylated by adding 1:3 

v/v propionic anhydride/2-propanol and incrementally adding ammonium hydroxide to keep the 

pH around 8, and subsequently dried in a SpeedVac concentrator. The pellet was then resuspended 

in 100mM ammonium bicarbonate and adjusted to pH 7-8 with ammonium hydroxide. The 

histones were then digested with trypsin resuspended in 100 mM ammonium bicarbonate 

overnight at 37°C and dried in a SpeedVac concentrator. The pellet was resuspended in 100mM 

ammonium bicarbonate and propionylated a second time by adding 1:3 v/v propionic anhydride/2-

propanol and incrementally adding ammonium hydroxide to keep the pH around 8, and 

subsequently dried in a SpeedVac concentrator. Histone peptides were resuspended in 0.1% TFA 

in H2O for mass spectrometry analysis 
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b- Mass spectrometry 

Samples were analyzed on a triple quadrupole (QqQ) mass spectrometer (Thermo Fisher 

Scientific Quantum Ultra mass spectrometer TSQ) directly coupled with an UltiMate 3000 

Dionex nano-liquid chromatography system. Peptides were first loaded onto a packed trapping 

column (3cm×150μm) and then separated on a New Objectives PicoChip analytical column (10 

cm×75 μm). Both columns were packed with New Objectives ProntoSIL C18-AQ, 3μm, 200Å 

resin. The chromatography gradient was achieved by increasing the percentage of buffer B from 

0 to 35% at a flow rate of 0.30 μl/min over 45 minutes. Solvent A: 0.1% formic acid in water, 

and B: 0.1% formic acid in 95% acetonitrile. The QqQ settings were as follows: collision gas 

pressure of 1.5 mTorr; Q1 peak width of 0.7 (FWHM); cycle time of 2 s; skimmer offset of 10 

V; electrospray voltage of 2.5 kV. Targeted analysis of unmodified and various modified histone 

peptides was performed. This entire process was repeated three separate times for each sample. 

The data was quantified using Skyline [35] and represents the percent of each modification 

within the total pool of that tryptic peptide.  

 

• Rapid-immunoprecipitation-mass-spectrometry-of-endogenous-protein (RIME) 

Two biological replicates of GSCs (5 x 108 cells per replicate) were fixed for 8 minutes with a 

formaldehyde solution of 11% Methanol Free Formaldehyde, 0.1M NaCl (Invitrogen™), 1 mM 

EDTA, pH 8 (Invitrogen™), and 50mM HEPES, pH 7.9 (Fisher BioReagents™). Fixation was 

stopped using 2.5 M Glycine solution in water (Sigma). Fixed cells were washed with chilled PBS-

Igepal (0.5% Igepal CA-630 in PBS) and PMSF (Active Motif). Washed cells were centrifuged, 

pelleted, and snap-frozen on dry ice and sent to Active Motif for RIME® service [36]. PEAKS 
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Studio was used for visualization and analysis, and the “Decoy Fused Method” was applied for 

calculating FDR where the default cutoff is set to -10logP > 20 to ensure high-quality peptide 

spectrum matches and increase confidence in the proteins list obtained. 

• Co-immunoprecipitation followed by western blot experiment.  

After the respective course of treatment, GSCs (8-10 million cells) were collected and prepared 

for nuclear extraction and purification using a nuclear extraction kit (Active Motif). Nuclear 

extracts were treated with enzymatic Shearing. Cocktail for DNA digestion to release 

undissociated protein complexes, including histone proteins and DNA binding proteins from the 

DNA. 500 μg of extracted and purified nuclear lysate was used per IP per condition after pre-

clearing with normal IgG for 1 hour on a rotator at 4°C. Pre-cleared nuclear lysates were then 

combined with 25 μl of Protein G beads and incubated for 1 hour on a rotator at 4°C to clear away 

any IgG nonspecific binding. After separating the magnetic beads on a magnetic stand, the 

collected nuclear supernatant was then combined with the IP antibody (Table below) and incubated 

for 4 hours on a rotator at 4°C. The immunoprecipitated samples were then combined with 25 μl 

of Protein G beads and incubated for 1 hour on a rotator at 4°C. After separating the magnetic 

beads on a magnetic stand, the immunoprecipitated samples (now bound to the beads ) were 

washed four times with Co-IP wash buffer (Active Motif). The washed immunoprecipitated 

samples bound to beads were then resuspended in 20 μl of 2X Reducing Loading Buffer (130 mM 

Tris pH 6.8, 4% SDS, 0.02% Bromophenol blue, 20% glycerol, 100 mM DTT) and boiled at 95C 

for 5 minutes. Magnetic beads were then separated from desaturated samples using a magnetic 

stand. All extraction and IP steps were performed in buffers supplemented with Protease and 

Phosphatase and Inhibitors to limit further protein modifications (expression, proteolysis, 
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dephosphorylation, etc.). Immunoprecipitated samples were analyzed for pulling down capacity 

using Western blot. Western blot was applied as described earlier in Chapter 2. 

Antibody animal 
Amount of 
antibody 
used in IP 

Concentration Source 

HDAC7  Rabbit  1 μg 10 μl (1 ug) in the 
500 μl 

Cell signaling 
(E7O8V) 

H3.3 Rabbit  4 μg 6.55 μl (4 ug) in the 
500 μl 

Abcam 
ChIP Grade 
(ab176840) 

Pre-clearing 
Normal IgG Rabbit 1 μg or 4 μg 

Same concentration 
as the respective IP 

antibody 

Cell signaling 
(2729) 

 

• Histone lysates extraction and purification 

Histone acid precipitation technique was used to extract pure crude histones from GSCs 

following the respective treatment needed in any experiment. After the course of treatment, GSCs 

were detached using the detaching enzyme StemPro Accutase (Gibco) and spun-down pellets were 

collected. Pellets were then resuspended in the appropriate volume of ice-cold histone extraction 

buffer and incubated overnight at 4°C on a rotator. On the next day, cell suspensions were 

centrifuged to collect core histone extracts. Acid extractions were pH measured and neutralized 

with the needed volume of 5X neutralization buffer until it reached complete neutralization. Core 

histones were then purified with column elution, and purified histone lysates were stored at -80°C 

for downstream experiments.  

• Histone lysate western blot  

Purified histone lysates were boiled at 95°C for 5 minutes, and 5 ug of pure histones from 

compared samples were electrophoresed through NuPAGE™ 16 %, Tris-Glycine, 1.5, Mini 
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Protein Gels. The gels were then transferred to nitrocellulose membranes, followed by blocking 

with 5% BSA in 1x TBST. Primary antibodies (reported in Chapter 2) in 5% BSA were incubated 

with the membrane at 4°C overnight.  

• Histone H3 methylated Lys27 and Histone H3 methylated Lys27 ELISA 

Purified core histone extracts prepared as described above were quantified for histone 

lysine trimethylation at lysine 9 and lysine 27 using ELISA kits from Active motif (Catalogue # 

53109 and 53106, respectively). Briefly, 500 ng of pure histones from each sample was added to 

a histone H3 antibody-coated plate and incubated for 1 hour at room temperature with agitation on 

an orbital shaker. The 96 well plates were set up in a way that, in addition to the wells having the 

samples replicates; the standard curve was obtained from a serial dilution of the positive controls: 

recombinant histone H3 trimethyl Lys27 and recombinant histone H3 trimethyl Lys9, for the two 

assays H3K9me3 and H3K27me3, respectively. The H3 antibody-coated plates with the samples 

and standards were washed three times, after which diluted 1:1000 of each of H3K9me3 and 

H3K27me3 primary antibodies were added to the respective assays having samples and standards 

and incubated for 1 hour at room temperature with agitation on an orbital shaker. Secondary HRP-

conjugated anti-rabbit IgG antibody 1:1000 was then mixed thoroughly in each assay and 

incubated for 1 hour at room temperature. Plates were washed five times, and then 100 μl of room 

temperature Developing Solution was added and incubated away from light; after exactly 2.5 

minutes, 100 μl of Stop solution was added to stop the reactions. Absorbance at 450nm with a 

reference wavelength of 655 nm was read on Promega™ GloMax® Plate Reader. Absorbance was 

normalized after subtracting blank wells. The quantification for the amount of methyl Lys9 and 

methyl Lys2 from histone H3 in the samples in both assays was obtained using a standard curve 

plotted in GraphPad prism. 
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• Immunofluorescence 

  Primary glioblastoma stem cells were seeded in complete media without heparin on cell-

culture treated chamber slides (Ibidi) overnight and transfected after 24 hours with x2 lipid (Mirus 

Bio) and either 25 nM control (Horizon) or HDAC7 (Horizon) siRNA. All immunofluorescence 

staining was performed 48 hours post-transfection. For H3.3, cells were fixed/permeabilized with 

100% ice-cold methanol for 5 min and incubated in blocking buffer (1% BSA, 10% donkey serum, 

22.52 mg/mL glycine in PBST (PBS+ 0.1% Tween 20)) for 1 hour at room temperature. Primary 

antibody (Abcam) was applied 1:1000 in primary antibody buffer (1% BSA in PBST) overnight 

at 4oC. Cells were washed with DPBS and incubated with secondary antibody (Jackson) 1:100 in 

DPBS for 1 hour and mounted with DAPI (Vector Labs). For H3k9me3, cells were fixed with 4% 

paraformaldehyde (methanol-free) for 10 min, and permeabilized with .1% Triton in DPBS for 5 

min. Blocking, primary antibody (Active Motif), secondary antibody, and mounting was applied 

as described above. Images were taken using a Zeiss Axiovert Inverted Microscope with Apotome 

II. 

• Electron microscopy (TEM) 

Treated GSCs were harvested as usual, and pellets were resuspended in a 5 ml volume of fixative 

master mix of Paraformaldehyde-Glutaraldehyde Solution Karnovsky's Fixative (Electron 

Microscopy Sciences (Catalogue # 15720, Mixture 2). Fixative solution was prepared with 16% 

paraformaldehyde solution, 5% Glutaraldehyde EM Grade, and 0.2 M Sodium phosphate buffer. 

Fixed samples were outsourced to Charles River laboratories for EM imaging service (Frederick 

PAI Project No. 20354508). Each sample was examined on a transmission electron microscope 

(TEM), and up to 10 representative digital images per sample were taken with an AMT camera. 
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• Quantification and Statistical analysis 

For Mod Spec, raw MS files were imported and analyzed in Skyline with Savitzky-Golay 

smoothing [35]. All Skyline peak area assignments for monitored peptide transitions were 

manually confirmed. Multiple peptide transitions were quantified for each modification. For each 

monitored amino acid residue, each modified (and unmodified) form was quantified by first 

calculating the sum of peak areas of corresponding peptide transitions; the sum of all modified 

forms was then calculated for each amino acid to represent the total pool of modifications for that 

residue. Finally, each modification is then represented as a percentage of the total pool of 

modifications. This process was carried out for each of the three separate mass spec runs (technical 

replicates), and the raw data was estimated as the mean ± standard deviation of the resulting three 

values from this analysis for each modified and unmodified form of the corresponding amino acid 

residue. 

For RIME, PEAKS Studio was used, and the “Decoy Fused Method” was applied for 

calculating FDR, with the default cutoff set to -10logP > 20 to ensure high-quality peptide 

spectrum matches and increase confidence in the proteins list obtained.  

For the Differential expression analysis, the cutoffs used were adjusted P-value = 0.05 and 

Log2FC = 0.5 

To determine the significance among the means of two independent groups, we perform an 

unpaired two-tailed t-test. To verify the Gaussian distribution of data before applying the t-test, 

we perform the D’Agostino and Pearson and Shapiro-Wilk normality tests.  

To calculate the sample size, we assume the following: 



 221 

Input: Tails= two, Effect size Delta= 2.5, α error probe= 0.05, Power (1-β err probe) = 0.90, 

Allocation ration N2/N1= 1 

Output: Noncentrality parameter δ= 3.9528471, Critical t= 2.3, Df=8 

Actual Power= 0.9 

Significance is stated as follows: (ns), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 

(****). 

R scripts, packages, and related genome-wide tools used in the data analysis are available and 

were deposited at the GEO. 
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IV. Results 

 

HDAC7 is highly expressed in glioblastoma tumors and correlates with decreased patient 

survival.  

Using data from The Cancer Genome Atlas (TCGA), we compared the expression of all 

Class IIa HDACs in glioblastoma. HDAC7 is the only Class IIa HDAC with significantly higher 

expression in glioblastoma as compared to the non-tumor samples (Figure 4.1A). Also, to show a 

clinical correlation of HDAC7 expression in glioblastoma, we performed survival analysis on 

Class IIa high- and low-expressing patients. Patients were divided into these two groups based on 

the maximally ranked statistics using the log-rank test as well as the Gehan-Breslow-Wilcoxon 

method. High HDAC7-expressing patients show a significantly lower probability of survival 

(p<0.004) (Figure 4.1B), while the expression level of other members of Class IIa HDACs has no 

correlation to patient survival.   

In collaboration with the Pathology Department at Rhode Island Hospital, we collected 84 

PFF tumor samples from patients with a confirmed diagnosis of IDH WT Glioblastoma. We 

performed Nanostring gene expression analysis using the Pan-Cancer Panel, which contains 770 

genes with confirmed roles in cancer. The expression data were clustered based on high versus 

low expression of HDACs. Classification of gene expression in HDAC7 “high” versus HDAC7 

“low” expressing patients showed that high HDAC7 expression correlates with a significant 

increase in the expression of 45 genes and inhibition of 2 genes (Figure 4.1C). Functional 

classification of the significantly increased genes shows that they have significant pro-tumorigenic 

roles like Vimentin, Lox, SERPINH1, TGFb, etc. (Figure 4.1D). Then we performed Kaplan 

Meier survival analysis on the 84 patients based on high (n=37) or low expression (n=47) of 
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HDAC7 and showed that patients with high HDAC7 expression had significantly lower disease-

free survival (Wilcoxon p<0.005) (Figure 4.1E).     

 

Figure (4.1) HDAC7 is highly expressed in glioblastoma tissue, GSCs, and DIPG cells and correlates with a 
significant decrease in patient survival.  A) Transcript expression of Class IIa HDACs in glioblastoma compared to 
non-tumor control tissue using TCGA data. HDAC7 is the only Class IIa HDAC that is expressed significantly higher 
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in glioblastoma compared to control tissue. B) Kaplan Meier survival analysis from the TCGA data, shows that high 
expression of HDAC7 is significantly (p<0.003) correlated with decreased patient survival.). C) Clustering of 
transcript expression in 84 tissue samples from glioblastoma patients based on high versus low expression of HDAC7 
reveals high expression of 45 transcripts (log2FC>0.5) in patient tumors that express high HDAC7. D) Functional 
classification of the significantly increased genes shows that they have significant pro-tumorigenic roles like Vimentin, 
Lox, SERPINH1, and TGFb. E) Functional classification of the significantly increased genes shows that they have 
significant pro-tumorigenic roles like Vimentin, Lox, SERPINH1, and TGFb. E) Kaplan Meier survival analysis in 84 
patients with glioblastoma from Rhode. F) Expression of HDAC7 in 6 patients derived GSCs as detected by Western 
blot. G) Expression of HDAC7 in 3 patients derived from pediatric DIPG cells compared to normal human astrocytes. 
 

Expression of HDAC7 in cancer cells.  

To determine the expression levels of HDAC7 in various human cancer cells, we 

performed Western blotting on lysates from six patients' derived GSCs with IDH WT glioblastoma 

and 4 pediatric primary DIPG cells and compared their expression to that of control human 

astrocytes. We show that HDAC7 is highly expressed in GSCs and DIPG cells while minimally 

expressed in control human astrocyte lysates (Figure 4.1F-G).  

The presence of nuclear localization and nuclear export signals makes HDAC7 capable of 

nuclear and cytoplasmic expression, depending on the cell type [37, 38]. To determine the topology 

of HDAC7 expression in patients-derived GSCs, we performed immunofluorescent staining of 

HDAC7 expression (red) and Vimentin (green) as cytoplasmic markers. Nuclei were visualized 

with DAPI (blue) and z-stack images were acquired with a Zeiss Axiovert inverted microscope 

equipped with Apotome II. We show that HDAC7 is highly expressed in the nucleus of GSCs with 

minimal expression in the cytoplasm (Figure 4.2A).    

 

Class specificity of HDAC7 siRNA. 

To determine the target specificity of the HDAC7 siRNA, we designed, filtered through 

BLAST similarity search, and finally synthesized 4 individual siRNAs that target the open reading 

frame and 3’- untranslated region of human HDAC7. 50nM of each siRNA was separately 



 225 

transfected into patients-derived GSCs, and the expression of Class IIa HDACs was determined 

by Western blotting 72 hours after transfection. Control cells were transfected with non-targeting 

siRNA and Actin was used as loading control. The selected siRNA shows specific inhibition of 

HDAC7 protein expression and does not affect the expression of HDAC4, HDAC5, and HDAC9 

(Figure 4.2B).    

 

MS profiling of histone marks following inhibition of HDAC7 expression.  

To determine if HDAC7 has any effect on levels of histone modifications, we performed 

histone modification Mass Spectrometry (ModSpec-Active Motif) after inhibition of HDAC7 

expression with our specific siRNA. Individual histone modifications were quantified by ModSpec 

and expressed as a proportion of all modified and unmodified residues (% of the peptide pool). At 

baseline (siControl GSCs), we found histones H3 and H4 to be highly modified. In contrast, H1 

and H2 showed minor to no modifications (Figure 4.2C). The most modified histone sites were 

H3K9, H3.1K27, H3.3K27, and H4K20. On aggregate, dimethylation of histone marks shows the 

highest abundance in comparison to other modifications in GSCs. To determine significant 

changes in levels of histone modifications following inhibition of HDAC7, we used a cut-off of 

3% change and a P<0.05. Differences in the total enrichment of all marks (as a proportion of all 

modified and unmodified peptides) at each of the different histone sites are shown in (Figure 

4.2D). We show that inhibition of HDAC7 expression does not affect levels of histone acetylation, 

suggesting minimal histone deacetylase activity, but induces a significant increase in H3K9me1 

and reduction at levels of unmodified H3K9UN, which implies major chromatin landscape 

restructuring and increase of heterochromatin. In addition, we detect a significant increase in 

H3.3K27me1 and H3.1K27me1, which is a mark that has been associated mainly with 

heterochromatin [39, 40] but also with active transcription in embryonic stem cells [41].  
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Figure (4.2) HDAC7 specific knock-down does not alter histone acetylation status but increases 
heterochromatin marks in GSCs.  A) Nuclear expression of HDAC7 in patient-derived GSCs stained with an HDAC7 
antibody (magenta) and vimentin (green) as a cytoplasmic marker. No primary antibody control shows a lack of non-
specific staining. B) Class specificity of the HDAC7 in vivo stable siRNA. siHDAC7 induces significant knockdown of 
HDAC7 protein expression (p<0.0001, n=5) whole does not affect the expression of the other members of the Class 
IIa HDAC family (n=3, n.s.). C) Circular plot shows percent abundance of histone modifications in GSCs. Asterisks 
are used to indicate histone sites undergoing significant alterations following HDAC7 knockdown. D) Volcano plot 
of differentially modified histone marks in control versus siHDAC7 samples (cut-off of 3% change and P<0.05. 
Multiple peptide transitions were quantified for peptide transitions[42]; the sum of all modified forms was then 
calculated for each amino acid to represent the total pool of modifications for that residue. Finally, each modification 
is then represented as a percentage of the total pool of modifications. This process was carried out for each of the 
three separate mass spec runs, and the results correspond to the mean and standard deviation of the resulting three 
values from this analysis. 

 

Rapid Immunoprecipitation Mass Spectrometry of Endogenous Proteins (RIME) to identify 

the HDAC7 interactome on chromatin. 

To determine how inhibition of HDAC7 results in an increase of heterochromatin marks, 

we hypothesized that HDAC7 forms multiprotein interactions on euchromatin to participate in the 

regulation of active transcription. We employed Rapid Immunoprecipitation Mass Spectrometry 

of Endogenous Proteins (RIME) to discover the HDAC7 protein-protein interaction network on 

the chromatin of GSCs. GSCs (n=3) were fixed with formaldehyde to crosslink proteins and DNA 

that are in very close proximity, nuclei were isolated, and HDAC7 immunoprecipitation was 

performed. The HDAC7 precipitated protein complex was subjected to Mass Spectrometry 

(RIME) which revealed 247 proteins constituting the HDAC7 interactome. The proteins were 

entered into STRING for network analysis using default settings and exported into Cytoscape for 

network construction. 229 from the 247 proteins formed a highly interconnected network (Figure 

4.3A). To focus the analysis, we extracted the HDAC7 1st degree interactome (Figure 4.3B). This 

refers to the complete set of nodes and edges of proteins directly linked to HDAC7 (Figure 4.3B). 

There were 10 proteins/genes directly connected with HDAC7, these were NCOR2, H3.3, H3.4, 

H3C13, H3C12, CTNNB1, CHD4, TBLX1XR1 and HSPA4. The nodes in the resulting network 
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were highly interconnected (PPI p val = 5.28E-18). The HDAC7 1st degree interactome/network 

was enriched for transcription regulation pathways, notch signaling, chromatin modeling, and 

Beta-catenin signaling (Figure 4.3B). Next, we extended the analysis to include nodes connecting 

directly to the HDAC7 1st degree interactome, thus generating the 1st and 2nd degree interactome 

(Figure 4.3C).  The 1st and 2nd degree interactome was composed of 84 nodes that were 

significantly enriched for mitotic activity and cell cycle pathways (Figure 4.3C).   
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Figure (4.3) HDAC7 interactome on chromatin of patient-derived GSCs.  A) Network of HDAC7 interactome: the 
proteins directly interacting with HDAC7 (1E-16) derived from RIME-identified proteins interacting with HDAC7. 
Each protein/gene is color-coded based on functional enrichment. A corresponding enrichment analysis is shown. 
HDAC7 is shown near the center of the network. B) 1st-degree interactome: the proteins directly interacting with 
HDAC7(5.2E-18). Each protein/gene is color-coded based on functional enrichment. A corresponding enrichment 
analysis is shown. C) Heatmap representation for the protein interactors with HDAC7 from nuclear lysates of GSCs. 
Representative example of 3 independent experiments. 
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HDAC7 interacts with Histone H3.3 and the H3.3 mutant variant H3K27M. 

 To validate the interaction between HDAC7 and H3.3, we performed co-

immunoprecipitation (co-IP) experiments using protein lysates from patients-derived GSCs (n=3). 

Immunoprecipitation was performed with an HDAC7-validated antibody (Abcam), and the 

presence of H3.3 was detected with an H3.3 specific antibody (Active Motif). We show that 

HDAC7 co-precipitates with H3.3 (Figure 4.4A), validating the RIME interactome results. Since 

the H3.3 mutant variant H3K27M has been implicated in pediatric brain tumors, we performed co-

IPs using lysates from patient-derived pediatric diffuse pontine glioma (DIPG) cells (kind gift of 

Dr. Michelle Monje) and showed that HDAC7 interacts and co-precipitates with H3K27M (Figure 

4.4B) suggesting a role for HDAC7 in these pediatric tumors.   

 

Inhibition of HDAC7 reduces the interaction of H3.3 with HIRA and increases interaction 

with DAXX and H3K9me3. 

 To determine how HDAC7 affects the H3.3 landscape in cancer cells, we inhibited the 

expression of HDAC7 with siHDAC7 and determined the effects of HDAC7 inhibition on the 

interaction of H3.3 with its euchromatin chaperone HIRA, or its heterochromatin chaperone 

DAXX/ATRX. We show that inhibition of HDAC7 results in a reduction of the interaction of H3.3 

with HIRA in GSCs, an increase of the interaction of H3.3 with the heterochromatin chaperone 

DAXX (Figure 4.4C), and a significant increase in total levels of DAXX (Figure 4.4D). These 

results suggest that inhibition of HDAC7 expression results in rebalancing of the H3.3 landscape 

and reduction of H3.3 association with euchromatin chaperones and increased association of H3.3 

with heterochromatin. To verify that inhibition of HDAC7 results in an increased association of 

H3.3 with heterochromatin, we performed co-IP of H3.3 with H3K9me3. This shows that 
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following inhibition of HDAC7 expression, the interaction of H3.3 with heterochromatin mark 

H3K9me3 is increased significantly (Figure 4.4E).      

 

 

HDAC7 inhibition results in increased levels of SETDB1, EZH2, H3K9me3, and H3K27me3.  

 Since inhibition of HDAC7 results in increased association of H3.3. with heterochromatin, 

we examined if siHDAC7 induces a global increase of heterochromatin marks in cancer cells. We 

performed Western blot detection of H3K9me3 and H3K27me3 in patients derived GSCs (n=3) 

and showed a significant increase of both H3K9me3 and H3K27me3 (Figure 4.4F). In addition, 

protein levels of SETDB1 and EZH2, the histone methyltransferases that mediate the 

trimethylation of H3K9 and H3K27, respectively, were both significantly elevated following 

inhibition of HDAC7 (Figure 4.4F). To verify these results, we performed quantitative ELISA 

(Active Motif) to detect levels of H3K9me3 and H3K27me3 in 5 patient-derived GSCs. The results 

show a significant increase in both heterochromatin marks following the inhibition of HDAC7 

(Figure 4.4G).  
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Figure (4.4) HDAC7 interacts with H3.3 and HIRA, and inhibition of HDAC7 increases DAXX and deposits 
H3.3 on H3K9me3 and H3K27me3 heterochromatin.  A) complexInhibition of HDAC7 results in loss of H3.3 
interaction with HIRA and increase in interaction of H3.3 with DAXX. Co-immunoprecipitations were repeated 
3 independent times. D) Inhibition of HDAc7 results in a significant increase of DAXX in the nucleus of GSCs 
(p<0.05, n=3). E) HDAC7 knockdown results in a significant increase in the direct association of histone H3.3 
with the heterochromatin mark H3K9me3 (p<0.05, n=3). F) Inhibition of HDAC7 expression in GSCs results in 
a significant increase in levels of SETDB1, EZH2, H3K9me3, and H3K27me3 (p<0.05, n=3, n=4). HDAC7 
knockdown results in a significant increase in the direct association of histone H3.3 with the heterochromatin 
mark H3K9me3 (p<0.05, n=3). F) Inhibition of HDAC7 expression in GSCs results in a significant increase in 
levels of SETDB1, EZH2, H3K9me3, and H3K27me3 (p<0.05, n=3, n=4). G) H3K9me3 and H3K27me3 ELISA 
on nuclear lysates from three independent patients derived GSCs shows a significant increase of both 
heterochromatin marks (*p<0.05, **p<0.01, n=3, n=4).   

 

Inhibition of HDAC7 induces heterochromatin spreading in cancer cells. 

 To visualize and quantify the increased association of H3.3 with heterochromatin and the 

global increase of heterochromatin marks in cancer cell nuclei, we performed immunofluorescence 

localization of H3.3 and H3K9me3 with and without inhibition of HDAC7 with siRNAs. 

Quantification of the number of H3.3 containing heterochromatin foci per nucleus from 30 

individual cell nuclei shows that siHDAC7 induces a significant increase in the localization of 

H3.3 within heterochromatin foci (Figure 4.5A-B). In addition, siHDAC7 induces a significant 

increase in H3K9me3 expression in the nucleus of cancer cells (Figure 4.5C-D). To better 

visualize the spreading of heterochromatin within the cancer cell nucleus, we performed 

transmission electron microscopy (TEM) on patient-derived GSC nuclei before and after inhibition 

of HDAC7 with siRNAs. We show that inhibition of HDAC7 results in the spreading of electron-

dense pericentric heterochromatin and an increase of heterochromatin chromobodies (Figure 4.5F, 

arrows).  
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Figure (4.5) Inhibition of HDAC7 results in H3.3 landscape rebalancing and heterochromatin 
spreading in cancer cells.  A) Immunofluorescence staining of H3.3 (red) and DAPI (blue) in 
GSCs before and after knock-down of HDAC7 shows that inhibition of HDAC7 expression results 
in redistribution of H3.3 from DAPI(-) euchromatin nuclear domains to DAPI(+) heterochromatin 
foci. B) Quantification of the number of H3.3+ heterochromatin foci per nucleus from 30 GSC 
nuclei per condition (siControl vs siHDAC7). There is a significant increase in the average number 
of H3.3+ heterochromatin foci following HDAC7 inhibition. Control average number of H3.3+ 
foci: 3.14 +/- 2.5, siHDAC7 average number of H3.3+ heterochromatin foci: 7 +/- 3.5. P<1.3E-
05. C) Immunofluorescence staining of H3K9me3 (red) and DAPI (blue) in GSCs before and after 
the knock-down of HDAC7 shows that inhibition of HDAC7 expression results in an increase of 
the heterochromatin mark in the nucleus of GSCs. D) Quantification of the number of H3K9me3+ 
foci in the nucleus of 20 GSCs with and without inhibition of HDAC7 shows a significant increase 
in the number of H3K9me3+ foci following inhibition of HDAC7 (p<3.2E-05). E) Transmission 
electron microscopy of patient-derived GSCs before (siControl) and after (siHDAC7) inhibition 
of HDAC7 expression shows the spreading of electron-dense heterochromatin in pericentric 
nuclear domains (arrowhead) and nuclear chromobodies (arrows).   

 

Inhibition of HDAC7 results in broad transcriptomic changes in cancer cells and inhibition 

of GSC self-renewal. 

 To assess the effect of HDAC7 inhibition at the transcript expression level, we performed 

RNA-seq with and without inhibition of HDAC7 expression in GSCs (n=2). PCA demonstrated 

appropriate segregation across conditions, suggesting that the siRNA targeting of HDAC7 induced 

reproducible changes across patients (Figure 4.6A). We identified 194 downregulated and 432 

upregulated genes (adj. p val < 0.001, FC>2) (Figure 4.6B). A downregulated set of genes showed 

significant enrichment for cell cycle, chromosomal organization/segregation, and DNA damage/ 

replication (Figure 4.6E). There was a notable decrease in major regulators of cell cycling (CDC6, 

E2F1, E4F1), genome stability (H2AX, MCM3/5/7), and replication fork progression (ORC1) 

(Figure 4.6D), as well as the notable inhibition of crucial stemness marker genes (Figure 4.6C). 

To determine the functional significance of the effect of HDAC7 inhibition in transcript expression 

and since transcripts of major regulators of cell cycle and DNA replication were affected, we 
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performed tumor-sphere formation assay with and without inhibition of HDAC7 in GSCs (n=3). 

Tumor-sphere formation provides a direct link to cancer stem cell self-renewal and division. We 

show that inhibition of HDAC7 results in significant inhibition of tumor sphere formation 

capabilities of human GSCs (p<0.0001) (Figure 4.6F).    
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Figure (4.6) Transcript expression analysis and tumor sphere formation assay in GSCs 
following inhibition of HDAC7 expression.  A) PCA plot of GSCs in control versus siHDAC7 
samples B) Volcano plot of differentially expressed genes following HDAC7 knockdown (adj. p 
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val < 0.001, FC>2). C) A graph displays the inhibition of stemness genes following HDAC7 
inhibition (n=2). D) Heat Map representation following HDAC7 showing differential expression 
of major regulators of cell cycling (CDC6, E2F1, E4F1), genome stability (H2AX, MCM3/5/7), 
and replication fork progression (ORC1). E) Pathway enrichment of downregulated genes. F) 
Tumor sphere formation assay shows significant (p<0.0001) inhibition of GSC self-renewal 
following inhibition of HDAC7. 
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IV . Discussion  

 

Class IIa HDACs have limited catalytic activity in eukaryotic cells mainly due to a substitution of 

tyrosine with histidine within the enzymatic pocket of these molecules [43]. Although Class IIa 

HDACs can bind to acetylated lysine, they don’t exert deacetylase activity, and it has been 

proposed that they function to attract other HDAC subtypes to deacetylate the substrates [44, 45]. 

Several studies have shown the role of class IIa HDACs in cancer, but the exact function of each 

member of the class varies depending on the type of cancer [46]. HDAC7 has been implicated in 

the regulation of cancer stem cell fate, specifically in breast and ovarian tumors, where it was 

shown that overexpression of HDAC7 can increase the cancer stem cell phenotype [47]. HDAC7 

binds near transcription start sites (TSS) and super-enhancers (SEs) of oncogenes in breast cancer 

stem cells and contributes to their transcriptional regulation. Although it was shown that HDAC7 

is required to maintain levels of H3K27Ac at TSS and SEs, how this is achieved has not been 

determined to date [46, 48].  

Our findings provide robust evidence supporting the interaction between HDAC7 and Histone 

H3.3 in glioblastoma stem cells. Through RIME and co-immunoprecipitation, we demonstrated a 

direct physical association between these molecules. This adds to the growing body of literature 

elucidating the complex interplay between histone molecules and their regulatory enzymes. The 

interaction between HDAC7 and Histone H3.3 suggests a potential role for HDAC7 in chromatin 

remodeling and gene regulation.  

The specific interaction with H3.3, a histone variant associated mainly with active chromatin 

states, underscores the importance of HDAC7 in maintaining chromatin homeostasis. Histone 

H3.3 is deposited into euchromatin in a DNA replication-independent manner. Specifically, H3.3 



 240 

forms complexes with the histone chaperone HIRA to mediate DNA synthesis-independent 

nucleosome assembly [49]. We show here, that HDAC7 participates in these euchromatin 

complexes by interacting with H3.3 and HIRA. HDAC7 regulates the deposition of H3.3 into 

euchromatin, and inhibition of HDAC7 results in a reduction of the association of H3.3 with HIRA 

and an increased association of H3.3 with DAXX and H3K9me3. This results in remodeling of the 

H3.3 landscape in cancer cells resulting in heterochromatin spreading and association of H3.3 with 

heterochromatin foci. Our study unveils a novel aspect of HDAC7 biology in cancer. The observed 

increase in heterochromatin upon HDAC7 inhibition suggests a role for HDAC7 in maintaining 

the balance between euchromatin and heterochromatin, which is often dysregulated in cancer cells. 

Dysfunctional chromatin remodeling is a hallmark of cancer, and our findings shed light on the 

potential contribution of HDAC7 to this process. 

 

The identification of HDAC7 as a regulator of heterochromatin dynamics provides a rationale for 

exploring the inhibition of HDAC7 as a potential therapeutic strategy in cancer. By promoting 

heterochromatin formation, HDAC7 inhibition may suppress oncogenic transcriptional programs 

and impede tumor progression. This is supported by our RNA-seq data showing significant 

inhibition of pro-tumorigenic transcription factors and transcripts that promote cancer cell division 

and DNA replication following loss of HDAC7. In addition, inhibition of HDAC7 results in a 

significant reduction of GSC self-renewal, which is a hallmark of cancer stem cell propagation and 

growth. Despite the significant findings presented in this study, there are certain limitations that 

warrant consideration. Although our siRNA is subtype-specific and does not affect the expression 

of other members of the Class IIa HDAC family, delivery of the siRNA in solid tumors as an 

effective therapeutic in human cancers is challenging. Although following the mRNA vaccines for 
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COVID, the use of lipid nanoparticles (LNP) for delivery of mRNA payloads has been 

streamlined, there is still no example of a siRNA therapeutic showing effective pharmacokinetic 

profile and distribution within solid tumors, suggesting that more research and development efforts 

need to focus on effective LNP delivery of anti-cancer siRNA therapeutics. In addition, the 

development of class and subtype-specific small molecule inhibitors for HDACs has also been 

problematic due to the sequence similarity between subtypes. These limitations are important to 

overcome to develop an effective anti-HDAC7 therapeutic for human use. Future investigations 

should aim to address these limitations and further elucidate the molecular mechanisms underlying 

the role of HDAC7 in chromatin dynamics and cancer pathogenesis. Additionally, exploring the 

crosstalk between HDAC7 and other chromatin modifiers will deepen our understanding of the 

regulatory networks governing chromatin organization. A specific HDAC7 interaction that 

requires further investigation is the reported interaction with HDAC3 [50] to determine if specific 

inhibition of HDAC7 results in alteration of HDAC3 functions in cancer cells.   

In summary, our study identifies HDAC7 as a critical regulator of chromatin dynamics and 

heterochromatin formation in cancer. These findings not only expand our knowledge of HDAC 

biology but also highlight the therapeutic potential of targeting HDAC7 in cancer treatment. 

Further research in this area promises to uncover new avenues for precision medicine and improve 

patient outcomes in oncology. 
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V. Supplementary Figures  

 

Supplementary Figure 1. False discovery rate (FDR) curve. X axis is the number of peptide-
spectrum matches (PSM) being kept. Y axis is the corresponding FDR 

 

 

Supplementary Figure 4. PSM score distribution (a) Distribution of PEAKS peptide score; (b) 
Scattered plot of PEAKS peptide score versus precursor mass error. PEAKS Studio uses the 
“Decoy Fused Method” when calculating FDR where the default cutoff is set to -10logP > 20 to 
ensure high-quality peptide spectrum matches and increase confidence in the proteins list 
obtained. Figure 2b shows the accuracy and resolution of the instrument, as higher scoring points 
should be centered around a mass error of 0. Three layers of filtration were done: 

• All proteins exported from the MS run are filtered to proteins with at least 2 unique peptides 
• Upon filtering the experimental reaction data against the negative control IgG reaction data, a 

number of unique proteins were pulled down, along with HDAC7. 
• Filtration removed other proteins considered as background (below the spectral count of 5). 
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Supplementary Figure 2. Quality control assessment for the RIME experiment 

Mass spectrometry of the RIME resulted in good coverage (30%-39%) of the bait protein 
(HDAC7) and has met the minimum requirement of 10% coverage needed for a passing 
experiment according to the guidelines below. 

• >40% coverage =great 

• 20%-39% coverage =good 

• 10%-19% coverage = fair 

• <10% coverage = failed. 

HDAC7 coverage  
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H3.3 peptide coverage from RIME 
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SMC4 peptide coverage from RIME  
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CHD4 peptide coverage from RIME  

 

β-Catenin peptide coverage from RIME  
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IV. Overview 

This study demonstrates HDAC7 inhibition (HDAC7i) as a promising novel therapeutic 

strategy for GBM as well as other cancers. It delves into the biological and molecular consequences 

of HDAC7 overexpression in driving tumorigenesis. Furthermore, it investigates novel strategies 

to target HDAC7 specifically without affecting other structurally related HDACs. This study also 

examines the mechanistic pathways through which HDAC7 modulates the epigenome and the 

transcriptome of cancer stem cells to allow sustained tumorigenic transcription activation.  

We here provide insights into one mechanism HDAC7i employs to reprogram the epigenome 

and restore normal gene expression patterns. By specifically targeting HDAC7, we aim to 

modulate the epigenetic landscape and potentially reverse the aberrant gene expression associated 

with cancer. Our ultimate objective is to develop a potential translational therapy to treat human 

malignancies effectively while minimizing off-target effects. This approach highlights the 

importance of epigenetic regulation in cancer and the promise targeted epigenetic-based therapies 

hold to restore normal cellular function and combat cancer.  

Epigenetic regulation of gene expression via HDAC inhibition presents a promising avenue 

with therapeutic potential for various conditions, including cancer. PTMs play a crucial role in 

many pathways that are fundamental to the initiation and advancement of tumorigenesis, including 

gene transcription, chromatin remodeling, and nuclear organization [1, 2].  

In recent years, targeting HDACs for the treatment of human malignancies grew as an area of 

research focus, evidenced by the four HDACi FDA-approved drugs: Vorinostat, Romidepsin, 

Panobinostat, and Belinostat. However, these drugs primarily target the enzymatic activity of 
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HDACs, which HDAC class IIa isoforms barely have. Additionally, the clinical usage of the pan-

HDAC inhibition presented major reported toxicities, owing to the lack of specificity and the 

disregard for the individual HDAC tissue expression [3-7]. These limitations underscore the need 

for further initiatives to develop more selective HDACi that can target specific HDAC isoforms 

implicated in a particular type of cancer while minimizing off-target effects and adverse reactions 

to normal tissues. Thus, this study sheds light on a novel isoform-specific HDACi with promising 

therapeutic potential in specific types of cancers. 
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V. Summary, Limitations, and Future Directions  

We show that HDAC7, a class IIa HDAC group member, is a crucial epigenetic regulator in 

GBM. This insight stems from a comprehensive screening of HDAC7 conducted on RNA samples 

collected from 84 RIH patients with recurrent invasive GBM. HDAC7 overexpression elicited 

significant phenotypic changes for GSCs in vitro. Through an analysis of publicly accessible data 

from large GBM cohorts, we delineated HDAC7 as distinct from other class IIa HDAC members 

due to its notably high specificity for GBM tumors compared to normal brain tissues. Moreover, 

HDAC7 expression exhibited inversely correlated with overall survival in the GBM cohort 

documented in public databases as well from RIH.  

We demonstrate that inhibiting HDAC7 reduced the oncogenic capabilities of primary GSCs 

by suppressing their cell viability and ability to form tumorspheres. Conversely, GSCs transfected 

with HDAC7 expression constructs exhibited increased cell colony formation significantly. 

Moreover, we show through transcriptomic analysis that targeted reduction of HDAC7 

significantly disrupts the expression of nearly half of the genes in primary GSCs from RIH patients. 

Many of the genes that are downregulated following HDAC7 inhibition are known to be associated 

with stemness, particularly exhibiting an embryonic phenotype. We hypothesized that HDAC7 

plays a role in fundamental cellular regulation by reactivating transcriptional programs typically 

active during embryonic development, which are supposed to be silenced beyond this stage of life. 

Consistent with this, our gene enrichment analysis from GSCs and analyzing public data indicated 

that HDAC7 is involved in biological processes related to cell cycle activities as well as chromatin 

reorganization.  
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We additionally show preliminary data that HDAC7's involvement in oncogenesis extends 

beyond GBM to encompass various other cancer types. Previous studies have demonstrated the 

increased expression of HDAC7 in several cancers, such as colorectal, gastric, breast, renal, 

melanoma, and brain cancer [8-11]. Hence, a potential avenue for future research could delve 

deeper into the role of HDAC7 in these types of cancers and assess whether they are good 

candidates for HDAC7-targeted therapy. 

Our investigation proposes a mechanistic model of HDAC7's role in promoting tumor 

aggressiveness. We demonstrate how HDAC7 epigenetically influences GSCs by modulating the 

chromatin structure and gene transcription. Our findings suggest that targeting HDAC7 can induce 

a phenotypic shift from euchromatin to heterochromatin in cancer stem cells, resulting in gene 

silencing and potentially inhibiting oncogenesis.  

 

• Future Direction for Studying the Involvement of HDAC7 in DNA Repair 

Mechanisms  

Our observation of the presence of crucial DNA repair proteins within the HDAC7 interacting 

network suggests a potential connection between HDAC7 and DNA repair mechanisms, which 

could further explain HDAC7’s role in driving tumorigenesis. DNA repair is the body’s built-in 

machinery for correcting DNA damage. However, when mistakes happen during DNA repair 

mechanisms, they can drive mutations or chromosomal abnormalities that can affect oncogenes or 

tumor suppressor genes, which could cause normal cells to undergo malignant transformation [12-

14]. Maintaining genomic stability and effective DNA repair mechanisms are highly crucial for 
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preventing the initiation and progression of cancers. This opens up a new avenue for future 

research to expand our understanding of the mechanisms underlying HDAC7-mediated 

tumorigenesis and its potential as a therapeutic target in cancer.  

 

• Future Directions for Investigating HDAC7 expression in various Normal and 

Malignant Tissues  

A notable limitation of targeting HDAC7 is its expression in various other normal body tissues. 

Our understanding of the precise role of individual HDACs in a particular type of cancer remains 

incomplete. Hence, more research is necessary to determine the role of specific HDACs and 

ascertain whether they are over-expressed or under-expressed in specific tissues and the respective 

cancers. Such efforts will enable the design and development of HDAC isoform-specific inhibitors 

or other compounds capable of regulating the expression of a particular HDAC.  

 

• Future Directions for Understanding the Role of HDAC7 Expression in Stemness. 

Our transcriptomic investigation revealed the downregulation of huge number of stemness 

genes after inhibiting HDAC7. Phenotypic assessment of these downregulated stemness genes 

across 26 stemness gene signatures unraveled that these genes were closely associated with the 

embryonic phenotype. Therefore, a prospective avenue for research in this area could involve 

delving deeper into how HDAC7 modulates the activity of these stemness genes through various 
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immunohistochemistry studies and experiments employing colocalization with various stem 

markers. 

 

• Prospective Direction for Investigating the Involvement of HDAC7 Expression in 

Tumor Cell Migration. 

Our functional enrichment analyses indicates that HDAC7 is implicated in diverse migration 

and metastasis pathways. Hence, a promising direction for further research could involve exploring 

the mechanisms through which HDAC7 influences tumor cells’ migration capacity, and assessing 

whether targeting HDAC7 could affect the migratory potential of CSCs in GBM and other cancer 

types. 

 

• Exploring the Role of HDAC7 in Histone H3.3 Deposition: Implications for Basic 

Biology and Pathobiology 

Our novel finding regarding the role of HDAC7 in histone H3.3 deposition over the 

heterochromatin is opening a multitude of investigations in both the basic biology and 

pathobiology. Delving into the significance of HDAC7-H3.3 interaction during H3.3 deposition, 

particularly in the replication-independent manner throughout the cell cycle, holds the potential to 

deepen our comprehension of the programmed cell division during embryogenesis and fetal 

development. Additionally, it raises questions about whether targeting HDAC7 could offer 

promise for addressing some congenital abnormalities. Furthermore, it sheds light on the 
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dysregulated cell division during tumorigenesis, offering insights into potential therapeutic 

strategies. 

 

• Future Avenues for Investigating the Impact of HDAC7 Targeting on the Immune 

System 

A noteworthy constraint of targeting HDAC7 is its expression in the thymus, where it was 

reported to be involved in T-cell development, similar to other HDACs [16, 17]. However, the 

reported effects of HDACi drugs on tumor immune response remain inconsistent [18, 19]. 

Numerous studies have reported the induction of anti-tumor T cell immune reactions subsequent 

to HDACi treatment. This encompasses regulating the expression of tumor antigens [20-22],  

amplification of antigen-presenting machinery such as MHC-I/II [23, 24], the augmentation of the 

secretion of T cell-recruiting chemokines [25], making tumors susceptible to death receptor killing 

[20, 26], and regulating the balance between the suppressive versus inflammatory myeloid cells 

[27, 28]. 

On the contrary, other studies have shown that HDAC7 deletion affects thymocyte maturation, 

particularly during positive selection [17]. However, research with lck-cre transgenic mice has 

indicated that introducing a T cell receptor (TCR) transgene could mitigate the negative effects of 

HDAC7 deficiency on thymocyte development. [17]. This finding suggests that combining 

therapies targeting HDAC7 with strategies like CAR-T immunotherapy could potentially enhance 

the effectiveness of T cell-based cancer treatments while synergistically targeting cancer. Further 

investigation into the effect of each HDAC isoform, including HDAC7 inhibition, on TCR 
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development in GBM and the potential combination with immunotherapy could elucidate its 

efficacy and safety in clinical settings. 

GBM is known to have a weak immune response due to the unique immunosuppressive 

microenvironment of the brain. There are various factors behind this immune evasion, including 

the BBB, which restricts immune cells and therapeutics from accessing the brain parenchyma. 

Besides, the brain has limited lymphatic drainage and a low expression of MHC class II molecules, 

that’s why proper antigen presentation to T cells is lacking in the brain. Furthermore, the brain 

TME secretes immunosuppressive cytokines like TGF-β, which further dampens immune 

responses within the TME. [29]. It has been proposed that the recruitment of regulatory T cells 

(Tregs) up to fourfold antagonizes the infiltration of CD8+ T cells in the GBM TME, which could 

explain the severe immunosuppressive TME in the GBM. [30-32].  In addition, HDAC7 has been 

implicated in hematological malignancies in numerous reports, and pan HDACi are being utilized 

in their combinational therapy [33-36]. In line with that, we observed from our RNA sequencing 

data that inhibiting HDAC7 in GSCs caused significant changes in the mRNA expression of key 

inflammatory cytokines fostering tumorigenesis. We observed an upregulation in the mRNA 

expression levels of anti-tumorigenic inflammatory cytokines, including IFN-γ and TNF-α, after 

HDAC7 inhibition. These cytokines are known to promote anti-tumor immune responses and 

inhibit tumor growth [32, 37-39]. Conversely, we observed a downregulation in the mRNA 

expression of pro-tumorigenic cytokines such as TGF-β, IL13RA2, NF-κB, IL-10, and IL-1 from 

RNA seq data following HDAC7 inhibition. These cytokines have been implicated in enriching a 

pro-tumor TME and promoting tumor cell proliferation, invasion, and immune evasion [40-43]. 
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In this context, the negative impact of HDAC7 on T cell differentiation could potentially yield 

positive outcomes by selectively inhibiting the immunosuppressive Tregs. This suggests that 

targeting HDAC7 may be a promising approach to disrupt the immunosuppression in the TME 

and enhance antitumor immune responses in GBM and potentially other cancers where Tregs 

predominate. However, further investigation and rigorous testing are essential to validate the 

efficacy and safety of HDAC7i and the effects it has on Tregs within the total population of 

CD4+CD8+ cells. 

Although some investigations have been carried out on the direct impact of HDACi on the 

immune system, specifically T cells, the findings in existing literature are incomplete and 

conflicting. These disparities may be due to the utilization of different models in these studies or 

the lack of specificity profiles of different HDACi towards individual HDACs. As a future aspect, 

it’s crucial to further investigate the precise mechanisms by which HDAC7 inhibition affects 

immune system components, overall immune homeostasis, and antitumor responses. Additionally, 

exploring the combination therapies targeting HDAC7 with immunotherapy and evaluating the 

effect of HDAC7 inhibition on the endogenous T cell pool versus immunotherapy is an interesting 

research area to expand. Indeed, synergistic effects of HDACi have been observed when combined 

with immunotherapies targeting T cells [44-46], such as checkpoint blockade with αPD-1 [44, 45], 

adoptive cell therapy models [20], and other immunotherapy modalities, [47]. Extensive 

preclinical studies and clinical trials are necessary to evaluate the specificity, efficacy, and safety 

profile of HDAC7 inhibition in modulating the TME alone and in combination therapies and to 

address its therapeutic potential in cancer treatment and its impact on immune modulation. 
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• Potential Modalities for Therapeutically Targeting HDAC7 in the Future 

Our combined efforts in HDAC7 drug design pipeline have achieved a significant milestone 

in targeting HDAC7. We've explored various strategies, including small molecule inhibitor, 

PROTACs and siRNA approaches. Currently our focus is on refining the specificity of our 

designed small molecule inhibitors by redesigning and reassessing their physical interactions and 

affinity towards HDAC7 compared to the rest of class IIa HDACi. 

On a parallel route, we engineered seven de novo PROTAC-HDACi compounds from a 

comprehensive ligand-linker screen that none of them engineered compounds demonstrated the 

ability to induce proteolysis of HDAC. Nonetheless, we are actively pursuing further investigation 

of this approach through collaboration involving our group, Dr. Sidoli's team, and Dr. Fiser's team. 

Conducting larger screens and exploring various combinations of linkers and ligands for 

PROTACs holds tremendous potential for success. This concerted effort could ultimately result in 

discovering novel and effective PROTAC-HDAC inhibitors specifically targeting HDAC7. 

Furthermore, we are exploring additional avenues to target HDAC7 by focusing on its protein-

protein interaction with histone H3.3. Our current study has established and validated the physical 

interaction between histone H3.3 and HDAC7. Crystalizing the interface between these two 

proteins has the potential to open up new opportunities for targeting HDAC7 through peptide 

inhibitors that selectively disrupt its mechanism. This approach holds promise for the development 

of more precise and effective therapeutic interventions aimed at specifically modulating HDAC7 

activity. 
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• Prospects for Future drug Delivery Methods for HDAC Inhibitor Therapeutic 

Overcoming the BBB has been a persistent challenge in drug delivery to the brain. However, 

there are now several advanced drug delivery methods emerging to address this obstacle. These 

include implanted reservoirs and stereotactic injections, which offer precise delivery of 

therapeutics to targeted areas within the brain [48-51]. Additionally, intra-arterial delivery allows 

for the direct delivery of high doses of therapeutics to the tumor site facilitated by a brain disruption 

agent like mannitol. Intra-arterial delivery was proposed in earlier days and is now revitalized with 

numerous ongoing clinical trials showing promising outcome [48, 52]. Convection-enhanced 

delivery (CED) is a novel modality for local brain delivery currently being evaluated in clinical 

trials. By optimizing drug distribution, CED has the potential to enable the use of lower 

concentrations of drugs to achieve therapeutic effects over a similar area [49]. 

Our proposed siRNA targeting HDAC7 represents an innovative approach that harnesses the 

power of RNAi, which has emerged as a groundbreaking discovery in therapeutics. RNAi-based 

therapeutics have garnered considerable attention in the pharmaceutical field, particularly in the 

wake of the COVID-19 vaccine development, paving the way for a new class of drugs capable of 

specifically silencing target genes and offering immense potential for treating various diseases, 

including cancer. Additionally, given the relatively low expression of HDAC7 in the brain, 

advanced novel local brain delivery modalities offer the potential to reduce unwanted toxicities 

associated with systemic administration substantially. Moreover, the availability of numerous 

FDA-approved lipid nanoparticles (LNP) designed for RNAi drug delivery further enhances the 

promise of siRNA-based therapeutics. These nanoparticles provide the efficient and targeted 

delivery promise of our HDAC7 siRNA to the desired cancer cells while minimizing off-target 
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effects and enhancing therapeutic efficacy. However, there remains a lack of examples of siRNA 

therapeutics showing an effective pharmacokinetic profile and distribution within solid tumors. 

Numerous developmental efforts are being conducted globally, with the goal of achieving effective 

LNP delivery of anti-cancer siRNA therapeutics [53-55]. 

The innovation of the ligand–siRNA conjugation strategy has enabled enhanced tissue-specific 

targeting. This approach introduces tissue specificity and facilitates the accumulation of siRNA in 

target tissues, thereby mitigating undesired side effects and toxicity while achieving potent gene 

silencing at low dosages [56-58]. The specific recognition of the ligand–siRNA conjugation 

strategy is accomplished by various ligands, such as carbohydrates, peptides, antibodies, aptamers, 

and small molecules, which can recognize and bind to surface receptors on the target tissue [56-

58]. Incorporating the ligand–siRNA approach into our proposed HDAC7 siRNA therapy could 

enable targeted treatment of solid cancers where HDAC7 is involved, while reducing off-target 

effects in other normal tissues. This strategy would leverage specific ligands capable of 

recognizing and binding to surface receptors on the target cancer cells, thereby enhancing the 

delivery of HDAC7-targeted siRNA to the intended sites and minimizing potential side effects 

elsewhere. Indeed, further investigation and rigorous testing are necessary to validate the 

effectiveness and safety of combining HDAC7 siRNA with specific ligands and assess their 

efficacy across various types of cancers. This process will ensure a thorough evaluation of the 

potential benefits and risks associated with this therapeutic approach before clinical 

implementation.  

By leveraging RNAi technology and utilizing FDA-approved nanoparticles for delivery, our 

HDAC7-targeting siRNA holds significant promise as an effective therapeutic for treating 
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particular human cancers. The combination of innovative science and advanced drug delivery 

strategies underscores the potential of RNAi-based therapies in revolutionizing cancer treatment. 
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