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ABSTRACT  
   
 

Glioblastoma (GBM), the most common and aggressive primary brain tumor 

affecting adults, is characterized by an aberrant yet druggable epigenetic landscape. The 

Histone Deacetylases (HDACs), a major family of epigenetic regulators, favor 

transcriptional repression by mediating chromatin compaction and are frequently 

overexpressed in human cancers, including GBM. Hence, over the last decade there has 

been considerable interest in using HDAC inhibitors (HDACi) for the treatment of 

malignant primary brain tumors. However, to date most HDACi tested in clinical trials 

have failed to provide significant therapeutic benefit to patients with GBM. This is because 

current HDACi have poor or unknown pharmacokinetic profiles, lack selectivity towards 

the different HDAC isoforms, and have narrow therapeutic windows. Isoform selectivity 

for HDACi is important given that broad inhibition of all HDACs results in widespread 

toxicity across different organs. Moreover, the functional roles of individual HDAC 

isoforms in GBM are still not well understood. Here, I demonstrate that HDAC1 expression 

increases with brain tumor grade and is correlated with decreased survival in GBM. I find 

that HDAC1 is the essential HDAC isoform in glioma stem cells and its loss is not 

compensated for by its paralogue HDAC2 or other members of the HDAC family. Loss of 

HDAC1 alone has profound effects on the glioma stem cell phenotype in a p53-dependent 

manner and leads to significant suppression of tumor growth in vivo. While no HDAC 

isoform-selective inhibitors are currently available, the second-generation HDACi 

quisinostat harbors high specificity for HDAC1. I show that quisinostat exhibits potent 

growth inhibition in multiple patient-derived glioma stem cells. Using a pharmacokinetics- 
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and pharmacodynamics-driven approach, I demonstrate that quisinostat is a brain-penetrant 

molecule that reduces tumor burden in flank and orthotopic models of GBM and 

significantly extends survival both alone and in combination with radiotherapy. The work 

presented in this thesis thereby unveils the non-redundant functions of HDAC1 in therapy-

resistant glioma stem cells and identifies a brain-penetrant HDACi with higher selectivity 

towards HDAC1 as a potent radiosensitizer in preclinical models of GBM. Together, these 

results provide a rationale for developing quisinostat as a potential adjuvant therapy for the 

treatment of GBM.  
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CHAPTER 1 

INTRODUCTION 

1.1 Brain tumors 

Tumors of the central nervous system (CNS) constitute a heterogeneous group of 

tumors arising in the brain, cranial nerves, spinal nerves, spinal cord, and the meninges 

(Barnholtz-Sloan, Ostrom, and Cote 2018). Tumors of the CNS represent approximately 

1% of all newly diagnosed cancers in the United States, and about 2% of all cancer-

related deaths (Ostrom et al. 2021). Primary brain tumors can be either benign or 

malignant and can occur in childhood or adulthood (Barnholtz-Sloan, Ostrom, and Cote 

2018). The most common type of malignant primary brain tumors are gliomas, which 

although rare, are devastating tumors that are challenging to treat. In the sections that will 

follow, I will provide a summary on adult diffuse gliomas and a comprehensive overview 

on the biology of glioblastoma, the most aggressive and lethal primary brain tumor 

(Weller et al. 2021). 

 
 
1.1.1 Classification of adult diffuse gliomas 
 

Gliomas account for 80% of all malignant primary brain tumors (Ostrom et al. 

2021). Gliomas are characterized by high morbidity and mortality due to their location 

and invasive growth patterns (Chen et al. 2017). The world health organization (WHO) 

classification of CNS tumors uses a grading system on a scale to 1-4 to indicate different 

degrees of malignancy. Historically, gliomas were diagnosed based on their 

histopathology and presumed cell of origin, and were traditionally classified as astrocytic, 
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oligodendroglial or mixed oligo-astrocytic tumors (Louis, Holland, and Cairncross 2001). 

Conversely, the current WHO classification combines analysis of both molecular and 

histopathological features to classify CNS tumors (Louis et al. 2021). Gliomas comprise 

grade 2, 3 and 4 tumors, with grade 4 tumors being the most malignant (Whitfield and 

Huse 2022). However, regardless of grade and prognosis, adult diffuse gliomas are highly 

infiltrative and resistant to therapy, and are considered to be largely incurable (Whitfield 

and Huse 2022).  

 
Diffuse WHO grade 2 and 3 gliomas are the most common gliomas in young adults 

and have an inherent tendency to recurrence and malignant progression, and such tumors 

include IDH-mutant astrocytoma or oligodendroglioma (Weller et al. 2021). As shown in 

Figure 1.1, these tumors harbor mutations in the IDH1 or IDH2 genes and can be 

distinguished based on the presence or absence of 1p/19q codeletion, inactivating ARTX 

mutations and TERT mutations (Weller et al. 2021; Whitfield and Huse 2022). Diffuse 

grade 4 gliomas are the most aggressive and lethal and can be classified as IDH-wild type 

(IDH-WT) glioblastoma (GBM) or IDH-mutant astrocytoma. As will be discussed in the 

following section, IDH-wild type GBM are rapidly proliferating tumors with a very poor 

prognosis. Along with histopathological features such as microvascular proliferation 

and/or necrosis, multiple defining molecular features include mutation in the TERT 

promoter, epidermal growth factor receptor (EGFR) amplification, and combined 

chromosome 7 gain paired with chromosome 10 loss (+7/−10) (Brat et al. 2020). Grade 4 

IDH-mutant astrocytoma share histological features with GBM but are characterized by 

homozygous deletion of CDKN2A/B and loss of nuclear ATRX (Figure 1.1.) 
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Figure 1.1. Classification of adult diffuse gliomas. This diagram illustrates the 
diagnostic algorithm for the integrated classification of the major diffuse gliomas that 
occur in adults. Tissue specimens obtained through biopsy sampling in patients with 
diffuse gliomas are first assessed by immunohistochemistry for the presence of mutant 
IDH1 (R132H) and loss of nuclear ATRX. If the tumor (in patients older than 55 years) 
is found in a non-midline location, is negative for mutant IDH1 and retains ARTX 
expression, it is classified as IDH-wild-type GBM. In all other cases, a lack of IDH1 
mutation positivity warrants sequencing of IDH1 and IDH2 to exclude or detect non-
canonical mutations in the IDH genes. IDH-wild-type diffuse astrocytic gliomas that 
lack microvascular proliferation (MVP) or necrosis should be tested for EGFR 
amplification, TERT promoter mutation and a gain of chromosome 7, loss of 
chromosome 10 to confirm molecular characteristics of IDH-wild-type GBM. To 
identify H3.3 G34-mutant diffuse hemispheric gliomas, which tend to occur in younger 
patients with IDH-wild-type gliomas, histone H3.3 G34R/V mutations should be 
assessed by immunohistochemistry or DNA sequencing. Diffuse gliomas that arise in 
the thalamus, brainstem or spinal cord should be evaluated for histone H3 K27M 
mutations and loss of nuclear K27-trimethylated histone H3 (H3K27me3) to confirm 
diagnosis of H3 K27M-mutant diffuse midline gliomas. The molecular alterations 
characteristic of each tumor type are highlighted in red (deletions, mutations) and 
green boxes (no mutations or molecular alterations). Taken from:  
(Weller et al. 2021) 
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1.1.2 Glioblastoma (GBM) 
 
Glioblastoma (GBM; WHO grade 4) is the most common primary malignant 

brain tumor affecting adults, representing approximately 60% of all gliomas, and the 

average annual incidence of GBM is 3.2 per 100,000 population (Ostrom et al. 2021). 

Despite aggressive multimodal therapy, the prognosis for patients with GBM is very poor 

with a median survival of 12-14 months after treatment and this statistic has not changed 

over the past several decades (Janjua et al. 2021). GBM is considered today as one of the 

deadliest forms of all cancers, with a 5-year survival rate of less than 6% following 

diagnosis (Ostrom et al. 2018). The median age at diagnosis is 65 years, but can occur at 

any age, and incidence of disease is slightly more common in men than in women (Davis 

2016). The vast majority (90%) of GBMs arise de novo, without a known precursor, and 

are rereferred to as primary GBM. Secondary GBMs are more rare and develop from 

WHO grade 2 or 3 gliomas that over time progress into GBM (Ohgaki and Kleihues 

2013). Secondary GBMs carry a better prognosis and are more common in younger 

patients (Tan et al. 2020). As will described in the upcoming sections of this dissertation, 

GBM is a highly heterogenous, rapidly proliferating tumor that infiltrates into healthy 

brain tissue. The aggressive nature of this disease can thereby have a devastating impact 

on the quality of these patients, primarily due to the emergence of debilitating symptoms 

arising from treatment-related morbidities or tumor growth into functionally intact brain 

regions that interferes with normal day-to-day activities (Oronsky et al. 2020). Hence, 

there is an unmet urgent need to develop new effective treatments that improve survival 

outcomes for patients with GBM. 
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The clinical presentation of a patient with newly diagnosed GBM varies 

depending on the size and location of the tumor in the brain (Davis 2016). Common 

symptoms in patients include increased intracranial pressure, headaches, seizures, as well 

tumor-induced cognitive deficits such as personality changes, memory loss and loss of 

executive function (Young et al. 2015). Current diagnosis and classification of gliomas 

integrates histological grading as well as analyses of molecular markers (Louis et al. 

2021; Weller et al. 2021) . At the histological level, GBMs are characterized by high 

cellularity, pleomorphism, microvascular proliferation, a high mitotic index and 

pseudopalisading necrosis (Whitfield and Huse 2022). GBMs typically harbor greater 

rates of epidermal growth factor receptor (EGFR) amplification, TERT promoter 

mutations, PTEN deletion, no IDH mutations, and a +7/–10 cytogenetic signature (gain of 

chromosome 7 combined with loss of chromosome 10) (Figure 1.1) (Weller et al. 2021). 

These histological and molecular features are required for a brain tumor to be diagnosed 

as grade 4 GBM according to the most recent WHO classification of CNS tumors (Louis 

et al. 2021). More details on common genetic alterations in IDH-WT GBM are reviewed 

in section 1.1.4.  

 
1.1.3 Standard-of-care for GBM 

 
Treatment of newly diagnosed GBM requires a multidisciplinary approach. The  

first line of treatment is maximal safe surgical resection of the tumor (Davis 2016). This 

allows removal of as much tumor tissue as possible, which is then subsequently analyzed 

through histology and genotyping to allow an accurate diagnosis to be made (Tan et al. 

2020). Following recovery from surgery patients undergo a 6-week treatment with 
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concurrent radiation treatment and temozolomide (TMZ), an oral alkylating agent, 

followed by adjuvant chemotherapy with TMZ alone for an additional 6 months (Stupp et 

al. 2005). Prior to 2005, the standard-of-care for GBM consisted of only post-operative 

radiation therapy (Holland 2000). However, this changed when a pivotal phase III clinical 

trial demonstrated that the median overall survival of GBM patients treated with radiation 

plus TMZ (14.6 months) was marginally but significantly higher compared to the median 

overall survival of patients treated with radiation alone (12.1 months) (Stupp et al. 2005). 

It was later shown that the cohort receiving radiation plus TMZ contained a higher 

proportion of long-term survivors compared to radiation-only cohort: 27% versus 10% at 

two years and 10 versus 2% at five years, respectively (Stupp et al. 2009). 

Further analysis of patients who underwent this treatment regimen led to the 

identification of a strong predictor of patient-related outcomes: the methylation of the 

MGMT gene promoter (Hegi et al. 2005). MGMT codes for a DNA repair protein that 

removes alkyl groups from the O6 position of guanine, an important site of DNA 

alkylation (Kaina and Christmann 2002; Hegi et al. 2005). As an alkylating agent, TMZ 

leads to the formation of O6-methylguanine on DNA in glioma cells, which is a cytotoxic 

lesion that is normally directly repaired by the MGMT enzyme (Mrugala and 

Chamberlain 2008). If left unrepaired, the O6-methylguanine lesion causes base 

mispairing, which leads to futile cycles of mismatch repair during DNA replication and 

ultimately induces apoptosis (Ochs and Kaina 2000; Liu, Markowitz, and Gerson 1996; 

Karran and Bignami 1992). In approximately 50% of GBM patients, the MGMT promoter 

is methylated and its expression is silenced, thereby rendering glioma cells more sensitive 

to TMZ-induced DNA damage (Hegi et al. 2005). GBM patients harboring MGMT 
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promoter methylation were found to be associated with more favorable survival outcomes 

after radiation and TMZ treatment (21.7 months) compared to tumors harboring an 

unmethylated MGMT promoter (14 months) (Hegi et al. 2005). Hence, MGMT was 

identified as a prognostic biomarker that predicts responsiveness to TMZ treatment in 

GBM patients (Wick et al. 2014). 

 To date, the standard-of-care for newly diagnosed GBM remains unchanged. 

While radiation and TMZ treatment improve survival outcomes, GBM patients are still 

faced with a dismal prognosis and live on average 12-18 months after diagnosis (Fisher 

and Adamson 2021). Ultimately, almost all GBMs inevitably progress after termination 

of treatment, resulting in tumor recurrence (Birzu et al. 2020). Treatment options for 

recurrent GBM are less well defined – there is currently no established standard-of-care 

for patients with relapsed disease and there is no clinical evidence for any interventions 

that prolong overall survival. Only one drug has been approved by the FDA for the 

management of recurrent GBM: bevacizumab. Bevacizumab is a targeted therapeutic 

antibody that binds to and inhibits the activity of vascular endothelial growth factor 

(VEGF) to prevent tumor angiogenesis (Cohen et al. 2009). While bevacizumab failed to 

improve overall survival in patients with recurrent GBM, its administration may be 

recommended to alleviate adverse symptoms associated with edema and radiation-

induced necrosis (Cohen et al. 2009).  

Unfortunately, some patients with recurrent GBM may not even be eligible for 

second-line therapy (Nava et al. 2014). Treatment options after recurrence typically 

include further surgical resection of the tumor, re-irradiation, approved systemic 

chemotherapies such bevacizumab, TMZ rechallenge, treatment with other approved 
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alkylating agents (lomustine, carmustine), experimental drug treatments in clinical trials, 

or supportive care alone (Omuro and DeAngelis 2013). Another treatment modality 

which was recently approved by the FDA for the treatment of both primary (2015) and 

recurrent GBM (2011) are tumor-treating fields (TTFields). TTFields are delivered 

through a portable device (Optune) applied to a shaved scalp, which emits low-intensity, 

intermediate-frequency alternating electric fields that disrupt mitosis in tumor cells 

(Mittal et al. 2018). A phase III clinical trial demonstrated that TTFields used in 

conjunction TMZ treatment significantly improved overall survival when compared to 

TMZ alone (20.5 vs. 15.6 months) (Stupp et al. 2015). However, despite its efficacy 

TTFields are not part of the standard-of-care due to its very expensive cost, 

inconvenience to patients and marginal survival benefit (Mehta et al. 2017). In summary, 

despite decades of basic and clinical research there are no novel effective therapies for 

patients with GBM. While progress has been underwhelming over the past few decades, 

there are currently a plethora of therapeutic agents or approaches that are under clinical 

development for the treatment of GBM and other high-grade gliomas, such as 

immunotherapies, cell/gene therapies and radiosensitizing agents among many others 

(Jain 2018).  

 
1.1.4 Common genetic alternations in GBM 
 
 

GBM was the very first cancer type to be systematically studied by The Cancer 

Genome Atlas Research Network (TCGA) and is considered one of the most well-

characterized tumors at the genomic and transcriptomic level. Early karyotype analysis of 

54 malignant gliomas reported frequent chromosomal alterations in GBM: gain of 
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chromosome 7 and loss of chromosome 10 (Bigner et al. 1988), with loss of 

heterozygosity of 10q being observed in approximately 80% of all GBMs (Fujimoto et al. 

1989; Bigner and Vogelstein 1990). Interchromosomal, intrachromosomal (intergenic) 

and intragenic rearrangements can also be detected in the majority (~70%) of GBM 

samples (Sturm et al. 2014). The most common intragenic deletion in GBM is an in-

frame deletion of exons 2-7 of EGFR, which results in a truncated protein that lacks an 

extracellular domain and is referred to as EGFRvIII (Moscatello et al. 1996; Gan, Kaye, 

and Luwor 2009). While this mutant EGFR protein is unable to bind its ligand, it remains 

constitutively active and has been shown to sustain GBM cell proliferation and tumor 

growth (Moscatello et al. 1996; An et al. 2018).  

With the advent of sequencing technologies, two independent studies identified 

frequent genetic alterations in GBM which led to the discovery of many of genes that 

were not known to be altered in GBMs. Through PCR-based sequencing of 22 human 

GBM tumors, Parsons et al. identified the following genes were commonly altered in 

GBM: CDKN2A (50%); TP53, EGFR and PTEN (30-40%); NF1, CDK4, RB1 (12-15%); 

PIK3CA and PIK3R1 (8-10%) (Parsons et al. 2008). That same year, TCGA reported 

very similar findings based on integrative analysis of DNA copy number, gene 

expression and DNA methylation aberrations of over 200 GBM samples (Cancer 

Genome Atlas Research 2008). These early large-scale sequencing efforts studies were 

important as they were the first to implicate deregulation of the RB, p53 and 

RTK/RAS/PI3K pathways in the pathogenesis GBM (Parsons et al. 2008; Cancer 

Genome Atlas Research 2008). The TCGA expanded the breadth of their analysis to over 

500 GBM samples and generated a comprehensive catalog of somatic alterations 
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associated with GBM through whole-genome, exome, and RNA sequencing as well as 

copy-number, transcriptomic, epigenomic, and targeted proteomic profiling (Brennan et 

al. 2013). This large study not only confirmed previously identified genetic aberrations, 

but also detected additional alterations that included targetable mutations such as BRAF 

and FGFR1/FGFR2/FGFR3 in a very rare subset of GBMs. Moreover, their analyses 

found that more than 40% of GBM tumors harbor at least one non-synonymous mutation 

in genes involved in chromatin remodeling, such as ATRX, CREBBP and SMARCA2, 

suggesting that chromatin organization may play important roles in GBM pathology 

(Brennan et al. 2013). While all these studies were instrumental in changing our 

understanding of the molecular genetics of GBM, such knowledge has not yet translated 

into novel treatment options for these patients.  

 

1.2 Challenges in the treatment of GBM  

GBMs have proven very difficult to treat due to their complex biological 

characteristics and their location in one of the body’s most crucial organs – the brain 

(Aldape et al. 2019). While there are numerous obstacles that have limited progress to 

improve treatment options for GBM, these can be summarized into three key challenges: 

the anatomical location of these tumors, unsuccessful drug delivery and extensive intra- 

and inter-tumoral heterogeneity.  

 

1.2.1 Anatomical location 

In various non-CNS malignancies, it is feasible to take very wide surgical margins 

to remove any residual cancer cells that may be present beyond the edge of the resected 
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bulk tumor (Wasserberg and Gutman 2008; Kamat et al. 2019; Sambri et al. 2021; 

Brouwer de Koning et al. 2018). Moreover, some solid tumors can be cured or treated by 

complete surgical removal of the entire affected organ: mastectomies, colectomies and 

proctectomies are examples of such radical procedures (Lostumbo, Carbine, and Wallace 

2010; Kaiser et al. 2004; Memon et al. 2012). Although maximal surgical resection is the 

first line of treatment for GBM patients, complete resection of the entire tumor is almost 

impossible owing to the lack of clear tumor boundaries and widespread infiltration of 

GBM cells into the surrounding brain tissue (Wilson, Karajannis, and Harter 2014). 

Extensive resection of these tumors is particularly difficult as they often arise in eloquent 

areas of the brain that control motor function, memory, speech, and the senses (Davis 

2016). Hence, aggressive resection strategies in these regions carry the risk of post-

operative neurologic deficits (Davis 2016). While advances in surgical and pre-operative 

mapping techniques have facilitated the execution of safe resections while minimizing 

surgical morbidities, neurosurgeons are tasked with the delicate challenge of debulking as 

much tumor tissue as possible while trying to preserve neurological functions and good 

quality of life for patients (Tan et al. 2020). Multiple studies have demonstrated that 

patients who underwent aggressive surgical resections have longer progression-free 

survival and overall survival outcomes when compared to patients where greater extent of 

resection was not feasible (Stummer et al. 2006; Sanai and Berger 2008; Lacroix et al. 

2001). However, to date surgery is not curative due to the highly invasive nature of 

GBM. The remaining tumor cells that disseminate into the normal brain parenchyma 

develop resistance to standard chemoradiation, and as such GBMs almost always 

universally recur within 6-9 months of treatment (Davis 2016). In over 90% of GBM 
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patients, tumor recurrence usually occurs within 2 centimeters of the resection cavity of 

the primary tumor (Hou et al. 2006; Rapp et al. 2017). In the late 1920s, a neurosurgeon 

attempted treating GBMs by performing hemispherectomies, which are radical 

procedures wherein an entire brain hemisphere containing the primary tumor site is 

removed. However, even such drastic measures were shown to be ineffective at 

preventing tumor recurrence on the contralateral hemisphere, further highlighting the 

highly aggressive and diffuse nature of GBM (Chaichana and Quinones-Hinojosa 2014). 

Hence, there is a critical need to develop effective treatments aimed at eradicating 

infiltrating tumor cells residing in normal brain tissue which cannot be removed through 

surgery alone. 

 

1.2.2 Drug delivery  
 
 In brain tumors, the delivery of therapeutic agents is severely restricted by the 

presence of the blood-brain-barrier (BBB) – a complex neurovascular structure that is 

responsible for regulating normal brain homeostasis and protecting neural tissue from 

exposure to substances in the general circulation (Sweeney et al. 2019). Hence, while the 

BBB functions as a protective interface between the CNS and systemic circulation, in the 

context of disease it impedes effective penetration of drugs into the brain (Arvanitis, 

Ferraro, and Jain 2020). The BBB is comprised endothelial cells, pericytes, astrocytes, 

microglial and smooth muscle cells (Khaddour, Johanns, and Ansstas 2020). The main 

component of the BBB is an endothelial cell layer which lines the blood vessels and is 

held together by restrictive tight junctions (Sweeney et al. 2019). Pericytes and astrocytes 

provide structural support by regulating the fidelity of these tight junctions and efflux 
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mechanisms critical to BBB function (Noch, Ramakrishna, and Magge 2018). Together, 

this dynamic structure forms a complex physical barrier that controls transportation of 

different molecules (water, ions, immune cells, nutrients) into the CNS. However, it is 

estimated 98% of small molecules and almost all large molecular weight drugs are 

incapable of crossing the BBB – only select substances such as small (less than 500 Da) 

and lipophilic molecules can passively diffuse through this structure (Cardoso, Brites, 

and Brito 2010). Therefore, the BBB poses several major hurdles for effective drug 

discovery and delivery in brain tumors.  

 GBM compromises the structural integrity of the BBB, resulting in enhanced 

BBB leakage at the tumor core (Ishihara et al. 2008; Wolburg et al. 2003; Noch, 

Ramakrishna, and Magge 2018). Although this may suggest that drugs may be more 

permeable at the tumor site, the BBB remains intact at the tumor edge where residual 

infiltrating tumor cells reside (Shergalis et al. 2018). This results in suboptimal drug 

concentrations in tumor foci that may be distant form the primary tumor site. In addition 

to causing BBB dysfunction through anatomical disruption, GBM cells themselves also 

significantly upregulate the expression of efflux pumps such as P-glycoprotein (P-gp) 

ATP-binding cassette (ABC) transporters –further limiting the entry of anti-tumorigenic 

compounds into tumor cells (Calatozzolo et al. 2005; Decleves et al. 2006). As such, 

inconsistent and insufficient drug delivery to all parts of the tumor are critical factors that 

contribute to treatment failure and inevitable tumor recurrence. There are currently 

numerous ongoing research efforts aimed at developing strategies to improve drug 

delivery for CNS malignancies, which include chemical modification of drugs, efflux 

transporter inhibition, magnetic resonance-guided focused ultrasound to disrupt the BBB, 
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and intra-tumoral delivery methods such as convection-enhanced delivery to infuse drugs 

directly into the tumor bed (Noch, Ramakrishna, and Magge 2018). However, to date 

these techniques have failed to yield positive results, in part due infusate/drug reflux, 

technical issues relating to implementation of direct drug delivery methods without 

compromising normal brain function, and the highly heterogenous nature of GBM 

(Janjua et al. 2021).  

 
1.2.3 Inter- and intra-tumoral heterogeneity 
 

Inter-tumoral heterogeneity, the differences observed between individual tumors, 

represents a major barrier in the development of new therapies for GBM. Inter-tumoral 

heterogeneity in GBM has been studied through molecular profiling analyses, whereby 

combinations of frequently altered genes were found to stratify individual GBM tumors 

into molecular subtypes. A gene expression-based molecular classification of GBM by 

TCGA identified three GBM subtypes based on transcriptional profiling data and 

detection of dominant driver mutations in bulk tumor specimens (Wang, Hu, et al. 2017; 

Verhaak et al. 2010). The three subtypes of GBM are referred to as Classical, Proneural 

and Mesenchymal, and have offered important insights into the genetic regulation of 

these tumors (Verhaak et al. 2010; Brennan et al. 2013). Most of the analyzed GBMs 

were found to harbor alterations in common cancer-associated genes (TP53, NF1, PTEN, 

CDKs) and mutations or amplifications in receptor tyrosine kinases (EGFR, PDGFRa, c- 

MET) (Verhaak et al. 2010). The Classical subtype is characterized by EGFR 

amplification, gain of chromosome 10 paired with loss of chromosome 7. Instead, the 

Proneural subtype features amplification of PDGFRA and frequent point mutations in the 
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IDH1 and TP53 genes. Finally, the Mesenchymal subtype was associated with 

hemizygous deletions of 17q11.2, which contains the gene NF1, expression of astrocytic 

and mesenchymal markers, and marked upregulation of genes related to the TNF and NF-

κB pathways (Verhaak et al. 2010). Despite having clearly distinct transcriptional 

profiles, the clinical prognosis for each GBM subtype remains the same (Verhaak et al. 

2010). Only the Proneural subtype has been linked with favorable survival outcome, 

while the Mesenchymal subtype has been associated with poor survival (Phillips et al. 

2006). However, although the TCGA classification attempted to address the challenge of 

heterogeneity in GBM, so far molecular stratification of these tumors has not led to the 

development of successful patient-specific therapies.  

GBMs display extensive cellular and genetic heterogeneity existing not only 

between patients, but also within single tumors. Such intra-tumoral heterogeneity is 

considered one of the key determinants of therapy failure in GBM. Several recent studies 

have shown that individual GBM tumors display extensive genetic, cellular, and 

functional intra-tumoral heterogeneity. Perioperative sampling of multiple geographically 

distinct regions of single GBMs demonstrated that tumor fragments from the same patient 

may be classified into different subtypes (Sottoriva et al. 2013). Hence, GBMs also 

exhibit spatial heterogeneity, which undermines past therapeutic efforts considering that 

previous genomic studies relied on single regional biopsies to subgroup a patient 

(Sottoriva et al. 2013). These findings were further corroborated by a study that 

employed single cell RNA-sequencing and found that a single tumor comprised of a 

heterogenous mixture of cells corresponding to all three GBM subtypes (Patel et al. 

2014). Importantly, it was shown that patients harboring a Proneural GBM had decreased 
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survival if the representation of other subtypes (Classical, Mesenchymal) was also high in 

the tumor (Patel et al. 2014). Moreover, isolation of single-cell derived GBM subclones 

revealed that individual cells exhibit different drug resistance profiles (Reinartz et al. 

2017). More recently, single-cell transcriptomic profiling of 28 GBM tumors revealed 

that malignant cells in GBM exist in four main cellular states that recapitulate distinct 

neural cell types: neural-progenitor-like, oligodendrocyte-progenitor-like, astrocyte-like 

and mesenchymal-like states (Neftel et al. 2019). Each GBM tumor was found to harbor 

cells in all 4 states, and the relative frequencies of each state varied by tumor and was 

found to be influenced by the tumor microenvironment (Neftel et al. 2019). Critically, 

this study found that a single GBM cells had the potential to generate progeny cells in all 

four states and exhibited a high degree of plasticity, as cells were found to dynamically 

transition between different states in vivo (Neftel et al. 2019). Together, these studies 

suggest that the clinical outcome of GBM is influenced by the degree of heterogeneity 

within the tumor, highlighting the importance of intra-tumoral heterogeneity in 

promoting therapy evasion.  

 

1.3 Glioma stem cells (GSCs)  

 At the cellular level, functional heterogeneity in GBM can be explained by the 

presence of rare subpopulations of tumorigenic cancer stem cells, referred to as glioma 

stem cells (GSCs), that are capable of self- renewal (Singh et al. 2003; Singh et al. 2004; 

Hemmati et al. 2003). According to the cancer stem cell model, cells within a tumor are 

organized into a hierarchy wherein cancer stem cells sit at the apex, as they have the 

ability to self-renew indefinitely and the potential to differentiate into cells of different 
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lineages (Kreso and Dick 2014). In the context of GBM, GSCs have been found to harbor 

exclusive tumor-initiating potential and are thought to drive tumor growth and 

progression after aggressive treatment (Lathia et al. 2015). Seminal studies over the past 

two decades have shown that human GSCs marked with CD133, a cell surface 

glycoprotein and a common marker for cancer stem cells, are highly tumorigenic and 

capable of initiating tumors in vivo even when as few as 100 cells are injected 

intracranially (Singh et al. 2004; Lathia et al. 2015). The potent tumorigenic capacity of 

GSCs, coupled with ample evidence that these cells are resistant to both chemotherapy 

and radiotherapy, suggests that these cells contribute to tumor maintenance and thereby 

recurrence after aggressive treatment in GBM (Figure 1.2) (Bao et al. 2006; Chen et al. 

2012; Liu et al. 2006). GSCs harbor a variety of properties that render them resistant to 

cytotoxic therapies, including hyperactivation of the DNA damage response machinery, 

increased drug efflux, and residence in poorly vascularized and hypoxic areas (Bao et al. 

2006; Hirschmann-Jax et al. 2004; Heddleston et al. 2009) 

 

 

Figure 1.2 Glioma stem cells drive therapy resistance and tumor recurrence. 
Cytotoxic agents such as radiation and chemotherapy are commonly used to treat 
cancer, which are effective in killing bulk glioma cells (blue cells) but not glioma 
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stem cells (GSCs) (orange cells). GSCs, which survive treatment, can give rise to a 
new, more aggressive tumor, leading to recurrence. Taken from: (Lytle, Barber, and 
Reya 2018). 

 

 

 GSCs are generally defined by a series of functional characteristics that are 

assessed through a combination of in vitro and in vivo methods (Figure 1.3). To this day, 

the golden functional assay for GSC determination remains the ability to initiate tumors 

that recapitulate the original histopathological features of GBM when transplanted in 

orthotopically into mice (Lathia et al. 2015). Other required functional characteristics of 

GSCs include unlimited self-renewal and persistent proliferation (Gimple et al. 2019). 

GSCs also harbor other properties that, although common, do not functionally define a 

cancer stem cell. Such examples include their potential to differentiate into different cell 

lineages, their frequency within a tumor, and the expression of common markers shared 

with non-malignant stem cells, such as transcription factors (OLIG2, SOX2, NESTIN) 

and cell surface markers (CD133, CD44, CD15, L1CAM) (Figure 1.3) (Prager et al. 

2020; Lathia et al. 2015; Beier et al. 2007).  

 It is important to note that the term GSC does allude to a tumor cell of origin for 

GBM, and that functional definitions of GSCs do not suggest that the stem-like state is 

static. Recent studies have highlighted the striking plasticity that exists between different 

cellular states within GBM, which allows for dynamic interconversion between GSC and 

non-GSCs as well as transitions into different phenotypic states (Suva et al. 2014; Neftel 

et al. 2019). Given their roles in driving therapeutic resistance and tumor recurrence, over 

the past two decades there has been an explosion in research focused on elucidating the 

biology and key molecular regulators of GSCs – in the hope that such knowledge may 
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translate into novel therapies aimed at eradicating GSCs. However, it is now clear that 

regulation of the GSCs state is extraordinarily complex and maintained by a combination 

of core intrinsic (genetic, epigenetic, metabolic) and extrinsic (microenvironmental) 

mechanisms (Lathia et al. 2015; Prager et al. 2020). The following sections of this 

dissertation will focus on exploring the various epigenetic regulatory mechanisms that 

contribute to the maintenance of the GSC state and the pathogenesis of GBM.  

 

 

Figure 1.3 Functional characteristics of glioma stem cells. GSCs are defined by 
functional characteristics that include sustained self-renewal, persistent proliferation, 
and tumor initiation upon secondary transplantation, which is the golden standard 
functional assay to identify cancer stem cells. GSCs also share features with normal 
somatic stem cells, including frequency within a tissue (or tumor), stem cell marker 
expression (examples relevant to GBM are shown), and the ability to differentiate into 
multiple CNS lineages. Taken from: (Lathia et al. 2015). 
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1.4 Epigenetic dysregulation in GBM 
 

Alongside genetic mutations, aberrant epigenetic alterations have emerged as 

common hallmarks of many cancers, including GBM (Kondo et al. 2014). As previously 

mentioned in section 1.1.4, exome sequencing studies of almost 300 GBM tumors 

revealed approximately 50% of cases have at least one somatic mutation in genes 

encoding for chromatin-modifying enzymes (Brennan et al. 2013). Such genes included 

those associated with DNA methylation (IDH1, IDH2), histone methylation (MLL2, 

MLL3, MLL4, EZH2) and chromatin remodeling (ATRX, CREBBP, SMARCA2) (Brennan 

et al. 2013). These mutations all contribute to aberrant gene expression programs in GBM 

due to impaired DNA methylation, histone demethylation and nucleosome positioning 

(Dawson and Kouzarides 2012). Genome-wide hypomethylation occurs at a high 

frequency in primary IDH-WT GBMs (∼80%), affecting up to an estimated 10 million 

CpG dinucleotides per tumor cell, resulting in expression of oncogenes and the 

promotion of genomic instability (Cadieux et al. 2006; Martinez et al. 2009).  

Epigenetic mechanisms are also critical for the maintenance of the GSCs phenotype 

(Valor and Hervas-Corpion 2020). Studies have shown that several processes that 

regulate the epigenome in GSCs contribute to repression of differentiation programs 

while supporting stem-like proliferating phenotypes (Stricker et al. 2013; Baronchelli et 

al. 2013; Bulstrode et al. 2017). Furthermore, GSCs rapidly adapt to diverse 

microenvironments by modulating their transcriptomes and DNA methylomes (Baysan et 

al. 2014). The most well-studied epigenetic modulator in GSCs is polycomb repressive 

complex 2 (PRC2), which is large multimeric complex that plays critical roles in 
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transcriptional silencing by controlling mono-, di- and tri-methylation of lysine 27 on 

histone 3 (H3K27) (Kondo et al. 2014). Different components of PRC2, especially its 

catalytic subunit EZH2, have been implicated in driving the self-renewal, plasticity, 

therapeutic resistance, and tumorigenic potential of GSCs (Kim, Kim, et al. 2013; Suva et 

al. 2009; Natsume et al. 2013; Kim, Joshi, et al. 2015). Another important epigenetic 

modification that is vastly understudied in the context of GBM is histone acetylation, 

which regulates gene expression by changing the architecture of chromatin. To date, the 

only form of epigenetic therapy tested in clinical trials for GBM have been drugs that 

attempt to reverse aberrant histone acetylation programs in these tumors (Chen et al. 

2020). However, the exact functional roles and dysregulated activity of the large family 

of epigenetic modifiers that control histone acetylation in GBM and GSCs remain 

obscure.   

 

1.5 Histone deacetylases (HDACs) 

In the nucleus of a eukaryotic cell, the entire genome is compacted into a structure 

called chromatin. The basic unit of chromatin is called the nucleosome, which is consists 

of approximately 147 DNA base pairs wrapped around a core histone octamer that 

includes histones H2A, H2B, H3 and H4 (Luger et al. 1997; Tessarz and Kouzarides 

2014). Each nucleosome is 11 nm in diameter, and they are arranged in a beads-on-a-

string structure that tightly pack together to form 30 nm supercoiled chromatin fibers, 

which all together form the chromosome (Figure 1.4) (Olins and Olins 2003). The 

additional linker histone H1 is not part of the nucleosome itself but is involved in the 

regulation of higher order chromatin organization (Fyodorov et al. 2018). There are two 
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main higher order chromatin structures: heterochromatin and euchromatin. 

Heterochromatin is highly condensed and transcriptionally silent, whereas euchromatin is 

loosely packed and more accessible to RNA polymerase II and transcriptional regulators 

(Allfrey, Faulkner, and Mirsky 1964). Hence, dynamic remodeling of chromatin 

accessibility influences gene expression by making certain genes more or less available 

for transcription.   
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Figure 1.4 The basic units of chromatin structure 
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1.5.1 Role of histone acetylation in the regulation of eukaryotic gene expression 

 The epigenome is comprised of covalent chemical modifications to chromatin, 

which include DNA methylation and histone post-translational modifications (PTMs). 

Histone proteins have N-terminal tails that protrude out from the nucleosome core that 

are subject to various PTMs such as phosphorylation, methylation, and acetylation (Li, 

Tian, and Zhu 2020). These modifications affect the physical interaction between 

histones and DNA and play an important role in the modulation of the structure and 

function of chromatin, and thereby alter gene expression. As illustrated in Figure 1.5, the 

enzymes responsible for catalyzing these modifications (epigenetic modifiers) can be 

broadly classified into three categories: writers, readers, and erasers (Taverna et al. 2007; 

Kutateladze 2011; Zaware and Zhou 2019). Writers are enzymes that establish chemical 

modifications to DNA or histones. Readers are enzymes with specialized domains that 

recognize, bind to, and interpret those modifications. Finally, erasers are enzymes that 

oppose the activity of the writers and catalyze the removal of those chemical 

modifications. As an example, a common and well-studied form of histone modification 

is acetylation, which occurs at the ε-amino group of lysine residues in the amino-terminal 

tail of histones (Strahl and Allis 2000; Jenuwein and Allis 2001). The acetylation of 

lysine residues on histone tails are added by histone acetyltransferases (HATs; the 

writers), identified and interpreted by bromodomain-containing proteins (BRD; the 

readers) which initiate transcriptional programs that result in phenotypic changes, and 

removed by histone deacetylases (HDACs; the erasers) (Figure 1.5) (Seto and Yoshida 

2014). Hence, the establishment and reversal of histone acetylation is a very dynamic 
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process that is controlled by the balanced activity of two antagonistic families of enzymes 

– the HATs and HDACs. 

 Acetylation by HATs neutralizes the positive charge of lysine residues on histone 

tails, which weakens electrostatic interactions between histones and the negatively 

charged DNA (Shogren-Knaak et al. 2006). This results in the loosening of tightly coiled 

heterochromatin, which allows for greater accessibility of chromatin to RNA polymerase 

II and the transcriptional machinery, leading to increased gene expression (Wang et al. 

2009). By contrast, HDAC-mediated deacetylation of histone tail lysine residues restores 

a compact and transcriptionally repressive chromatin structure (Inoue and Fujimoto 1969; 

Seto and Yoshida 2014). Considering that histone acetylation is critical for the fine tuning 

of transcription in eukaryotic cells, it is not surprising that a disrupted equilibrium 

between the activity of HDACs and HATs has been associated with cancer development 

(Li and Seto 2016). There is overwhelming evidence that demonstrating that HDACs are 

aberrantly expressed in various human cancers (Weichert 2009). Abnormal alterations in 

histone acetylation due to increased HDAC activity can result in decreased expression of 

tumor suppressor genes and/or enhanced expression of oncogenes (Glozak and Seto 

2007). Moreover, unlike the deeply entrenched historical nomenclature suggests, histones 

are not the sole substrates of HDAC enzymes (Ho, Chan, and Ganesan 2020). HDACs 

can deacetylate a plethora of non-histone proteins expressed in different cellular 

compartments that govern numerous important biological processes that promote cancer 

initiation and progression, such cell cycle regulation, apoptosis, the DNA-damage 

response, metastasis, angiogenesis, and autophagy (Li and Seto 2016).  
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Figure 1.5 Dynamic regulation of histone tail acetylation by epigenetic modifiers.  
Dynamic acetylation of histone tails is critical for the fine-tuning of gene expression. 
Acetyl groups on lysine residues are transferred by HATs (“writers”), which 
neutralizes the positively charged amino-terminal tails, preventing the interactions with 
negatively charged DNA and thus resulting in chromatin relaxation. This relaxed 
chromatin state allows access to RNA Polymerase II, transcription factors, RNA other 
transcription co-activators termed ‘readers’ (e.g. bromodomain proteins) that recognize 
acetylated lysines on histone tails. This state results in increased gene transcription. 
HDACs, which act as epigenetic “erasers”, oppose the activity of HATs and remove 
acetyl groups from histone tails, resulting in chromatin compaction and condensation, 
which represses gene transcription. 
 

 
1.5.2 Classification and function of human HDACs 
 

There are 18 HDACs that have been identified in human cells, which are grouped 

into four classes based on their sequence similarities, cellular localization, and homology 

to yeast HDACs (Seto and Yoshida 2014). However, it should be noted that this 

classification system is somewhat archaic and masks the functional differences between 

HDAC isoforms. Within these four groups, HDACs are further divided into two families 

based on their catalytic mechanisms: the classical histone deacetylase family and the 

Sirtuin family (SIRTs) (Seto and Yoshida 2014). The classical histone deacetylase family 
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comprises of the class I proteins (HDAC1, HDAC2, HDAC3 and HDAC8), class II 

proteins (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10) and class IV 

proteins (HDAC11), while the Sirtuins comprise the entirety of the class III proteins 

(SIRT1-7). Classical HDACs (class I, II and IV) are metalloenzymes that require a zinc 

ion to hydrolyze the amide bond in acetylated lysines, while the Sirtuins (class III) are 

nicotinamide adenine dinucleotide (NAD+)-dependent enzymes (Yoshida et al. 2017). 

Although both families of enzymes perform the same chemical reaction (acyllysine 

cleavage), the term HDAC usually refers to the zinc-dependent enzymes that are the 

focus of this dissertation and whose basic domain structures are illustrated in Figure 1.6. 

 

 

Figure 1.6 Classification and domain composition of classical human HDACs. The 
total number of amino acid residues in each HDAC isoform is shown on the right of 
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each protein. The catalytic domain of each HDAC is shown as an orange cylinder. 
Myocyte enhancer factor-2 (MEF2)-binding motifs are depicted as short green 
cylinders, whereas 14-3-3 binding motifs are depicted as short blue cylinders labeled 
with “S” (for serine). ZnF, ubiquitin-binding zinc finger. Adapted from: (Park and Kim 
2020). 
 
 
 

Class I HDACs harbor a highly conserved deacetylase domain and are 

homologous to the yeast Rpd3 deacetylase (Seto and Yoshida 2014). HDAC1 and 

HDAC2 are nuclear enzymes that are ubiquitously expressed in human cells and act as 

major regulators of gene expression (Kelly and Cowley 2013). These two isoforms are 

bona fide HDACs as they play a major role in regulating histone acetylation and are often 

recruited in the same transcriptional co-repressor complexes such as Mi-2/nucleosome 

remodeling deacetylase (NuRD), repressor element-1 silencing transcription corepressor 

(RCOR1/CoREST), SWI-independent-3A (Sin3A) and mitotic deacetylase complex 

(MiDAC) (Hassig et al. 1997; Laherty et al. 1997; Ayer 1999; You et al. 2001). As part 

of these multiprotein complexes, HDAC1 and HDAC2 have been shown to regulate 

chromatin structure, cell cycle progression and differentiation. HDAC1 and 2 also 

deacetylate numerous nuclear proteins and transcription factors, such as p53, STAT3, 

ATM, E2F and CAF1 (Ho, Chan, and Ganesan 2020). HDAC1 and HDAC2 are also 

highly related – they share 83% amino acid identity and are thought to originate from a 

gene duplication event (Gregoretti, Lee, and Goodson 2004). While it is established that 

HDAC1 and HDAC2 share a high degree of functional redundancy, there is increasing 

evidence that they harbor unique functions that are independent of one another across 

different developmental stages and tissues (Jurkin et al. 2011; Brunmeir, Lagger, and 

Seiser 2009; Montgomery et al. 2009; MacDonald and Roskams 2008).  
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HDAC3 shares 50% homology with HDAC1 and HDAC2 and shuttles in between 

the nucleus and cytoplasm (Seto and Yoshida 2014). Notably, the stability of HDAC3 is 

stability is dependent on its association with the nuclear receptor co-repressor (NCoR) 

and silencing mediator for retinoid or thyroid-hormone receptors (SMRT) complexes 

(Wen et al. 2000; Emmett and Lazar 2019; Oberoi et al. 2011). HDAC3 is also involved 

in the deacetylation of histones and non-histone proteins such as the RelA subunit of NF-

κB, STAT3 and FOXP3, and has been implicated in the regulation of energy metabolism, 

neuronal function, and circadian rhythms (Ho, Chan, and Ganesan 2020). Finally, 

although categorized as a class I enzyme, HDAC8 is fundamentally very distinct from 

HDAC1-3 (Chakrabarti et al. 2015). Unlike the other class I isoforms, HDAC8 functions 

independently and does not associate with large chromatin remodeling complexes. 

Although it remains controversial whether histones are in vivo substrates for HDAC8, 

this isoform has been shown to play important roles in sister chromatid separation, energy 

homeostasis, microtubule integrity, and muscle contraction (Li et al. 2014; Wilson et al. 

2010; Deardorff et al. 2012).  

Class II HDACs share sequence homology with the yeast HDAC Hda1 and are 

further subdivided into two groups: class IIa (HDAC4, HDAC5, HDAC7 and HDAC9) 

and class IIb (HDAC6 and HDAC10) (Seto and Yoshida 2014). The class IIa isoforms 

are relatively large in size and harbor a unique N-terminal domain that contains 

conserved serine residues and binding sites for MEF2 transcription factors (Asfaha et al. 

2019). In response to regulatory signals, phosphorylation of the serine residues controls 

the shuttling of these isoforms between the nucleus and cytoplasm (Yang and Gregoire 

2005). Class IIa HDACs have significant weaker deacetylase activity compared to Class I 
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enzymes, and to date their individual biological functions remain rather obscure (Li, 

Tian, and Zhu 2020). In fact, whether these isoforms are truly enzymes is debatable due 

to their poor catalytic activity and are thus commonly referred to as pseudoenzymes. 

Within the Class IIb subgroup, HDAC6 is a microtubule-associated deacetylase that is 

predominantly localized in the cytoplasm (Li, Zhang, et al. 2018). As HDAC6 

deacetylates α-tubulin and cortactin, it is a key regulator of the cytoskeleton, cell 

migration and cell morphology (Zhang et al. 2003; Ho, Chan, and Ganesan 2020). 

HDAC6 is also involved in the misfolded protein response, as deacetylation of Hsp90 is 

required for its chaperone activity and HDAC6 itself targets misfolded proteins for 

destruction by aggresomes via its C-terminal ubiquitin-binding zinc finger domain 

(Kovacs et al. 2005). By contrast, HDAC10 is located both in the nucleus and the 

cytoplasm and has functions that are completely independent of lysine deacetylation (Ho, 

Chan, and Ganesan 2020). Interestingly, it was recently found to be a robust polyamine 

deacetylase, and several studies have demonstrated that HDAC10 is involved in 

processes such as autophagy, immunoregulation, and DNA repair (Ho, Chan, and 

Ganesan 2020; Hai et al. 2017).  

Finally, HDAC11 is the only member of the class IV group and shares homology 

to the yeast HDAC, Hos3 (Gao et al. 2002). It is expressed in the nucleus and is the 

smallest HDAC isoform. Together with HDAC10, HDAC11 is considered the most 

poorly understood and least characterized isoform in the classical HDAC family. Recent 

studies have suggested that although HDAC11 has weak deacetylation activity, it may be 

involved in fatty acid acylation and play important roles in immunomodulation by 

regulating the expression of cytokines such as IL-10 and IL-1β (Yanginlar and Logie 
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2018; Shao et al. 2018; Kutil et al. 2018). The key features, cellular localization, and 

substrates of each HDAC isoform are summarized in Table 1.1. 



   32 

 

 

 

 
 
 
Table 1.1 Key features of the eleven classical human HDAC isoforms. HDACs are summarized according to substrate preference 
and localization. Taken from: (Ho, Chan, and Ganesan 2020). 
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1.5.3. Roles of HDACs in human cancers  

A hallmark of human cancer is the deregulation of DNA methylation and post-

translational histone modifications, in particular histone acetylation, which results in an 

aberrant epigenetic landscape that promotes tumorigenesis (Ropero and Esteller 2007). 

Altered expression and function of most classical HDACs has been mechanistically 

linked to development and pathogenesis of several cancers (Chen et al. 2020).  In most 

malignancies high expression of HDACs, particularly HDAC1, has been associated with 

advanced disease and poor outcomes in patients (Li and Seto 2016). For example, high 

expression of class I isoforms HDAC1, 2, and 3 have been linked to poor prognosis in 

gastric and ovarian cancers (Weichert, Roske, et al. 2008; Weichert, Denkert, et al. 2008), 

while high expression of HDAC8 was shown to correlate with advanced-stage disease 

and poor survival outcomes in neuroblastoma (Oehme et al. 2009; Rettig et al. 2015). 

HDAC activity has also been found to be dysregulated in multiple myeloma, where 

overexpression HDAC1 was associated with inferior patient outcomes (Mithraprabhu et 

al. 2014). The mechanisms through which individual HDAC isoforms have been found 

regulate tumorigenesis are quite diverse. As will be discussed below, HDACs induce a 

broad range of cellular and molecular effects through hyperacetylation of histone and 

non-histone proteins, which can result in the repression of tumor suppressor genes or 

regulation of key the oncogenic cell-signaling pathways though modifications of key 

molecules involved in the cell cycle, cell death, autophagy, angiogenesis, and the DNA 

damage response (Figure 1.7) (Li and Seto 2016). 
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Several HDAC isoforms promote proliferation by transcriptionally repressing cell 

cycle-related genes involved in the G1/S and G2/M cell-cycle checkpoints. For example, 

HDAC1 and 2 directly bind to the promoters of the cyclin-dependent inhibitors (CDK) 

p21WAF1/CIP1, p27KIP1, and p57KIP2 and negatively regulate their expression (Yamaguchi et 

al. 2010; Zupkovitz et al. 2010). In fact, genetic knockdown of HDAC1 and 2 in tumor 

cells reverses the promoter hypoacetylation of these genes, resulting in the induction of 

the expression of CDKs and thereby cell-cycle arrest in the G1 phase (Zupkovitz et al. 

2010; Yamaguchi et al. 2010). With respect to G2/M checkpoint, HDAC10 regulates this 

transition via modulation of cyclin A2 expression (Li, Peng, and Seto 2015). HDAC3 was 

shown to be a critical regulator of mitosis by modulating Aurora kinase B activity (Li et 

al. 2006). Numerous studies have demonstrated that drug-mediated HDAC inhibition can 

arrest the cell cycle at either G1/S or G2/M phase, highlighting that HDACs are 

important therapeutic targets for blocking abnormal cell growth and proliferation in 

cancer (Ropero and Esteller 2007). 

HDACs have been shown to promote survival of cancer cells by modulating the 

expression of pro- and anti-apoptotic proteins (Zhang and Zhong 2014). Some HDAC 

isoforms, such as HDAC1, HDAC2 and HDAC8 promote the expression of anti-

apoptotic proteins (Bcl-2, Bcl-xL, Mcl-1) (Kim, Noh, et al. 2013; Kang et al. 2014; 

Zhang et al. 2006; Li and Seto 2016). Through mechanisms that are not well understood, 

studies employing HDAC inhibitors across different cancer cell lines demonstrated that 

inhibition of HDACs cause upregulation of pro-apoptotic Bcl-2 family proteins, such as 

Bim, Bmf, Bad, Bid, Noxa, Puma and Bax, primary through increased histone H3 or H4 

hyperacetylation of their promoters (Matthews, Newbold, and Johnstone 2012; 
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Wiegmans et al. 2011). In addition to apoptotic factors, HDACs have been implicated in 

negatively regulating the tumor suppressive functions of p53. HDAC1, which is 

commonly overexpressed in multiple cancers, is a major regulator of p53 function and 

activity (Ito et al. 2002). Under stressful cellular conditions or after induction of DNA 

damage, p53 is normally activated through phosphorylation and acetylation (Tang et al. 

2008; Ivanov et al. 2007). Acetylation of p53 at serine residues it essential for p53 

stabilization and increased transcriptional activity, which can result in the induction of 

cell cycle arrest or apoptosis (Reed and Quelle 2014). HDAC1 interacts with p53 in vitro 

and in vivo and is directly involved in its deacetylation, causing p53 to be targeted for 

degradation (Juan et al. 2000; Ito et al. 2002). Hence, aberrant HDAC1 expression and 

activity play an important role in inhibiting the p53 signaling axis in cancer cells. 

Moreover, as will be discussed in more detail in Chapter 3, class I and class II HDACs 

also harbor critical functions in the DNA damage response. HDAC1 and HDAC2 are 

recruited to DNA double-strand breaks to deacetylate histones H3K56 and H4K16 and 

facilitate non-homologous end joining DNA repair (Miller et al. 2010). Class I HDAC 

isoforms also regulate the activity of other proteins involved in the DNA damage 

response, such as ATR, ATM, BRCA1, and FUS (Thurn et al. 2013; Li et al. 2020). 

Corroborating these findings, several studies have shown that HDAC inhibition can 

repress DSB repair and render cancer cells more susceptible to cell death induced by 

radiation chemotherapeutic agents (Koprinarova, Botev, and Russev 2011; Munshi et al. 

2005; Kachhap et al. 2010).  

Finally, HDACs have been implicated in promoting metastasis and angiogenesis 

in some human cancers. The epithelial-to-mesenchymal transition (EMT) is a major 
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driver of cancer cell invasion and metastasis, and emerging studies have demonstrated 

that HDACs may play a key role in the regulation of EMT (Wawruszak et al. 2019). For 

example, in several cancers the EMT transcription factors Zeb and Snail have been 

shown to recruit HDAC1 and HDAC2 (as part of the mSin3a complex) to the CHD1 

promoter, which results in decreased expression of E-cadherin and thereby promotion of 

tumor cell invasion and metastasis (Christofori and Semb 1999; Hajra and Fearon 2002; 

Tong et al. 2012; Aghdassi et al. 2012; von Burstin et al. 2009). Angiogenesis also 

contributes to tumor growth and metastasis. Angiogenesis is triggered by a hypoxic 

microenvironment, and the cellular responses to hypoxia are primarily regulated by the 

transcription factor hypoxia-inducible factor 1α (HIF-1α) (Pugh and Ratcliffe 2003). 

Several HDAC isoforms have been implicated in the regulation of HIF-1α activity: 

HDAC1 and HDAC4 block degradation of the protein by directly deacetylating HIF-1α, 

while HDAC5 and HDAC6 facilitate HIF-1α maturation and stabilization by 

deacetylating its chaperones, HSP70 and HSP90 (Yoo, Kong, and Lee 2006; Geng et al. 

2011; Kong et al. 2006; Chen et al. 2015). Moreover, HDAC4, HDAC5, and HDAC7 

enhance the transcriptional activity of HIF-1α by promoting its association with the HAT 

p300 (Kato, Tamamizu-Kato, and Shibasaki 2004; Seo et al. 2009). In summary, given 

the multifaceted roles of HDACs in promoting different aspects of tumorigenesis, there 

has been an increasingly strong interest in developing potent inhibitors that inhibit HDAC 

activity as promising therapeutics for the treatment of various human cancers.  
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Figure 1.7 Diverse functions of HDACs in regulating different stages of cancer.  
HDACs can regulate multiple aspects of tumorigenesis through different mechanisms. 
In cancer cells, different HDAC isoforms are frequently overexpressed. The class I 
HDACs HDAC1 and HDAC2 are expressed in the nucleus and are key regulators of 
gene expression by regulating histone acetylation. Overexpression of HDAC1 and 
HDAC2 in cancer cells results in histone hyperacetylation, which contributes to 
transcriptional silencing of important tumor suppressor genes. In addition to histones, 
HDACs also have multiple non-histone protein substrates, such as p53, HSP90 and 
NF-KB. The use of HDAC inhibitors (HDACi) reverses the aberrant activity of 
HDACs in cancer cells. As seen on the right hand side of the illustration, abnormal 
HDAC activity promotes initiation, promotion and progression of cancer through 
dysregulation of multiple biological processes. ↑ denotes processes that are upregulated 
by HDAC activity, while ↓ denotes processes that are downregulated by HDAC 
activity. Taken from: (Li and Seto 2016). 
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1.6 HDAC inhibitors (HDACi) as epigenetic therapy for cancer 
 

The identification of HDAC inhibitors (HDACi) preceded the discovery of 

HDAC enzymes. The first HDACi were identified three decades ago through assessments 

of their anti-cancer effects in drug screens (Li and Seto 2016). It should be noted that 

research on HDACi and HDAC biology are intimately linked, as the development of 

HDACi led to the isolation and identification different HDAC isoforms and have served 

as valuable tools to dissect the roles of classical HDACs in multiple cell types and 

diseases models (McClure, Li, and Chou 2018). Importantly, considering established 

roles of HDAC in promoting tumorigenesis, HDACi have attracted significant attention 

as a promising class of compounds for the treatment of cancer. HDACi can reverse the 

aberrant acetylation status of histones and non-histone proteins caused by overexpression 

of certain HDAC isoforms in in cancer cells (Li and Seto 2016). Through mechanisms 

that are still not well understood, HDACi have been shown to induce the expression of 

tumor suppressor proteins, resulting in cell-cycle arrest, apoptosis, autophagy, 

differentiation, and inhibition of angiogenesis and metastasis (Li, Tian, and Zhu 2020). 

Furthermore, there is evidence that cancer cells are much more sensitive to HDACi 

compared to normal non-transformed cells, providing additional value to their therapeutic 

potential (Ungerstedt et al. 2005; Lee et al. 2010; Gaymes et al. 2006). To date, 4 HDACi 

have received regulatory approval for the treatment of various malignancies, while many 

others are currently under clinical development. Vorinostat (SAHA) was the first HDACi 

to receive approval by the US FDA in 2006 for the treatment of cutaneous T-cell 

lymphoma (CTCL) (Mann et al. 2007). This was followed by Romidepsin, which was 
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approved in 2009 to treat both CTCL and peripheral T-cell lymphoma, Belinostat in 2014 

for the treatment of peripheral T-cell lymphoma, and Panobinostat in 2015 for the 

treatment of relapsed multiple myeloma (Frye et al. 2012; McDermott and Jimeno 2014; 

Richardson et al. 2016). While these inhibitors have been approved as monotherapies, 

numerous preclinical studies and clinical trials are testing the efficacy of these HDACi in 

combination with other chemotherapeutic agents or treatment modalities (e.g. radiation) 

for different malignancies (Jenke et al. 2021).   

 

1.6.1 Major classes and general mechanism of action of HDACi 
 

HDACi have been purified from natural and synthetic sources and can be divided 

into four major classes based on their chemical structures. These are the hydroxamates, 

cyclic peptides, benzamides and aliphatic acids (Ho, Chan, and Ganesan 2020). Although 

they differ structurally, most HDACi belonging to the different classes share a common 

mechanism of action: they bind to the active site of HDAC enzymes and chelate the zinc 

ion that is necessary for their catalytic activity (Zhang et al. 2018). As illustrated in 

Figure 1.8, the pharmacore of most HDACi generally consists of three elements: the zinc-

binding group, linker, and cap (Su, Gong, and Liu 2021). HDAC1–11 have a cavity 

containing a catalytic zinc ion that is connected to the protein–solvent interface by an 11 

Å tunnel (Wang et al. 2004). The hydrophobic linker moiety of a HDACi will insert in 

this tunnel, allowing the zinc-binding group to sequester the zinc ion and thereby negate 

HDAC activity. The chemical groups that form the cap region varies widely across 

different HDACi, but this moiety generally interacts with the rim of the enzyme and can 
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be modified to confer HDACi a greater ability to discriminate between different HDAC 

enzymes, a concept that is commonly referred to as isoform selectivity (Ho, Chan, and 

Ganesan 2020). 

The hydroxamates (or hydroxamic acids) were the first class of HDACi to be 

identified and are the most extensively used and well-studied. The first discovered 

hydroxamate was the natural anti-fungal product trichostatin A (TSA), but its clinical use 

has been hampered due to its excessive toxicity (Yoshida et al. 1990; Bezecny 2014). 

Notably, three of the FDA-approved HDACi (vorinostat, belinostat, and panobinostat) 

are also hydroxamates. These inhibitors are potent and have broad-spectrum activity and 

have been shown to inhibit the activity of class I, IIb and III HDACs at low nanomolar 

concentrations (Li and Seto 2016).  

Another group of HDACi are the cyclic peptides, of which the FDA-approved 

drug Romidepsin (FK-288) is the most well-characterized example. Compared to 

vorinostat and other hydroxamates, romidepsin appears to have a narrow spectrum of 

HDAC inhibition and thus is considered a more selective HDACi as it only targets class I 

isoforms (Falkenberg and Johnstone 2014). The benzamide class of HDACi include the 

drugs Entinostat, Chidamide and Tacedinaline among others, many of which are 

currently being tested in phase II and III clinical trials for several solid and hematological 

malignancies (Li and Seto 2016). The amino-benzamide motif present in these HDACi 

endows these molecules with tight-binding mechanism (slow-on/slow-off), unlike the 

classic fast-on/fast-off kinetics commonly associated with hydroxamate-based HDACi 

(Chou, Herman, and Gottesfeld 2008; McClure, Li, and Chou 2018). Similarly to cyclic-

peptides like romidepsin, amino-benzamide HDACi harbor higher selectivity towards 
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class I HDACs. However, in the clinic entinostat was found to harbor a much lower 

therapeutic index compared to the hydroxamate vorinostat, due to severe off-target 

toxicity and poor pharmacokinetic properties (Ryan et al. 2005; McClure, Li, and Chou 

2018). The least commonly used class of HDACi are the short-chain fatty acids, 

examples of which include valproic acid (VPA) and phenylbutyrate. This class of 

molecules can only inhibit HDACs at high millimolar concentrations, and their weak 

HDAC inhibitory activity is thought to be related to their structure as they have no access 

to the zinc ion found in the active site of HDACs (Kim and Bae 2011). Hence, while 

some short-chain fatty acids are currently being tested in clinical trials, they are thought 

to have limited applications as bona fide HDACi in the clinic compared to other more 

potent inhibitors (McClure, Li, and Chou 2018). 
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Figure 1.8 Structural basis of HDAC inhibition. Diagram of the tunnel and active 
site of a classical HDAC enzyme. The diagram to the right illustrates the simplified 
structural components of a typical hydroxamic acid-based HDAC inhibitor. The 
HDACi pharmacore consists of three groups, and their roles are summarized in the 
diagram: the cap region, linker region and metal-binding region. These groups are 
overlayed on top of the chemical structure of Vorinostat (SAHA), a pan-HDACi, for 
reference. Adapted from: (Hancock et al. 2012). 

 

1.6.2 Toxicities associated with HDACi and development of isoform-selective inhibitors 
 
 
 A major limitation hampering the therapeutic potential of currently available 

HDACi is that they are highly toxic when administered systemically in humans (Li and 

Seto 2016). Regardless of the structure of HDACi employed, almost all clinical trials 

have reported very similar adverse events and dose limiting toxicities which often include 

fatigue, diarrhea, vomiting, anemia, bone marrow toxicity, severe thrombocytopenia, and 
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cardiac abnormalities (Shah 2019; Subramanian et al. 2010). The widespread toxicities 

are attributed to the fact that most HDACi are broad-spectrum inhibitors and thereby 

inhibit the activity of numerous or all HDAC isoforms. While some HDAC isoforms are 

normally expressed in a tissue-specific manner, class I HDAC1-3 are nuclear isoforms 

that are ubiquitously expressed and play critical roles in the regulation of gene expression 

through their ability to modulate histone acetylation (Ho, Chan, and Ganesan 2020). 

Hence, it is hypothesized the debilitating toxic side effects observed with most HDACi is 

driven through systemic inhibition of HDAC1-3 which results in severe cytotoxicity in 

both normal organs and malignant tumors (Ho, Chan, and Ganesan 2020). Moreover, not 

all HDACs are necessarily equally overexpressed of functionally important within a 

specific tumor, putting into question the true value and clinical relevance of pan-HDAC 

inhibition (Su, Gong, and Liu 2021).  

Within the field of medicinal chemistry there is evidence that increased target 

selectivity usually leads to a superior safety profile(Ho, Chan, and Ganesan 2020). 

Consequently, there has been a strong interest in developing HDACi that can selectively 

target individual HDAC isoforms, in so doing reducing toxicity by sparing other isoforms 

that are not involved in pathogenesis of a particular disease. In addition to improving the 

safety profile for this class of drugs, the development of isoform-selective HDACi may 

prove important for dissecting the unique biological functions of individual HDAC 

isoforms across different cell types and disease states. Unfortunately, identification and 

development of isoform-selective inhibitors has proven to be very challenging because of 

the high structural homology at the active site of most HDAC enzymes (Li and Seto 

2016; Seto and Yoshida 2014). While no pure isoform-selective HDACi currently exist, 
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new “second-generation” HDACi have been developed over the past decade that harbor 

enhanced affinity towards certain HDACs over other isoforms, improved 

pharmacokinetic profiles and prolonged pharmacodynamic responses in tumor tissues 

(Ho, Chan, and Ganesan 2020). Examples of such HDACi are listed in Table 1.2.  
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Table 1.2 HDAC isoform IC50 values of clinical candidate and approved hydroxamic acid HDACi. This table illustrates the 
biochemical IC50 values (in nM concentrations) for each individual classical HDAC isoform obtained using several first and second-
generation HDACi. Taken from: (Ho, Chan, and Ganesan 2020) 
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1.7 HDACi for the treatment of GBM  

 As reviewed previously in section 1.4, GBM is characterized by an aberrant 

epigenome. However, to date the expression and functions of different HDAC isoforms 

in GBM are not well characterized and severely understudied (Lee et al. 2017). Despite 

this, over the past 15 years numerous broad-spectrum HDACi have been studied 

preclinically in the realm of neuro-oncology, four of which (vorinostat, romidepsin, 

panobinostat and VPA) have been tested in clinical trials for patients with primary and 

recurrent GBM (Bezecny 2014). Unfortunately, to date all HDACi have failed to 

significantly prolong survival in this population of patients. The disappointing clinical 

results with HDACi can be attributed to inadequate disease modeling at the preclinical 

level, poor blood-brain barrier penetration, scarce CNS pharmacokinetic profiling and 

narrow therapeutic windows of pan-HDACi owing to their high toxicity (Bezecny 2014; 

Sanai 2019; Chen et al. 2020). 

 

1.7.1 Preclinical testing of HDACi 

 Many studies have been conducted to study the efficacy of numerous pan-HDACi 

in preclinical models of GBM. These preclinical studies employed human and murine 

GBM cell lines to examine the therapeutic potential of HDACi in vitro and in vivo. The 

most well-studied HDACi are vorinostat, romidepsin, TSA, VPA, phenylbutyrate and 

tubacin (Lee et al. 2017; Menezes et al. 2019; Was et al. 2019; Diss et al. 2014; Chiao et 

al. 2013; Wu et al. 2016; Chen et al. 2020). The reported pan-HDACi-mediated cytotoxic 

effects on human GBM cultures are similar across different studies, irrespective of the 

class of HDACi used. Multiple in vitro analyses conducted in human, mouse and rat 
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glioma models have shown these pan-HDACi can inhibit cell proliferation and induce 

apoptosis in a dose-dependent manner. These HDACi upregulate the expression of p21, 

inducing cell cycle arrest, as well as the expression of pro-apoptotic proteins such as Bad, 

Bax, Puma and Bim in tandem with increase histone acetylation (Chen et al. 2020; Lee et 

al. 2017; Bezecny 2014). Through mechanisms that are not entirely clear, there is also 

evidence that HDACi such vorinostat, VPA and TSA trigger autophagy and promote 

differentiation into astrocytes (Svechnikova, Almqvist, and Ekstrom 2008; Chiao et al. 

2013; Alvarez et al. 2015). Animal modeling studies demonstrated that vorinostat, 

romidepsin and entinostat could slow the growth of flank and orthotopic xenograft 

models of GBM and other gliomas, and result in prolonged survival (Sun et al. 2009; 

Sawa et al. 2004; Eyupoglu, Hahnen, Buslei, et al. 2005). However, it should be noted 

that for orthotopic tumor models some of these HDACi were administered through direct 

intracranial diffusions or convection-enhanced delivery, which preclude a true 

understanding of the brain penetration properties of these drugs (Ugur et al. 2007; Tosi et 

al. 2020; Sawa et al. 2004). In fact, to date no CNS pharmacokinetic data is available for 

any HDACi tested in preclinical models of high-grade gliomas – and this is a serious 

limitation considering that efficient drug delivery is one of the major obstacles hampering 

successful treatment of brain tumors.  

 Another noteworthy caveat of these preclinical studies is that they were conducted 

using serum-grown, immortalized cell lines that do not faithfully recapitulate the intricate 

biology and extensive heterogeneity of human GBM (Lee et al. 2006). Critically, no 

studies have addressed how HDACi specifically impact GSC survival in vitro and in vivo. 

In summary, our current understanding of the roles of HDACs in GBM has so far been 
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limited to testing the anti-tumor effects of pan-HDACi such as vorinostat and romidepsin, 

rather than evaluating the individual functions and importance of different HDAC 

isoforms in this disease. Identification of which HDAC isoforms contribute to GBM 

pathogenesis, especially in the context of the GSC phenotype, may provide the rationale 

for preclinical testing of novel second-generation HDACi that have enhanced isoform-

specificity and pharmacokinetic properties in GBM. 

 

1.7.2 Clinical testing of HDACi 

 Vorinostat was the first HDACi to enter clinical trials for the treatment of primary 

and recurrent GBM. A phase I/II trial of vorinostat demonstrated that it was safe and 

well-tolerated in patients when administered with standard TMZ and radiation 

(NCT00731731); however, it failed to meet its primary efficacy endpoint with no 

improvement in progression-free survival at 6 months compared to historical controls 

(Galanis et al. 2018; Galanis et al. 2009). Vorinostat also underwent phase I testing in 

combination with bevacizumab and irinotecan (a topoisomerase I inhibitor) for recurrent 

GBM, but this combination was poorly tolerated due to excessive cumulative toxicity 

(NCT00762255) (Chinnaiyan et al. 2012). Following the FDA-approval of bevacizumab 

for the treatment of recurrent GBM, vorinostat underwent phase II clinical testing in 

combination with bevacizumab (NCT01738646) (Ghiaseddin et al. 2018). While this 

combination was well tolerated, it unfortunately also did not improve progression-free 

survival at 6 months. Hence, despite some promising results at the preclinical level, to 

date vorinostat has not yielded any significant therapeutic benefit for GBM patients. 



   49 

 Panobinostat and romidepsin have also been tested in several phase II clinical rials 

in combination with bevacizumab or radiation treatment (NCT00859222, NCT01324635, 

NCT00085540) (Lee, Reardon, et al. 2015; Iwamoto et al. 2011). However, these trials 

also reported that these combination therapies did not significantly improve progression-

free survival at 6 months or overall survival in GBM patients. As described earlier, these 

underwhelming results could in part be attributed due to their poor or unknown CNS 

pharmacokinetic profiles of most broad-spectrum HDACi and an incomplete 

understanding of the biological importance of the functionally diverse HDAC isoforms 

with respect to the pathogenesis and progression of GBM.  

 By contrast, VPA is the only reported HDACi to provide a significant increase in 

progression-free survival and overall survival relative to historical control data in a phase 

II trial (NCT00302159) in combination with the standard-of-care for GBM (Krauze et al. 

2015). However, there is a caveat. As will be discussed in more detail in Chapter 3, VPA 

is anti-epileptic drug with modest HDAC-inhibitory properties, and it is not clear whether 

the apparent clinical benefits observed with VPA are due to its effects on HDAC activity 

or due to its ability to potentiate glutamatergic inhibitory neurotransmission.  

 

1.8 Overview of the research 

Numerous HDACi have been tested in clinical trials for the treatment of GBM 

and almost unanimously yielded disappointing results. However, the use of these broad-

spectrum HDACi preceded our understanding of the functional roles and importance of 

individual classical HDAC isoforms, particularly within the class I group, in GBM. 
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Critically, to date there have been no studies aimed at elucidating what isoforms 

contribute to the maintenance GSC phenotype, the therapy-resistant population of cells 

that are responsible for GBM recurrence. Hence, understanding which HDAC isoforms 

are highly expressed in GBM and drive tumor cell growth is crucial to lay the foundation 

for preclinical and clinical testing of novel HDACi that possess greater isoform-

selectivity to treat this devastating disease. 

 
 In this dissertation, I will describe work that provides a rationale for selective 

therapeutic targeting of HDAC1 in GBM. In Chapter 2, I demonstrate that HDAC1, but 

not its paralogue HDAC2, is the essential class I HDAC that is necessary to sustain 

proliferation and survival of human GSCs. I show that within the classical HDAC family, 

HDAC1 expression is positively correlated with increased brain tumor aggressiveness 

and is more highly expressed in GBM compared to normal brain tissue. Importantly, I 

found that HDAC1 loss is not compensated for by HDAC2 or other HDACs, revealing 

that HDAC1 harbors unique non-redundant functions in GSCs. Using cell-based and 

biochemical assays as well as transcriptomic analyses, I demonstrate that loss of HDAC1 

alone significantly attenuates the tumorigenic potential of GSCs. This is the first report 

that gene silencing of a single class I HDAC isoform is sufficient to provide a survival 

benefit in patient-derived and mouse models of GBM. Based on these findings, in 

Chapter 3, I assessed the efficacy, pharmacokinetic properties and translational potential 

of quisinostat – a second generation HDACi that has very high affinity for HDAC1 over 

other HDAC isoforms. I show that quisinostat is a brain-penetrant molecule that not only 

reduces tumor burden in vivo, but potently sensitizes tumors to radiation therapy and 
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significantly extends survival in orthotopic patient-derived xenograft models of GBM. 

Together, these results provide the foundation for the clinical development of quisinostat 

in combination with radiation therapy for the treatment of GBM. 
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CHAPTER 2 

NON-REDUNDANT, ISOFORM-SPECIFIC ROLES OF HDAC1 IN GLIOMA STEM 

CELLS 

2.1 Publication Note 

The research reported in this chapter has been published in JCI Insight by 

Costanza Lo Cascio, James McNamara, Ernesto Luna Melendez, Erika M. Lewis, 

Matthew Dufault, Nader Sanai, Christopher L. Plaisier and Shwetal Mehta. Non-

redundant, Isoform-Specific Roles of HDAC1 in Glioma Stem Cells. JCI Insight (2021). 

All co-authors have granted permission for this work to be included in this dissertation.  

 

2.2 Introduction 

 
A well-regulated interplay between histone acetylation and deacetylation, 

mediated by histone acetyltransferases (HATs) and histone deacetylases (HDACs), is 

essential for the dynamic fine-tuning of gene expression (Allis and Jenuwein 2016). 

HDACs mediate chromatin compaction, favoring transcriptional repression, and are 

frequently overexpressed in human cancers, including glioblastoma (GBM) (Haberland, 

Montgomery, and Olson 2009; Lee, Murphy, et al. 2015). Hence, over the last decade 

there has been considerable interest in HDAC inhibitors (HDACi) in the field of 

oncology. However, systemic inhibition of HDACs with pharmacological inhibitors have 

failed to provide significant therapeutic benefit in clinical trials for primary and recurrent 

GBM (Galanis et al. 2009; Hooker et al. 2010; Iwamoto et al. 2011; Bezecny 2014; Li 
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and Seto 2016).  HDACi currently in clinical trials have poor brain penetration and a 

narrow therapeutic window due to their relatively low selectivity for individual HDAC 

isoforms (Suraweera, O'Byrne, and Richard 2018; Yelton and Ray 2018; Bezecny 2014; 

Lee, Murphy, et al. 2015; Tosi et al. 2020). Notably, not all HDACs are equally 

expressed in GBM, and the specific functions of individual HDAC isoforms in these 

tumors are not well understood (Cancer Genome Atlas Research 2008). Hence, there is a 

need to dissect the functional importance and requirement for individual HDACs in 

GBM, especially the therapy-resistant glioma stem cells (GSCs), to provide a rationale 

for the development of isoform-selective HDACi. 

While it is known that HDAC1 and HDAC2 (class-I HDACs) harbor highly 

specific and non-overlapping roles in the developing brain, it is unclear whether these 

non-redundant functions are retained in glioma cells (Seto and Yoshida 2014; Haberland, 

Montgomery, and Olson 2009). Our current knowledge on the role of HDACs in GBM is 

primarily based on pan-HDACi studies and isoform-specific knockdown or knockout 

experiments in serum-grown, long-term cultures of GBM cells and not in GSCs (Lee et 

al. 2006; Li, Chen, et al. 2018; Wang, Bai, et al. 2017; Was et al. 2019; Zhang, Wang, et 

al. 2016; Menezes et al. 2019; Meyers et al. 2017). Even the Cancer Dependency Map 

project, which profiled hundreds of cancer cell lines to identify genetic and 

pharmacological vulnerabilities, utilized traditionally grown glioma cell lines (Meyers et 

al. 2017). Considering that GBMs frequently hijack normal developmental programs to 

their advantage and the fact that there is an isoform-specific requirement for HDAC2 

over HDAC1 during normal brain development, we questioned whether GSCs maintain 

similar or divergent isoform-specific requirements for class-I HDAC activity to sustain 
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tumor growth (Hagelkruys et al. 2014; Jurkin et al. 2011) (Song et al. 2020; Bastola et al. 

2020).  

In this chapter, we demonstrate that HDAC1 is critical for the proliferative 

potential of GSCs in a p53-dependent manner. Knockdown of HDAC1 alone results in 

significantly prolonged survival in a patient-derived xenograft (PDX) model and a mouse 

model of human glioma, and the resulting tumors exhibit a more invasive growth pattern. 

Our data reveal an essential non-redundant role of HDAC1 in GSCs in contrast to its 

dispensability in normal neural stem cells (Hagelkruys et al. 2014). This molecular 

selectivity for HDAC1 is evident upon its ablation in hGSCs where its loss is not 

compensated by upregulation of its paralogue HDAC2 or other HDACs. Furthermore, we 

observe that ablation of HDAC1 function in GSCs suppresses expression of key glioma 

stemness markers like SOX2, Nestin and OLIG2. In addition, HDAC1 silencing stabilizes 

and acetylates p53, resulting in upregulation of key p53 target genes and induction of 

programmed cell death. This demonstrates that HDAC1, but not HDAC2, functions as a 

p53 deacetylase in hGSCs, as previously shown in several normal and tumorigenic cell 

lines (Luo et al. 2000; Ito et al. 2002; Ni et al. 2020). Our results uncover a previously 

underappreciated role for HDAC1 in regulating the GSC phenotype and highlight 

opportunities for the development of isoform-specific HDACi for novel targeted and 

combinatorial therapies in GBM.   
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2.3 Methods 

 
2.3.1 Primary Cell Culture 
 
Patient-derived glioma stem cell lines (GSCs; GB3, GB82, GB71 and GB84) were 

established from resected primary GBM tumor tissue at BNI. BT145, BT70, BT187 and 

BT286 hGSCs were obtained from Dr. Keith Ligon’s laboratory at the Dana-Farber 

Cancer Institute. 211 and 252 hGSCs were obtained from Dr. Harley Kornblum’s 

laboratory at University of California, Los Angeles. All human GSCs were cultured as 

described previously (Ligon et al. 2007; Mehta et al. 2011). Normal Human Astrocytes 

were purchased from ThermoFisher Scientific. Human neural progenitor cells (hNPCs) 

were derived from induced-pluripotent stem cells (iPSCs) from control subjects at the 

BNI (ihNPCs) (kindly provide by Dr. Rita Sattler’s laboratory). ihNPCs, hGSCs and 

mGSCs, were cultured as spheres on non- tissue culture-treated 10cm plates or as 

adherent cultures with laminin on tissue culture-treated 10cm plates (ThermoFisher 

Scientific). ihNPCs and hGSCs were grown in DMEM/F12 media, supplemented with 

B27 and N2 (Invitrogen, ThermoFisher Scientific) in the presence of 20 ng/ml epidermal 

growth factor (EGF) and basic fibroblast growth factor (bFGF) (MilliporeSigma). 

Primary Human Astrocytes (NHA; ScienCell) were grown in Astrocyte Media (5% FBS, 

Astrocyte Growth Supplement, 1% penn-strep) on Poly-L Lysine coated plates according 

to manufacturer recommendations. 

 

2.3.2 Lentivirus Production 
 
Lentiviruses were generated in HEK-293FT cells through Polyfect (QIAGEN)-mediated 

transfection with 4th generation packaging plasmids encoding for HDMH.Hgpm2, TAT, 
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REV, HDM.G, and lentiviral transfer vector (pGFP-C-shLenti). The HDAC1-targeting 

shRNA lentiviral vectors were obtained from Origene (shHDAC1_A: 5’-

GTCCAAAGTAATGGAGATGTTCCAGCCTA-3’ and shHDAC1_B: 

5’-ATTTGCTGCTCAACTATGGTCTCTACCGA-3’). The HDAC2-targeting shRNA 

lentiviral vector was obtained from Horizon Discovery (shHDAC2: 5’- 

TCATGAACAGCATCTTCTG-3’). As a negative control we used a non- target shRNA 

sequence (shNT: 5’-CAACAAGATGAAGAGCACCAA-3’), which does not target any 

human genes. Retroviruses were generated in HEK-293FT cells by Polyfect- mediated 

transfection with packaging plasmids encoding VSVG, gag-pol, and a retroviral transfer 

vector (pWZL) encoding the gene of interest (p53-DN) (Mehta et al. 2011).  

 

2.3.3 Cell Viability Assays 
 
GSCs, hNPCs and NHAs transduced with either shNT or shHDAC1 shRNAs at a MOI of 

3 were selected with 2 μg/mL puromycin 72 hours post-transduction. Control or HDAC1- 

knockdown GSCs and NPCs were seeded in laminin-coated tissue culture-treated 96-well 

plates (clear bottom, white plate; Corning) at a density of 1,000-2,000 cells per well (cell 

line dependent) in GSC media. Transduced NHAs were seeded using their normal growth 

conditions without laminin (10% FBS in DMEM). Seeded cells were grown for 7 days at 

which point cell viability was measured and quantified. All cell viability measurements 

were performed using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega) 

following the manufacturer’s instructions. All cell viability results represent the mean of 

at least 2 biological replicates, each containing three technical replicates. 
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2.3.4 Western Blotting 
 
Cellular protein from cultured cells were homogenized in RIPA lysis buffer containing 

protease and phosphatase inhibitors (ThermoFisher Scientific), rotated at 4 ̊C for 20 

minutes and then centrifuged at 15,000 rpm for 10 minutes at 4 ̊C. Protein concentration 

from whole- cell extracts were determined using the Bradford Protein Assay 

(ThermoFisher Scientific). Equal amounts of protein (10-40 μg/lane) were loaded onto a 

7.5% 10% or 12.5% SDS- PAGE gels and transferred to a polyvinylidene fluoride 

membrane (PVDF; Millipore-Sigma). 

 

Membranes were blocked with 5% non-fat milk for 1 hour at room temperature and 

incubated overnight with primary antibody at 4 ̊C; Primary antibodies used in this study 

were mouse anti-HDAC1 (1:1000; Cell Signaling Technologies, 5356); rabbit anti-

HDAC1 (1:1000, Cell Signaling Technologies, 2062), rabbit anti-HDAC2 (1:1000; Cell 

Signaling Technologies, 2540); mouse anti-HDAC3 (1:1000, Cell Signaling 

Technologies, 3949), rabbit anti-SOX2 (1:1000; Cell Signaling Technologies, 3579); 

mouse anti-human Nestin (1:1000; Novus Biologicals, 10C2), rabbit anti-OLIG2 (1:1000, 

generous gift from the Stiles Lab, Dana-Farber Cancer Institute, Boston), rabbit anti-p21 

(1:500; Abcam, ab109520), rabbit anti-EGFR (1:10,000; Abcam, ab52894), mouse anti-

STAT3 (1:1000, Cell Signaling Technologies, 9139), rabbit anti-pSTAT3 Tyr705 (1:500, 

Cell Signaling Technologies, 9145), mouse anti-p53 (1:1000, Cell Signaling 

Technologies, 2524), rabbit anti-acetyl p53 K382 (1:500, Cell Signaling Technologies, 

2570), rabbit anti-acetyl p53 K373 (1:5000, Abcam, 62376), rabbit anti-H3K27ac (2 

μg/mL, Abcam, ab4729), rabbit anti-H3K9/14ac (1:1000, Cell Signaling Technologies, 
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9677), mouse anti- β-actin (1:1000, Bio-Rad, MCA5775GA) and mouse anti-Vinculin 

(1:10,000, Millipore 05-386). Membranes were probed with fluorophore-conjugated anti- 

mouse or anti-rabbit secondary antibodies (1:10,000; ThermoFisher Scientific). Western 

blots were developed using the LI-COR Odyssey CLx imaging system (LI-COR Inc.) and 

quantitated using the Image Studio Lite software. All Western blots are representative 

images from a minimum of three biological replicates.  

 

2.3.5 Immunocytochemistry 
 
Cells were grown as adherent cultures on laminin-coated glass coverslips (Thermo Fisher 

Scientific) in GSC media. 24 hours after plating the cells were transduced with non-target 

control or HDAC1-targeting shRNAs at a MOI of 3. 72 hours post-transduction, 

puromycin was added at a concentration of 2μg/mL for 72 hours to select for successfully 

transduced cells. After selection cells were and fixed with 4% paraformaldehyde (PFA) 

for 13 minutes at room temperature. Cells were washed with PBS and subsequently 

permeabilized and blocked with 5% normal goat serum (Sigma Aldrich) and 0.2% Triton 

X-100 in PBS (blocking solution) for 30 minutes at room temperature. The cells were 

incubated with primary antibodies overnight at 4°C in blocking solution. Primary 

antibodies used in this study included rabbit anti-Ki67 (1:1000; Abcam, 15580) and 

rabbit anti-Cleaved Caspase 3 (1:300; Cell Signaling Technologies, 9661), mouse anti-

STAT3 (1:100; Cell Signaling Technologies, 9139). The following day, the cells were 

washed with PBS three times, incubated with fluorophore-conjugated secondary 

antibodies at 1:1,000 dilutions (Alexa Fluor 568 goat anti-mouse, Abcam, ab175473; 

Alexa Fluor 568 goat anti-rabbit, Abcam, ab175471) for 1 hour at room temperature, and 
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finally washed in PBS three more times. Cells were mounted onto SuperFrost Plus 

microscope slides using Fluoroshield Mounting Medium containing DAPI (Abcam). 

Images were acquired using a confocal microscope (Leica Microsystems; TCS SP5) 

operated with LAS software. The fraction of Ki67- and Cleaved Caspase 3- positive cells 

were counted from five independent images from each condition. The average and 

standard deviation were calculated from three biological replicates for all control and 

HDAC1-knockdown (shRNAs A and B) experiments. 

 

2.3.6 Real-Time PCR 
 
Total RNA was extracted from cells by using the PureLink RNA Mini Kit (Ambion) in 

accordance with the manufacturer’s instructions. RNA was quantified on a NanoDrop 

Spectrophotometer (Tecan), and 1 μg of total RNA was used for cDNA synthesis by 

using the SuperScript VILO kit (Life Technologies). qPCR was performed using 

inventoried TaqMan assays for respective target genes and housekeeping control genes 

(18S) on the QuantStudio 6 Flex Real-Time PCR System (Life Technologies). Fold 

change in gene expression was analyzed using the delta delta Ct method.  

 

2.3.7 Chromatin Immunoprecipitation 
 
hGSCs with 1% formaldehyde (Sigma) were fixed for 10 min at room temperature. 

Glycine (125mM) (Fisher Scientific) was added for 5 min at RT to quench formaldehyde. 

Cells were rinsed with PBS and Protease inhibitors (Pierce, 88266) twice. Cells were 

pelleted and flash frozen. Cells were sonicated in 50ul of SDS lysis buffer. For each 

immunoprecipitation, 30μl protein A Dynabeads (Invitrogen) were incubated with 2 μg 
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of H3K27ac antibody (Abcam) or 1μg of IgG antibody for at least 4 hours at 4°C, and 

15μg of sheared chromatin was pre-cleared with 15μl of protein A Dynabeads and 

incubated at 4°C for 1 hour. The pre-cleared chromatin was subsequently incubated with 

the antibody-coated beads at 4°C overnight. Beads were washed 6 times with RIPA wash 

buffer and twice in tris-EDTA. Reverse cross-linking was performed by incubating the 

beads with 100μl of reverse crosslinking buffer (1% SDS, 0.1M NaCl and 0.1M 

NaHCO3) overnight at 65°C. The immunoprecipitated DNA was purified using the 

QIAquick PCR purification kit (QIAGEN) and eluted in ddH2O. Chromatin-

immunoprecipitated DNA was analyzed by quantitative PCR using the SYBR Green 

master mix in a real-time PCR system (Applied Biosciences). The following primers 

were used(Carro et al. 2010), for the CEBP/β binding site on the STAT3 promoter: 

Stat3_1501_f: 5’-CAGGAGGGAGCTGTATCAGG-3’ and Stat3_1630_r: 5’-

AGGACTTGGGCACAGAAGC-3’. 

 

2.3.8 RNA-seq Analysis 
 
GSCs, hNPCs and NHAs transduced with either shNT or shHDAC1 shRNAs at a MOI of 

3 were selected with 2 μg/mL puromycin 72 hours post-transduction. 72 hours post-

selection, total RNA was extracted from cells using the PureLink RNA Mini Kit 

(Ambion) in accordance to the manufacturer’s instructions. Purified RNA was sent to 

NovoGene where the RNA was turned into an RNA-seq library using the standard 

Illumina TruSeq method, and sequenced on an Illumina NextSeq 2500 sequencer. Fastq 

files were aligned to the genome using STAR (Dobin et al. 2013) and genome build 

GRCh38 V2.7.1a, counts were be tabulated using htseq-count (Anders, Pyl, and Huber 
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2015), and DESeq2 (Love, Huber, and Anders 2014) was be used for subsequent 

differential gene expression analysis. Quality of the sequencing was determined using 

FastQC, alignment quality was determined by requiring at least 18 million uniquely 

mapping reads per sample from STAR, and replicate quality was determined through 

PCA in DESeq2. Differential expression between shHDAC1 and shNT were computed in 

DESeq2 and differentially expressed genes were required to have a log2 fold-change ≥ 1 

and Benjamini-Hochberg adjusted p-value ≤ 0.05. Eigengenes for the Neftel et al., 2019 

developmental subtypes (Neftel et al. 2019) were computed from the genes in 

Supplementary Figure 6 using the module Eigengenes function in the WGCNA package 

in R (Langfelder and Horvath 2008). The data discussed in this publication have been 

deposited in NCBI’s Gene Expression Omnibus (GEO) and are accessible through GEO 

Series accession number GSE179882 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE179882).  

 

2.3.9 Regulatory network inference 
 
Genes found to be differentially expressed in BT145, GB3, and BT187 cells were 

independently analyzed for significant enrichment of TF binding sites in the promoters 

(±5Kbp from the TSS of genes) (Plaisier et al. 2016) using the TF targets python package 

(https://github.com/cplaisier/TF_targets). Significantly enriched TFs (p-value ≤ 0.05) that 

were found to be regulators in both BT145 and GB3 but not BT187 were selected for 

further analyses. The BT145 and GB3 specific TF regulator target genes (with binding 

sites in their promoters) were tested for functional enrichment with GO BP terms using 

the enrichr module from the gseapy package on pypi. Significant functional enrichment 
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was determined by a p-value less than or equal to 0.01. The significantly enriched GO BP 

terms were then associated with hallmarks of cancer using semantic similarity (Plaisier et 

al. 2016), (Plaisier, Pan, and Baliga 2012), (Thorsson et al. 2018). Networks were 

visualized using Cytoscape (Shannon et al. 2003). 

 

2.3.10 Live Bioluminescence (IVIS) Imaging 
 
6 weeks post-implantation, the mice were examined for tumor growth by monitoring 

bioluminescence every 7 days using the IVIS Xenogen Spectrum platform. D-Luciferin 

Potassium Salt (Gold Biotechnology) was dissolved in PBS at a final concentration of 15 

mg/mL. All mice were weighed each week and were administered D-Luciferin via an 

intraperitoneal injection (10μl/g). 15 minutes after the injection, the mice were sedated 

using gaseous isoflurane (Piramal) and placed inside an IVIS Spectrum In Vivo Imaging 

System (Perkin Elmer) for bioluminescence imaging. The total flux (photons/second) 

within the region of interest (ROI) was calculated using the Living Image Software 4.5 

(Perkin Elmer). 

 

2.3.11 Orthotopic Xenograft Studies 
 
5 to 6-week old Foxn1nu nude male mice (The Jackson Laboratory) were used for in vivo 

orthotopic transplantation of luciferized BT145 (male) cells transduced with either shNT 

or shHDAC1_A lentivirus. Nude mice were anesthetized using gaseous isoflurane and 

immobilized on a Leica stereotaxic instrument (cat# 39477001, Leica Microsystems). 

Following an incision at the midline, a fine hole was drilled 2.5mm lateral to the bregma. 

Using a 33-guage needle syringe (700 series, Hamilton), 2 μl of dissociated viable cells 
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(at a density of 50,000 cells/μl) were injected 2 mm deep from the surface of the skull 

slowly at a constant rate of 1 μl per minute for 2 minutes. The needle was left for 1 

additional minute to prevent reflux of the injected cells and was then slowly removed. 

The incision was closed with surgical staples. All mice were observed daily and were 

sacrificed upon the onset of severe neurological symptoms and >10% body weight loss. 

Survival data was plotted and analyzed using GraphPad Prism 8 (GraphPad Software). 

 

2.3.12 Immunofluorescence 
 
Immunofluorescence was performed on free-floating PDX brain tissue sections (40 μm 

sections). Sections were washed in 0.1 M PB six times, followed (if required) by antigen 

retrieval in 10mM Citrate Buffer (pH 6.0) at 85°C for 30 minutes on a hot plate. Tissue 

sections were permeabilized and blocked with 10% goat serum and 0.4% Triton X-100 in 

0.1M PB for 2 hours at room temperature. To prevent unspecific staining, sections were 

further incubated with goat anti-mouse and goat anti-rabbit IgG (Jackson 

ImmunoResearch Laboratories Inc.; 1:50) in 0.1 M PB, 0.4% Triton X-100 for 30 

minutes at room temperature. Sections were then washed three times in 0.1M PB and 

then incubated in primary antibodies diluted in 2% goat serum and 0.4% Triton X-100 in 

0.1M PB overnight at 4°C. Following washes in 0.1M PB, incubation with secondary 

antibodies (Invitrogen; ThermoFisher Scientific) was performed for two hours at 4°C in 

2% goat serum and 0.4% Triton X-100 in 0.1M PB. Nuclear counterstaining was 

achieved with DAPI (0.5 μg/mL). The following primary antibodies were used in this 

study: rabbit anti–Ki67 (1:150, Abcam), anti-human mitochondria (1:200, 

MilliporeSigma, 133-1); mouse anti-OLIG2 (1:400, MilliporeSigma, 211F1.1), rabbit 
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anti-HDAC1 (1:500, Abcam, 109411), rabbit anti-H3K9/14ac (1:1000, Cell Signaling 

Technologies, 9677) and rabbit anti-STAT3 (1:500, Cell Signaling Technologies, 9139). 

Goat anti-mouse and anti-rabbit secondary antibodies were used at 1:1,000 dilutions 

(Invitrogen; ThermoFisher Scientific). For nuclear counterstaining, DAPI (1:1,000; 

Sigma-Aldrich) was used. Coverslips were mounted using ProLong Gold Antifade 

Mountant (ThermoFisher Scientific). 

 

2.3.13 Image Acquisition 
 
Analysis of immunostaining on PDX brain tissue sections was performed on confocal 

stacks (with a step size of 1.5 μm) acquired with a either a 10x or 20x water-immersion 

objective on a laser-scanning confocal microscope (Leica Microsystems; TCS SP5) 

operated with LAS software. The fraction of nuclear STAT3 in vitro was quantified using 

the Intensity Ratio Nuclei Cytoplasm Tool on ImageJ (5-8 images were processed for 

each experimental condition across four independent experiments). Fluorescent intensity 

quantifications of STAT3 in PDX tissue were performed on Fiji. Otsu’s method was used 

to threshold engrafted GFP-positive glioma cells and create a selection. The mean gray 

values of STAT3 pixel intensity within the selected areas were then measured (4 to 5 

images were quantified per mouse, with 3 mice total in each experimental group).  

 

2.3.14 Statistical Analysis 
 
Data are presented as the mean ± SEM. If comparing two conditions or cell lines, 

significance was tested with unpaired two-tailed Student’s t-test. Significance of the 

differences between conditions or cell lines were tested by the two-way ANOVA with 
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Bonferroni multiple comparison tests using GraphPad Prism 8 (GraphPad software). 

Survival studies were analyzed using the Kaplan-Meier method with the Mantel-Cox log-

rank test (GraphPad software). Statistical significance was defined at * p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001. 

 

2.3.15 Study Approval 
 
The patient samples used for this research were provided by the Biobank Core Facility at 

St. Joseph’s Hospital and Medical Center and Barrow Neurological Institute (BNI). The 

samples were deidentified and conformed to the Biobank Institutional Review Board’s 

protocol. Animal husbandry was performed in accordance with the guidelines of the St. 

Joseph’s Hospital and Medical Center and Barrow Neurological Institute under the 

protocol approved by the Institutional Animal Care and Use Committee. 

 

2.4 Results 

 
2.4.1 HDAC1 expression is correlated with worse survival in GBM  
 

We evaluated relative mRNA expression levels of HDAC1 and HDAC2 across 

different grades of glioma using the TCGA, CGGA and REMBRANDT databases 

(Cancer Genome Atlas Research 2008; Madhavan et al. 2009; Zhao et al. 2021). HDAC1 

expression increases with WHO tumor grade and its expression is significantly higher in 

grade IV (GBM) than in lower-grade gliomas (p < 0.001) (Figure 2.1A). In contrast, 

HDAC2 is expressed at high levels across all glioma samples (Figure 2.1B).  HDAC1 

expression does not differ significantly across the three molecular subgroups of GBM 
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(Wang, Hu, et al. 2017) (Figure 2.1C), and its expression is higher in GBM compared to 

normal brain tissue (Figure 2.2A). We also found that the expression of HDAC1 is 

inversely correlated with patient survival in three independent datasets that include GBM 

and low-grade gliomas (Figure 2.1D) (Dali-Youcef et al. 2015). We compared HDAC1 

and HDAC2 protein expression in gliomas using the Human Proteome Atlas and found 

that both are strongly expressed in most gliomas, although HDAC1 expression is higher 

in GBM than in low-grade gliomas (Uhlen et al. 2015). One caveat with these analyses is 

that they were conducted on bulk GBM tissue, and thus do not provide information on the 

functions of these two HDAC paralogues within the GSC population. Hence, given these 

expression data and the role of HDAC1 as a global repressor of transcription (Seto and 

Yoshida 2014), we sought to specifically understand its functional impact across multiple 

patient-derived GBM GSCs (hGSCs).    

 

2.4.2 HDAC1 and HDAC2 are abundantly expressed in human GSCs 
 

We compared the expression of HDAC1 and HDAC2 across eight GSC lines 

(Figure 2.1E), normal human astrocytes (NHA) and human neural progenitor cells 

derived from induced pluripotent stem cells from a healthy individual (ihNPC) (Figure 

2.1F). HDAC1 and HDAC2 were equally and abundantly expressed in NHAs and GSC 

lines (Figure 2.1E-F), while HDAC1 levels were lowest in normal ihNPCs (Figure 2.1F). 

The latter observation is in line with previous reports that demonstrated that HDAC1 and 

HDAC2 display different lineage-specific or developmental-stage expression patterns – 

with HDAC2 being more highly expressed than HDAC1 in neural precursors and mature 

neurons (MacDonald and Roskams 2008; Hagelkruys et al. 2014). Another class I HDAC 
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that has been previously implicated in GBM biology and whose expression correlates 

with increased glioma aggressiveness is HDAC3 (Li et al. 2016; McLendon et al. 2008). 

However, we found that HDAC3 protein levels were very low compared to HDAC1 

across multiple primary GSC cell lines (See Figure 2.2B). Hence, our goal was to 

investigate the significance of high HDAC1 expression in GBM tumors and assess 

whether GSCs harbor differential dependencies or degrees of functional redundancy with 

respect to the activity of the two class I HDAC paralogues.   
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Figure 2.1. HDAC1 Expression Levels in GBM. (A) HDAC1 (B) and HDAC2 
expression levels across various grades of gliomas (OL = oligodendroglioma; OA = 
oligoastrocytoma; A = astrocytoma, GBM = glioblastoma) within the TCGA, CCGA 
and Rembrandt databases. HDAC1, but not HDAC2, expression significantly increases 
with malignancy; Tukey’s post-hoc test. (C) HDAC1 expression levels across the three 
GBM molecular subtypes (CL = classical; MES = mesenchymal; PN = proneural). (D) 
Kaplan-Meier analysis stratifying glioma patients with HDAC1 high and low 
expression within the TCGA, CCGA and Rembrandt databases; log-rank test. (E) 
Immunoblot showing basal levels of HDAC1 and HDAC2 in p53-WT hGSCs (BT145, 
BT286, GB3 AND GB71) and p53-mutant GSCs (BT187, BT70, GB82 and GB84) 
(n=3). (F) Immunoblot showing basal levels of HDAC1 and HDAC2 in non-
tumorigenic normal human astrocytes (NHA) and iPSC-derived human neural 
progenitor cells (ihNPC) alongside two hGSC lines (n=3). * p < 0.05; ** p < 0.01; 
***p < 0.001; n.s., not significant. Taken from: (Lo Cascio et al., 2021).  
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Figure 2.2 HDAC1 expression levels in normal brain tissue. (A) Comparison of 
HDAC1 expression levels from the TCGA dataset in GBM tissue and normal brain 
tissue from healthy controls. (B) Immunoblot comparing basal levels of HDAC1 and 
HDAC3 protein across seven different GSCs lines. Numbers below the bands indicate 
normalized expression levels of HDAC3 and HDAC1 in each cell line relative to 
Vinculin. *** p < 0.001. Error bars indicate SEM. Taken from: (Lo Cascio et al., 
2021). 
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2.4.3 HDAC1 knockdown suppresses viability of GSCs in a p53-dependent manner 
 

We silenced HDAC1 expression in four distinct p53 wild-type (p53-WT) hGSC 

lines (BT145, GB3, BT286, GB71), p53-mutant hGSC lines (BT187, BT70, GB82, 

GB84), NHAs and ihNPCs using two independent shRNAs targeting HDAC1 protein-

coding regions (shHDAC1_A and shHDAC1_B) (Tables 2.1 and 2.2). Acute knockdown 

of HDAC1 resulted in a dramatic reduction in the viability of all four GSC cultures 

(Figure 2.3A, Figure 2.4A, Figure 2.5A; approximately 85-90% loss in viability 

compared to controls; p < 0.0001). HDAC1 knockdown had a significant but much more 

attenuated impact on the survival of p53-mutant GSCs (average 50-55% reduction; 

Figure 2.3A, Figure 2.4B and Figure 2.5B; p < 0.001-0.0001). Two IDH-mutant hGSCs 

harboring p53 mutations were practically unaffected by loss of HDAC1 (HK211, HK252; 

Figure 2.4E-F, Figure 2.5C). The viability of non-tumorigenic NHAs and ihNPCs were 

also significantly affected by absence of HDAC1 protein, albeit not to the same extent as 

p53-WT GSCs (Figure 2.3A, Figure 2.4C and Figure 2.5D).  

We assessed the proportion of actively cycling or dying cells after acute HDAC1 

knockdown through immunocytochemistry in both p53-WT and p53-mutant hGSCs 

(Figures 2.3B-E). We find that in p53-WT cells (BT145), HDAC1 knockdown led to a 

significant reduction in the percentage of Ki67-positive cells (>95% decrease; p < 0.001) 

and significant increase in the percentage of cleaved caspase-3-positive cells (average 

37% increase; p < 0.01) (Figures 2.3B-E). Conversely, HDAC1 knockdown did not affect 

proliferation and survival of p53-mutant cells (BT187) compared to non-target controls 

(Figures 2.3B-E). Hence, reduced proliferation and increased cell death contribute to the 

decrease in cell viability observed in p53-WT GSCs. To confirm whether the effects of 
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HDAC1 knockdown on GSC proliferation are indeed dependent on p53 status, we 

transduced a p53-WT GSC line (BT145) with a dominant-negative form of TP53 (p53-

DN) (Mehta et al. 2011). As shown in Figure 2.3F, overexpression of p53-DN in BT145 

rescued the defect in proliferation observed after HDAC1 knockdown. Next, to assess the 

impact of HDAC1 on p53 activation, we examined acetylation status of p53 after 

HDAC1 knockdown. HDAC1 knockdown resulted in significantly increased acetylation 

of p53 at lysines 382 and 373 and its stabilization (Figure 2.3G and Figure 2.5E-F). These 

post-translational modifications have been shown to be important for p53 stabilization, 

subsequent activation, and transcriptional activity (Ivanov et al. 2007; Ito et al. 2002; 

Tang et al. 2008). HDAC1 knockdown did not result in increased transcription of TP53 or 

decreased transcription of its negative regulator MDM2 (Figure 2.5G). These results 

indicate that HDAC1 regulates p53 acetylation and suppresses its transcriptional 

functions in p53-WT GSCs, and strongly suggest that p53 status dictates the response of 

GSCs to acute loss of HDAC1 protein. 
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Figure 2.3. Knockdown of HDAC1 reduces viability of human glioma stem cells 
(GSCs) in a p53-dependent manner. (A) Quantification of the percentage of viable 
p53-WT and p53-mutant GSCs and two non-tumorigenic cell lines (NHAs, ihNPCs) 
transduced with shHDAC1_A or shHDAC1_B, compared to control cells transduced 
with shNT (n=3).  (B-C) Immunofluorescence staining (B) and quantification (C) of 
Ki67-positive GSCs after acute HDAC1 silencing (n=3). (D-E) Immunofluorescence 
staining (D) and quantification (E) of cleaved caspase-3-positive cells after acute 
HDAC1 silencing (n=3). (F) Quantification of the percentage of viable p53-WT GSCs 
overexpressing p53-DN or eGFP after HDAC1 knockdown (n=3). Schematic below 
illustrates how overexpression of a p53 mutant (p53-DN) affects p53 function. (G) 
Quantification of immunoblots for total and acetylated p53 (K382) after HDAC1 
silencing (shH1_A = shHDAC1_A) in p53-WT BT145 (n=3). Schematic below 
illustrates how HDAC1 opposes p53 activation through direct deacetylation. For each 
cell line, the data are compiled from at least three independent experiments for each 
shRNA. Error bars indicate SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001, n.s., not significant. Magnification, 20x; scale bars, 2 μM. P values were 
determined using the 2-way ANOVA with Tukey’s multiple comparisons test or 
unpaired 2-tailed t-test. Taken from: (Lo Cascio et al., 2021).  
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Table 2.1 TP53 mutations in the human GSC line used in the study. 

 
 
 

 
Table 2.2 Genotypes of human GSC lines used in the study. 
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Figure 2.4 Morphology of IDH1-WT and IDH-mutant GSCs after knockdown of 
HDAC1. (A-E) Representative images of control and HDAC1-silenced cells (GFP-
positive) in (A) four p53-WT GSCs, (B) four p53-mutant GSCs, (C) non-tumorigenic 
NHAs and ihNPCs, (D) a p53-WT GSC line (BT145) overexpressing a dominant-
negative mutant of p53 (p53-DN) or a control vector (eGFP), and (E) two IDH1-
mutant GSCs. (F) Quantification of the viable fraction of IDH1-mutant GSCs after 
HDAC1 knockdown compared to control cells transduced with shNT. For each cell 
line, the data are compiled from at least three independent experiments. Magnification 
5x; scale bars, 2 μM; n.s., not significant. Error bars indicate SEM. P values were 
calculated using unpaired 2-tailed t-test. Taken from: (Lo Cascio et al., 2021). 
 

 
2.4.4 HDAC1 function is non-redundant in hGSCs and is not compensated for by other 

HDACs 
 

We sought to determine the global transcriptional consequences of HDAC1 loss 

and obtain insights into the mechanisms underlying the distinct phenotypes exhibited by 

GSCs and normal neural cells. We performed RNA-sequencing (RNA-seq) analysis of 

p53-WT (BT145, GB3) and p53-mutant (BT187) hGSCs as well as NHAs and iNPC 

cultures after HDAC1 knockdown. We examined whether ablation of HDAC1 resulted in 

compensatory upregulation of any other members of the HDAC family of proteins in 

hGSCs (Figure 2.6A). In all cell lines, HDAC2 and HDAC3 expression levels were 

modestly but significantly reduced after HDAC1 knockdown (Figure 2.6A). The only 

HDACs that were significantly upregulated following HDAC1 loss were HDAC9 in 

NHAs and HDAC10 and HDAC11 in BT187 (Figure 2.6A). However, overall our data 

suggest that unlike the compensation seen in normal neural stem cells (Hagelkruys et al. 

2014), HDAC1 knockdown did not dramatically affect expression of other HDACs in the 

majority of the cell lines tested.  

HDAC1 and HDAC2 are highly homologous and been shown to have individual 

and overlapping regulatory functions for proliferation and cell survival in other tissues 



   78 

(Jurkin et al. 2011). To understand whether these paralogues harbor non-redundant 

functions in hGSCs, we performed knockdown of HDAC2 in GSCs to see whether 

silencing its expression would result in a phenotype comparable to that of HDAC1 

knockdown (Figure 2.3A).  After HDAC2 knockdown, HDAC1 protein levels were 

significantly upregulated (~1.5-2 fold) as a result of HDAC2 silencing in both p53-WT 

and p53-mutant GSCs (Figure 2.6B-C). Unlike HDAC1 knockdown, we found that 

knockdown of HDAC2 did not significantly affect the viability of p53-WT and p53-

mutant GSCs (Figure 2.6D and Figure 2.7A). Additionally, knockdown of HDAC2 did 

not result in increased p53 K382 acetylation, suggesting that p53 activation is a direct 

result of HDAC1 silencing (Figure 2.6E). Hence, we demonstrate that HDAC1 harbors 

unique functional roles in GSCs that cannot be compensated for by HDAC2, and we 

identify HDAC1 as the essential class I deacetylase for GSC proliferation and survival.  
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Figure 2.5 Knockdown Efficiency of HDAC1 in GSCs and relevant putative 
mechanisms of p53 activation. (A-D) Immunoblots showing HDAC1 knockdown in 
(A) p53-WT hGSCs (B) p53-mutant GSCs, (C) IDH1-mutant GSCs and (D) non-
tumorigenic NHAs and ihNPCs utilized for all cell viability assays shown in Figure 2. 
Numbers below the bands indicate normalized expression levels of HDAC1 and 
HDAC2 in each cell line relative to Vinculin. (E) Quantification of immunoblots for 
acetylated p53 (K373) after HDAC1 silencing (shH1_A = shHDAC1_A) in p53-WT 
BT145 (n=3). (F) Representative immunoblot for p53 K373 acetylation after HDAC1 
silencing in p53-WT GSCs (BT145). (G) RT-qPCR shows that TP53 and MDM2 are 
not differentially expressed in BT145 (p53 WT) GSCs between control (shNT) and 
HDAC1-silenced cells (shHDAC1_A, n=3). For each cell line, the data are compiled 
from three independent experiments for each shRNA. ** p < 0.01, n.s., not significant. 
Error bars indicate SEM. P values were calculated using unpaired 2-tailed t-test. Taken 
from: (Lo Cascio et al., 2021). 
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Figure 2.6. HDAC1 function is non-redundant in GSCs and is not compensated 
for by its paralogue HDAC2. (A) Log2 fold change of differential expression for the 
11 HDACs (HDAC1–11) after shHDAC1 knockdown in two non-tumorigenic (ihNPC 
and NHA) and three GSC (BT145, GB3, BT187) cell lines. Blue bolded boxes indicate 
significant differential expression (adjusted p-value ≤ 0.05). (B) Representative 
immunoblot showing protein levels of HDAC1 and HDAC2 after acute HDAC2 
knockdown (shHDAC2) in p53-WT (BT145) and p53-mutant (BT187) GSCs. (C) 
Quantification of expression HDAC2 and HDAC1 protein (normalized to Vinculin) 
after HDAC2 knockdown in BT145 (n=4) and BT187 (n=3). (D) Quantification of the 
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percentage of viable GSCs (BT145 and BT187) 7 days after HDAC2 knockdown, 
relative to shNT controls (n=3). (E) Immunoblot comparing levels of acetylated p53 
(K382), HDAC1 and HDAC2 protein after HDAC1 and HDAC2 silencing in p53-WT 
GSC (BT145). For each cell line, the data are compiled from at least three independent 
experiments for each shRNA. Error bars indicate SEM. * p < 0.05, ** p < 0.01, **** p 
< 0.0001, n.s., not significant. P values were calculated using unpaired 2-tailed t-test. 
Taken from: (Lo Cascio et al., 2021).  
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Figure 2.7 Effects of HDAC2 knockdown and quantification of the normalized 

total levels of HDAC1 and HDAC2 proteins in GSCs after HDAC1 knockdown. 
(A) Representative images of control and HDAC2-silenced cells (GFP-positive) in 
p53-WT (top panel) and p53-mutant (bottom panel) GSCs. (B) Quantification of 
expression of HDAC1 and HDAC2 protein levels after HDAC1 knockdown in p53-
WT, p53-mutant and p53-WT + p53-DN GSCs (n=3). For each cell line, the data are 
compiled from at least three independent experiments for each shRNA. Error bars 
indicate SEM. * p < 0.05 , ** p < 0.01, **** p < 0.0001, n.s., not significant. 
Magnification 5x; scale bars, 2 μM. P values were calculated using unpaired 2-tailed t-
test. 
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2.4.5 HDAC1 knockdown results in increased histone acetylation and reduces 

expression of key stemness and cell fate factors 

 
To assess the impact of HDAC1 knockdown on global histone acetylation we 

analyzed changes in common histone acetylation marks. We first confirmed that 

knockdown of HDAC1 in both cell lines led to a dramatic increase in the acetylation of 

histone H3 at lysines 9, 14 and 27 (H3K9/14 and H3K27). These histone marks are 

associated with higher activation of gene transcription: H3K9/14ac is highly correlated 

with active promoters, while the H3K27ac is an active enhancer mark (Figure 2.8A). 

Loss of HDAC1 in embryonic stem cells affects stem cell proliferation due to increase in 

cell cycle inhibitor expression (Zupkovitz et al. 2006). We observed marked upregulation 

of the p21, a direct transcriptional target of p53, in the p53-WT but not p53-mutant cell 

line (Figure 2.8B-D). We then evaluated changes in the expression of several proteins 

associated with stem cell identity or cell fate in p53-WT (BT145) and p53-mutant 

(BT187) GSC lines. Knockdown of HDAC1 resulted in a significant decrease in the 

expression of glioma master transcription factors SOX2 and OLIG2, stem cell marker 

NESTIN and the receptor tyrosine kinase (RTK) epidermal growth factor receptor 

(EGFR) (Figures 2.8B-D). Overexpression of a p53-domninant negative mutant (p53-

DN) in p53-WT cells also resulted in similar expression changes (Figure 2.8B and 2.8E). 

While HDAC2 protein levels did dramatically decrease in the absence of HDAC1 in p53-

WT GSCs (Figure 2.8C), they remain unchanged in p53-mutant cells, p53-WT cells 

overexpressing a dominant-negative p53 mutant, ihNPCs, and NHAs after HDAC1 

knockdown (Figure 2.8D-E; Figure 2.5D; Figure 2.7B). Hence, while HDAC1 expression 

is upregulated in the absence of HDAC2 protein (Figure 2.6B-C), HDAC2 does not 
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display any compensatory upregulation after HDAC1 knockdown in GSCs (Figure 2.8B-

E and Figure 2.7B). Together, these data indicate that knockdown of HDAC1 results in a 

collapse of the stemness-state (irrespective of p53 status) and activation of p53 

downstream target genes in surviving p53-WT, but not in p53-mutant, GSCs (Figure 

2.8B).   
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Figure 2.8. HDAC1 knockdown reduces expression of key stemness and cell fate 
factors. (A) Immunoblots showing increase in H3K4/19ac and H3K27ac after HDAC1 
silencing in BT145 and BT187 (shH1_A = shHDAC1_A and shH1B = shHDAC1_B) 
(n=3). (B) Representative immunoblots of p53-WT (BT145), p53-mutant (BT187) and 
p53-WT cells overexpressing p53-DN (BT145 + p53-DN) GSCs after acute silencing 
of HDAC1 probed for various markers (n=3). (C-E) Quantification of expression of 
proteins (normalized to Vinculin) after HDAC1 knockdown from immunoblots using 
p53-WT (C), p53-mutant (D) and p53-WT cells overexpressing p53-DN (E). For each 
cell line, the data are compiled from at least three independent experiments for each 
shRNA. Error bars indicate SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001, n.s., not significant. P values were determined using the 2-way ANOVA with 
Tukey’s multiple comparisons test. Taken from: (Lo Cascio et al., 2021). 
 

 

2.4.6 HDAC1 knockdown in GSCs significantly attenuates their ability to form tumors 

and increases survival of tumor-bearing mice 

 
We next investigated whether loss of HDAC1 affected the tumor-forming 

potential of p53-WT GSCs. We orthotopically transplanted GSCs (BT145) transduced 

with a luciferase reporter and either a non-target control shRNA (shNT) and two HDAC1-

targeting shRNAs in immunocompromised mice. Using bioluminescence imaging, we 

compared the differences in the tumor growth rate in shNT and shHDAC1 tumors at an 

early time point after GSC engraftment (7 weeks post-injection; Figure 2.9A). HDAC1 

knockdown resulted in a significant lag in tumor growth with both shRNAs, which was 

maintained throughout the study (Figure 2.9A and Figure 2.10A-B). We confirmed that 

HDAC1 silencing was maintained in shHDAC1 tumors (Figure 2.10C-D). In line with our 

in vitro phenotypes (Figure 2.8B), we also confirmed that shHDAC1 tumors express very 

low levels of OLIG2 – a master transcription regulator that has previously been shown to 

be critical for the tumor-propagating potential of p53-WT GSCs (Figure 2.10C) (Mehta et 
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al. 2011; Suva et al. 2014). Consistent with low HDAC1 expression, the engrafted 

shHDAC1 cells exhibited an increase in H3K9/14 acetylation relative to shNT controls 

(Figure 2.9B). As shown in Figure 2.9C-D, shHDAC1 tumors had a significant reduction 

in the proportion of proliferating cells compared to the controls. Knockdown of HDAC1 

alone not only delayed tumor growth but resulted in significantly extended overall 

survival in a PDX model of GBM (BT145; Figure 2.9E) in a murine model of human 

glioma (Figure 2.9F).  
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Figure 2.9. Knockdown of HDAC1 significantly extends survival in patient-
derived xenograft (PDX) and mouse models of GBM. (A) Average photon flux (p/s) 
measured 7 weeks post-injection through bioluminescence imaging of mice implanted 
with cells expressing control (shNT) and HDAC1 knockdown (shHDAC1_A and 
shHDAC1_B) cells and representative heatmap of bioluminescence intensity between 
the two groups. (B) Immunostaining for acetylated Histone H3 at lysines 9 and 14 
(H3K9/14ac; red) in tumor tissue. Arrowheads indicate GFP-positive cells with 
H3K9/14a-positive nuclei. (C) Immunostaining for Ki67 (red) and human 
mitochondria (hMitochondria, green) in shNT and shHDAC1 BT145 tumor tissue. 
Arrowheads indicate double-positive (Ki67+/hMitochondria+) nuclei. (D) 
Quantification of human Ki67-positive cells in shNT and shHDAC1 BT145 tumors 
(n=3 per cohort). (E) Kaplan-Meier survival analysis of mice implanted intracranially 
with p53-WT GSCs (BT145) transduced with HDAC1 shRNA (shHDAC1_A, n=4; 
shHDAC1_B, n=3) or non-target shRNA (shNT; n=4 in both studies). (F) Kaplan-
Meier survival analysis of mice implanted intracranially with murine GSCs (Cdkn2a -/-; 
hEGFRvIII) transduced with HDAC1 shRNA (shHDAC1_A, n=5) or non-target 
shRNA (shNT; n=4). Inset below show immunoblots confirming HDAC1 knockdown 
in the implanted GSCs. Error bars indicate SEM. * p < 0.05, ** p < 0.01, *** p < 
0.001. Magnification, 20x and 63x; scale bars, 100 μM. P values were calculated using 
unpaired 2-tailed t-test and Kaplan-Meier method with the Mantel-Cox log-rank test. 
Taken from: (Lo Cascio et al., 2021).  
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Figure 2.10. Bioluminescence imaging of shNT and shHDAC1 tumors. (A and B) 
Average photon flux (p/s) measured through bioluminescence imaging over time of 
mice with intracranial injections of shNT (n=4 in both experiments) and HDAC1-
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targeting shRNAs: shHDAC1_A (n=4) and shHDAC1_B (n=3). (C) Image of HDAC1 
(red) and OLIG2 (blue) immunostaining in shNT and shHDAC1 BT145 tumor tissue 7 
weeks post-injection (tumor core). (D) Image of HDAC1 (red) immunostaining in 
shNT and shHDAC1 BT145 tumor tissue (GFP) 7 weeks post-injection in the tumor 
leading edge (invasive front). Error bars indicate SEM. * p < 0.05, ** p < 0.01, *** p < 
0.001. Magnification, 20x; scale bars, 100 μM. P values were calculated using unpaired 
2-tailed t-test. Taken from: (Lo Cascio et al., 2021). 
 

 

2.4.7 HDAC1 knockdown affects expression of genes involved in apoptosis, the cell 

cycle, cellular communication, and migration in p53-WT GSCs 

 
In our RNA-seq analysis, we identified 2,516 differentially upregulated and 3,241 

differentially downregulated genes across the 3 GSC lines analyzed (Figure 2.11A). 

Although p53-WT cell lines had a similar phenotypic response to loss of HDAC1, each 

cell line appeared to have significantly different responses to HDAC1 knockdown albeit 

with some overlapping genes, independent of p53 status. This may be partly explained by 

the distinct genotypes/driver mutations present in each cell line (e.g. p53-WT lines 

BT145 and GB3 are EGFR and PDGFRA-driven, respectively), such that HDAC1 

ablation may impart similar phenotypes through regulation of different sets of genes. We 

performed functional enrichment analyses in p53-WT cells (BT145 and GB3) compared 

to p53-mutant cells (BT187). Common genes significantly upregulated in p53-WT cell 

lines were associated with programmed cell death while genes associated with cell cycle 

and DNA-dependent DNA-replication were significantly downregulated (Figure 6B). 

These data are consistent with our in vitro results following HDAC1 silencing (Figures 

2.3A-E; Figure 2.8B). Interestingly, in p53-WT GSCs we also found significant 
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enrichment of genes associated with cellular communication, cellular migration, cytokine 

production, and responses to stress (Figure 2.11C-D).  

 

2.4.8 HDAC1 knockdown results in aberrant differentiation and invasion of p53-WT 

GSCs 

Prolonged treatment with pan-HDAC inhibitors has previously been shown to 

induce differentiation in GSCs (Chiao et al. 2013). Regulatory network analysis 

identified 61 transcription factors associated with the regulation of genes upregulated 

after HDAC1 knockdown (Figure 2.11D). Interestingly, upregulated genes include 

neuronal differentiation transcription factors such as DLX1and DLX6 (Eisenstat et al. 

1999; Petryniak et al. 2007; Wang et al. 2010), oligodendrocyte differentiation 

transcription factors such as NKX6-2 (Vallstedt, Klos, and Ericson 2005) and EMX1 

(Kessaris et al. 2006), and transcription factors expressed in developing and mature 

astrocytes such as NFATC2, CEBPB, CEBPE, and POU3F2 (Zhang, Sloan, et al. 2016).  

Considering that knockdown of HDAC1 led to significant upregulation of 

expression of transcription factors that promote tissue invasion (Kim et al. 2018; Musa et 

al. 2017; Xia, Zhang, and Ge 2015) (e.g. NFATC2, and CEBPB; Figure 2.11D), we 

questioned whether shHDAC1 tumors exhibited a different growth pattern in vivo. While 

there was a marked difference in tumor burden across the two groups 7 weeks post-

implantation, extensive infiltration of GFP-positive shHDAC1 tumor cells was seen 

throughout the brain parenchyma compared to shNT tumor cells – demonstrating that 



   94 

HDAC1-deficient tumors displayed a more invasive phenotype in vivo (Figure 6E and 

6F). 

Ablation of HDAC1 expression did not result in significant shifts between 

different cellular states described by Neftel et al., (Neftel et al. 2019), although some 

trends were evident: BT145 cells adopted a more astrocyte-like (AC) state, GB3 cells 

adopted a more hypoxia-dependent mesenchymal-like (MES2) state, while p53-mutant 

BT187 cells tended to shift from a hypoxia-independent (MES1) to a hypoxia-dependent 

mesenchymal-like (MES2) state (Figure 2.12). Our results suggest that HDAC1 

knockdown results in transcriptional changes that not only alter cell survival and death 

programs but also cell invasion in GSCs in a p53-dependent manner. 
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Figure 2.11. HDAC1 knockdown upregulates cell migration programs and results 
in more invasive tumors. (A) Venn diagram illustrating the overlap between the 
significantly up-and-down-regulated genes between GSC cell lines after shHDAC1 
knockdown. (B) Log2 fold change of gene expression after shHDAC1 knockdown in 
p53-WT GSCs BT145 (red) and GB3 (green) GSCs (adjusted p-value ≤ 0.05). (C) 
Negative-log10 p-value for functional enrichment of relevant GO BP terms for genes 
with significantly increased gene expression after shHDAC1 knock-down in BT145 
(red) and/or GB3 (green) tumorigenic cell lines. (D) BT145 and GB3 specific 
regulatory network for upregulated genes following HDAC1 knockdown. Red triangles 
are transcription factor regulators and parallelograms are hallmarks of cancer. Edges 
indicate association between the target genes of the regulator and a hallmark of cancer, 
and are colored according to its corresponding hallmark. For each cell line, the data are 
compiled from three independent experiments. (E-F) Stitched whole-brain images of 
DAPI (blue) and GFP-positive engrafted tumor cells (green) in (E) shNT and (F) 
shHDAC1 BT145 brain tissue 7 weeks post-engraftment. GFP expression reveals 
HDAC1-deficient tumors are more invasive than control shNT tumors. Magnification, 
10x; scale bars, 1 mm. Taken from: (Lo Cascio et al., 2021).  
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Figure 2.12. HDAC1 knockdown does not significantly affect the cellular states of 
GSCs. Eigengene expression for the Neftel et al.,25 developmental subtypes across the 
GSC cell lines after transduction with either shNT or shHDAC1. Developmental 
subtypes include oligodendrocyte precursor cells (OPC), neural precursor cells (NPC1 
& NPC2), astrocyte (AC), mesenchymal (MES1 & MES2). Taken from: (Lo Cascio et 
al., 2021). 
 
 
 

2.4.9 Genetic ablation of HDAC1 results in increased STAT3 activity in p53-WT GSCs  
 

We validated upregulation of genes involved in regulating cancer cell invasion, 

migration, and survival upon HDAC1 knockdown using RT-qPCR in p53-WT (BT145) 

and p53-mutant (BT187) GSCs (Figure 2.13A). We find that expression of STAT3, 

TGFB2, MET, ICAM1, CSF1, ITGB5, BDNF, NRP1 and NRG5 were significantly 

induced after HDAC1 knockdown almost exclusively in p53-WT but not p53-mutant 

GSCs (Figure 2.13A). Out of the 9 genes we analysed, 5 have been shown to be direct 
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targets of or are modulated by p53 (TGFB2, STAT3, MET, ICAM1, CSF1) (Azzam et al. 

2013; Elston and Inman 2012; Gorgoulis et al. 2003; Hwang et al. 2011; Lin, Tang, et al. 

2002).  Several of these genes (BDNF, TGFB2, MET) are also direct target genes of 

transcription factors that are upregulated after HDAC knockdown in p53-WT GSCs 

(Figure 2.11D).  

We were particularly intrigued to find that STAT3 – an important oncogenic driver 

and established master regulator of mesenchymal transformation in GBM (Carro et al. 

2010; Bhat et al. 2013)– was significantly induced after HDAC1 knockdown uniquely in 

p53-WTGSCs (Figure 2.13A and 2.13B). Moreover, in our transcriptional regulatory 

network analysis (Figure 2.11D) we found that CEBPB – regulator of STAT3 expression 

in GBM (Carro et al. 2010) – was significantly upregulated in p53-WT GSCs. Given the 

intrinsic phenotypic plasticity of glioma cells, we sought to determine whether the 

STAT3 signaling axis could be a potential compensatory mechanism that is adopted by 

surviving HDAC1-deficientGSCs. Downstream STAT3 enrichment analysis from our 

RNA-seq datasets revealed that several STAT3 target genes were significantly 

differentially regulated in p53-WT GSCs (Table 2.3). In addition to increased STAT3 

mRNA expression, the phosphorylation of STAT3 at tyrosine 705 (pSTAT3), a 

transcriptionally active form of the protein, increases significantly following HDAC1 

silencing in p53-WT GSCs (Figure 2.13C). The levels of pSTAT3 are already elevated in 

p53-mutant GSCs and remain unchanged following HDAC1 knockdown (Figure 2.13C), 

and this phenotype could be reproduced when we overexpressed a dominant-negative p53 

mutant in p53-WT GSCs (Figure 2.14). Chromatin immunoprecipitation assay confirmed 

that HDAC1 knockdown resulted in increased H3K27ac deposition in the C/EBPβ 
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binding site on the STAT3 promoter region relative to control p53-WT cells (Figure 

2.13D). In agreement with increased STAT3 phosphorylation, we observed increased 

nuclear localization of STAT3 in p53-WT cells after HDAC1 knockdown (p < 0.0001; 

Figures 2.13E-F). Furthermore, we also confirmed that STAT3 expression was 

significantly elevated in shHDAC1 p53-WT PDX tumors relative to control tumors (p < 

0.05; Figures 2.13G-H).  
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Figure 2.13. HDAC1 knockdown results in increased STAT3 signaling in p53-WT 
hGSCs. (A) RT-qPCR for genes involved in cellular invasion or survival in BT145 
(p53 WT) and BT187 (p53 mutant) GSCs (n=3 per target). (B) RNA-seq analysis for 
STAT3 expression in BT145 and BT187 after HDAC1 knockdown. (C) Lysates were 
collected from BT145 and BT187 after acute silencing of HDAC1 (shH1_A = 
shHDAC1_A and shH1_B = shHDAC1_B). Immunoblots were probed with antibodies 
for phosphorylated STAT3 (Tyr705), STAT3, HDAC1 and Vinculin. Bar graph below 
shows quantification of the normalized ratio of pSTAT3 over total STAT3 protein after 
HDAC1 knockdown in BT145 and BT187 GSCs (n=3). (D) Chromatin 
Immunoprecipitation (ChIP) assay for H3K27ac deposition in the C/EBPβ binding site 
on the STAT3 promoter in BT145 (n=3). (E) Immunocytochemistry staining for STAT3 
in BT145 after acute HDAC1 knockdown. (F) Quantification of immunocytochemistry 
experiments showing significantly increased nuclear localization of STAT3 after 
HDAC1 knockdown in BT145. Graph shows values from individual experimental 
values from multiple experiments (n=4) (G) Immunofluorescence staining for STAT3 
in BT145 PDX tumor tissue 7 weeks post-engraftment in HDAC1-silenced tumors 
relative to controls. (H) Quantification of mean pixel intensity for STAT3 staining in 
BT145 shNT and shHDAC1 PDX tumors. Graph shows average values from 3 
independent animals per experimental condition. Error bars indicate SEM. * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s., not significant. For each cell line, the 
data are compiled from at least three independent experiments. Magnification, 20x; 
scale bars, 2 μM and 100 μM. P values were calculated using unpaired 2-tailed t-test or 
2-way ANOVA with Tukey’s multiple comparisons test. Taken from: (Lo Cascio et al., 
2021).  
 
 

 

 

 

 

 

 

 

 

 

 



   102 

 

Table 2.3. STAT3 pathway downstream enrichment analysis in BT145, BT187, 
ihNPCs and NHAs after HDAC1 knockdown. Downstream targets of the 
IL6/JAK/STAT3 pathway were examined for differential expression using a 
hypergeometric distribution model. Bolded cell lines (BT145 upregulated, BT187 
upregulated, BT187 downregulated, ihNPC upregulated, NHA downregulated) indicate 
a significant difference in expression of the group of target genes, suggesting influence 
from the STAT3 signaling pathway. Taken from: (Lo Cascio et al., 2021). 
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Figure 2.14. pSTAT3 levels after HDAC1 knockdown in p53-WT GSCs 
overexpressing p53-DN (A) Lysates were collected from BT145 overexpressing p53-
DN after acute silencing of HDAC1 with two independent shRNAs (shH1_A = 
shHDAC1_A and shH1_B = shHDAC1_B) and were immunoblotted with antibodies 
directed against phosphorylated STAT3 (Tyr705), STAT3, HDAC1 and Vinculin. (B) 
Quantification of the normalized ratio of pSTAT3 over total STAT3 protein after 
HDAC1 knockdown from three independent experiments in BT145 overexpressing 
p53-DN. ** p < 0.01, n.s., not significant. Error bars indicate SEM. P values were 
determined using the 2-way ANOVA with Tukey’s multiple comparisons test. Taken 
from: (Lo Cascio et al., 2021). 
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Figure 2.15. Proposed model: consequences of HDAC1 silencing in p53-WT 

hGSCs. Summary of the cellular and molecular effects of HDAC1 loss in p53-WT 
hGSCs. Absence of HDAC1 results in increased histone acetylation and restoration of 
p53 activation and stability. These changes are accompanied by significant changes in 
gene expression, wherein genes involved in maintaining stemness are downregulated 
while genes involved in promoting differentiation, migration and cellular 
communication are upregulated. In vitro, these cells fail to proliferate and die; 
however, when transplanted in vivo these cells form slower growing but more invasive 
tumors. STAT3 activity, which is known to drive aggressive phenotypes in GBM, is 
upregulated after HDAC1 loss and may be a potential druggable compensatory 
pathway that may be targeted in combination with more selective HDAC1 inhibitors. 
Taken from: (Lo Cascio et al., 2021).  
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2.5 Discussion 

 
Considering the role of HDACs in oncogenesis, there has been an increased 

interest in testing HDACi for several malignancies, including both adult and pediatric 

gliomas (Bezecny 2014; Eckschlager et al. 2017). However, almost all HDACi used in 

clinical trials for primary and recurrent GBM to date were unable to provide significant 

therapeutic benefit to patients (Lee et al. 2017). These HDACi (e.g. TSA, Vorinostat, 

SAHA, Panobinostat) are broad-spectrum, have poor pharmacokinetic profiles as well as 

a narrow therapeutic index (Galanis et al. 2009; Hooker et al. 2010; Iwamoto et al. 2011; 

Bezecny 2014; Li and Seto 2016). Isoform-specificity for HDACi is important given that 

not all HDAC enzymes are equally expressed in GBM (Cancer Genome Atlas Research 

2008). Most of our knowledge on the presumed roles of HDACs in gliomas is largely 

based on pre-clinical studies with pan-HDACi, which preclude a true understanding of 

the requirement and role of individual HDACs in these tumors, especially within the 

therapy-resistant cancer stem cells (Bastola et al. 2020; Pak et al. 2019; Householder et 

al. 2018). To this end, we specifically investigated the functional importance of HDAC1 

in GSCs, an HDAC isoform whose expression increases with brain tumor grade and is 

correlated with decreased survival (Cancer Genome Atlas Research 2008; Madhavan et 

al. 2009) (Figure 2.1). Although several CRISPR-Cas9 screens conducted ohGSCs did 

not identify HDAC1 as an essential fitness gene governing GSC growth and survival 

(Toledo et al. 2015; MacLeod et al. 2019), recent studies corroborate our findings that 

HDAC1 is an attractive therapeutic target for GBM (Bastola et al. 2020; Song et al. 

2020). Bastola et al., identified HDAC inhibitors through a large-scale screen of small 

molecules that demonstrated increased efficacy in targeting glioma cells within the tumor 
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core versus the invasive edge (Bastola et al. 2020). They also identified HDAC1 as a 

regulator of CD109 expression, a marker of aggressive mesenchymal GBM cells. Song et 

al., focused on the role of NFAT2 and demonstrated that NFAT2 binds to the HDAC1 

promoter and regulates its expression to promote mesenchymal transformation of hGSCs 

(Song et al. 2020). Here, we demonstrate that genetic silencing of HDAC1 alone 

attenuates the tumorigenic and stemness potential of GSCs in a p53-dependent manner 

and significantly extends survival in PDX and mouse models of GBM in vivo. Our data 

provide a rationale for the development of isoform-specific HDAC inhibitors for the 

treatment of GBM. 

Although HDAC1 and HDAC2 have been shown to be functionally redundant in 

many cellular contexts because of their high sequence homology, several studies have 

demonstrated this is not the case during early embryogenesis and central nervous system 

development (Lagger et al. 2002; Dovey, Foster, and Cowley 2010; Hagelkruys et al. 

2014). For instance, targeted deletion of Hdac1 in mice results in embryonic lethality due 

to severe proliferation and differentiation defects during development (Jamaladdin et al. 

2014). On the contrary, in the developing brain, HDAC2 was identified as being both 

essential and sufficient to ensure normal brain development and survival in the absence 

of HDAC1 in Nestin-Cre transgenic mice (Hagelkruys et al. 2014). Here, we show that 

HDAC1 is required for the viability and proliferative potential of p53-WT GSCs, while 

p53-mutant GSCs, normal neural progenitor cells, and astrocytes were significantly but 

more modestly affected by HDAC1 silencing (Figure 2.3A). Given that we did not 

observe increased HDAC2 activity following HDAC1 knockdown, the severe phenotype 

exhibited by HDAC1-deficient GSCs reveals that HDAC1 and HDAC2 harbor previously 
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underappreciated, non-redundant functions in GBM. This is further highlighted by our 

observation that HDAC2 silencing does not affect the viability of p53-WT and p53-

mutant GSCs, and that HDAC1 displays significant compensatory upregulation in these 

cells when HDAC2 expression is silenced (Figure 2.6B-C).  With respect to the impact of 

HDAC1 silencing in normal cells (NHAs, ihNPCs), our results support previous studies 

that have shown that deletion of Hdac1 in mature astrocytes does not result in cellular 

catastrophe, and that HDAC2 is the essential class I deacetylase in neural progenitor cells 

in absence of its paralogue (Montgomery et al. 2009; Hagelkruys et al. 2014). We do see 

a significant increase in HDAC10 and HDAC11 in p53-mutant GSC lines and HDAC9 in 

NHAs, so it is likely that these HDACs may play a compensatory role in astrocytes and 

p53-mutant lines. 

Our findings suggest that HDAC1 function may be dispensable or irrelevant in a 

context where p53 is mutated in GSCs. Unlike p53-WT GSCs, we did not observe p53-

mediated cell growth arrest and apoptosis in p53-mutant cells after acute HDAC1 

silencing (Figure 2.3). Despite this, we found that HDAC1 knockdown still results in an 

average 40-30% loss in cell viability in p53-mutant GSCs. This phenomenon might be 

explained by previous studies that have shown that the presence of functional p53 can 

dictate the fate of various cancer cell lines in response to HDACi, wherein p53-WT cells 

preferentially undergo apoptosis while p53-deficient or mutant cells undergo autophagy 

(Mrakovcic and Frohlich 2018; Mrakovcic, Kleinheinz, and Frohlich 2019). Whether p53 

status dictates the induction of autophagy over apoptosis in the absence of specific 

HDAC isoforms (such as HDAC1) in GSCs remains an important question to be 

addressed in future studies.  
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Our results also yield new insights into the previously described molecular 

mechanism underlying the oppositional relationship between OLIG2 and p53 present in 

both neural progenitors and malignant glioma (Mehta et al. 2011). Olig2 has been shown 

to directly repress p21 and oppose p53 functions by suppressing its acetylation (thereby 

activation) and transcriptional functions (Ligon et al. 2007; Mehta et al. 2011). Here we 

show that HDAC1 knockdown in p53-WT GSCs results in downregulation of OLIG2, 

induction of p21 and increased p53 stabilization and acetylation (Figures 3G and 4B) as 

previously hypothesized by Meijer et al., (Meijer et al. 2014). Additionally, our 

observations are consistent with reports demonstrating that deacetylation of p53 is 

primarily mediated by HDAC1 and not HDAC2 in various non-glioma cell lines (e.g. 

293T, 3T3 cells) (Luo et al. 2000; Ito et al. 2002), and is indicative of the reversal of 

OLIG2-mediated suppression of p53 DNA targeting (Mehta et al. 2011). Acetylation has 

been shown to be important to promote increased protein stability and transcriptional 

functions of p53; however, we don’t exclude that there are several other possible 

mechanisms that can affect the regulation of p53 gene expression in the absence of 

HDAC1 (Ito et al. 2001). Previous studies have shown that certain RNA-binding proteins 

can control the kinetics of TP53 mRNA translation (Haronikova et al. 2019). However, 

since we did not observe increased transcription of TP53 mRNA in p53-WT GSCs after 

HDAC1 knockdown (Figure 2.5G), the observed increase in p53 target gene expression 

(e.g., p21) might be due to either increased stability of p53 protein and/or transcriptional 

activity of p53. In addition to acetylation, other post-translational modifications such as 

phosphorylation and methylation can also promote p53 stability by enhancing 
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interactions with acetyltransferases and blocking MDM2 association (Reed and Quelle 

2014; Chuikov et al. 2004).  

Knockdown of HDAC1 – a single HDAC isoform – is sufficient to prolong 

survival in vivo (Figure 2.9E-F). Intriguingly, although HDAC1-silenced p53-WT hGSCs 

fail to proliferate and die in vitro, these cells can form tumors in immunocompromised 

mice – albeit at a slower rate compared to controls (Figure 2.9A and Figure 2.10A-B). 

This strongly suggests that standard GSC in vitro culture conditions may lack the 

appropriate soluble factors and cellular interactions that are required for these cells to 

thrive in absence of HDAC1 activity or a persister population of cells survives HDAC1 

ablation in vivo (Liau et al. 2017). Our transcriptional regulatory network analysis (Figure 

2.11D) revealed that HDAC1 silencing in p53-WT GSCs results in the upregulation of 

multiple transcription factors that are associated with several hallmarks of cancer (e.g. 

tumor-promoting inflammation, evasion of apoptosis, tissue invasion and metastasis), 

which promote tumor growth and survival. The observation that shHDAC1-tumors are 

significantly more invasive at early stages of tumorigenesis thereby prompted us to 

investigate potential alternative mechanisms that are adopted by these cells to grow in the 

absence of HDAC1 (Figure 2.11E-F). Indeed, we found that ablation of HDAC1 

expression resulted in marked upregulation of a vast array of genes that have previously 

been implicated in promoting tumor cell survival, invasion and metastasis in gliomas and 

other cancers (e.g. TGFB2, ITGB5, CSF1, NRG1, NRP1, ICAM1, MET; Figure 2.13A) 

(Wick, Platten, and Weller 2001; Kesanakurti et al. 2013; Coniglio et al. 2012; Singh et 

al. 2017; Zhang et al. 2019; Hu et al. 2007; Zhao and Schachner 2013; Eckerich et al. 

2007). 
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We identified STAT3 signaling axis as a promising and druggable compensatory 

pathway that is upregulated after HDAC1 loss in p53-WT GSCs. STAT3 is an 

established master regulator of the mesenchymal gene expression signature in GBM, 

which imparts a highly aggressive, treatment-resistant phenotype that predicts poor 

clinical outcome (Carro et al. 2010; Masliantsev et al. 2018; Fedele et al. 2019). While 

we did not observe any evident shift towards the mesenchymal cell state in our cells 

(Figure 2.12), STAT3 is known to promote tumor survival, proliferation and is a major 

driver of glioma cell migration and invasion (de la Iglesia, Puram, and Bonni 2009). 

Moreover, HDAC1 has previously been implicated in regulating STAT3 

nucleocytoplasmic partitioning and activity, wherein HDAC1 expression was shown to 

reduce nuclear accumulation of STAT3 in commonly used cancer and non-tumorigenic 

cell lines (Ray et al. 2008; Ma et al. 2020; Icardi et al. 2012). Indeed, we observed 

nuclear translocation of STAT3 in p53-WT GSCs after HDAC1 knockdown (Figure 

2.13E). 

We found that in p53-mutant cells and p53-WT cells overexpressing a p53 

mutant, which were only modestly affected by HDAC1 silencing, pSTAT3 levels were 

already elevated at baseline and did not change after HDAC1 loss – this is in line with 

previous studies that have shown that cancer cell lines that harbor p53 mutations or 

deletions express constitutively active STAT3 (Figure 2.13C and Figure 2.14) (Lin, Tang, 

et al. 2002; Lin, Jin, et al. 2002; Wormann et al. 2016). These data highlight the 

importance of the HDAC1-STAT3 signaling axis, which has practical overtones for 

combination therapy in p53-WT GBMs. As seen in our RNA-seq data, knockdown of 

HDAC1 results in distinct changes in every cell line (p53-WT and mutant). Hence, future 
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studies are required to identify additional genetic markers beyond p53 that predict 

responsiveness to HDAC1 inhibition. Considering the plastic nature of glioma cells and 

transitions between cell states (Neftel et al. 2019), relying on molecular subtypes to 

identify HDACi-responsive tumors might not be a reliable approach.  

As seen from clinical trials with class I-specific HDACi such as Romidepsin 

(Iwamoto et al. 2011), it is unlikely that a monotherapeutic strategy with more isoform-

selective HDACi would result in a durable response in patients. Based on our data, we 

propose that combination therapies with brain-penetrant STAT3 inhibitors is a promising 

treatment strategy for p53-WT GBM tumors. Although preclinical studies with several 

HDACi have been shown to suppress growth in murine PDX models (Bastola et al. 2020; 

Pak et al. 2019) these inhibitors are either toxic at human-equivalent doses and/or have 

high plasma protein-binding (>96% for AR-42) (Cheng et al. 2016), which will hinder 

translating these findings to the clinic. A putative brain-available STAT3 inhibitor, 

WP1066 is currently under clinical trial (NCT01904123). Future combination studies 

with isoform-specific HDACi and STAT3 inhibitors that incorporate pharmacokinetic 

and pharmacodynamic (PK/PD) analysis in multiple PDX models will allow translation 

of these findings to the clinic.  

 In summary, our data has highlighted an unmet need for isoform-specific HDAC 

inhibitors in GBM and identified a potential druggable compensatory mechanism that can 

guide future combination studies. 
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CHAPTER 3 

PHARMACOKINETCS AND PHARMACODYNAMICS-BASED EVALUATION OF 

QUISINOSTAT IN PRECLINICAL MODELS OF GBM  

3.1 Introduction 
 

 HDAC inhibitors (HDACi) are a successful example of epigenetic therapy, with 

five inhibitors currently FDA-approved for the treatment of different hematological 

malignancies, and a growing number of agents are currently in different stages of clinical 

testing for a variety of cancers (Li and Seto 2016). The rationale underlying the use of 

HDACi as therapeutic agents is that they can reverse the global dysregulation of gene 

expression present in cancer cells by inducing hyperacetylation of histones and 

transcription factors (Jenke et al. 2021). Through mechanisms that are not entirely 

understood, HDACi treatment in transformed cells results in cell cycle arrest, autophagy, 

differentiation, and/or programmed cell death (Li and Seto 2016). Despite the excitement 

and promising preclinical results, to date the use of HDACi as either single agents or in 

combination with other modalities for the treatment of GBM have yielded predominantly 

disappointing results in the clinic (Chen et al. 2020).  

 Vorinostat (SAHA) was the first HDACi to be tested in clinical trials for patients 

with newly diagnosed GBM and it failed to meet its primary efficacy endpoint in a phase 

I/II clinical trial when combined with standard radiation therapy and temozolomide 

(NCT00731731) (Galanis et al. 2018). Romidepsin (FK228) and Panobinostat (LBH589) 

were also found to be ineffective in clinical trials for recurrent GBM (NCT01738646, 

NCT00859222) (Ghiaseddin et al. 2018; Lee, Reardon, et al. 2015).  Although 
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pharmacological inhibition of HDACs has not led to encouraging results in the realm of 

adult brain tumors, there are several important considerations to highlight when 

interpreting such negative clinical data. First, these HDACi have either poor or unknown 

pharmacokinetic profiles. Hence, a possible reason for the lack of efficacy of HDACi in 

GBM may be due to poor blood-brain-barrier penetration resulting in subtherapeutic 

intratumoral drug levels. Moreover, preclinical studies that employed these HDACi in 

animal models of GBM and other gliomas often resorted to direct intratumoral diffusion 

or convection-enhanced, rather than systemic, delivery methods to obtain a modest 

survival benefit. An additional caveat is that these inhibitors are broad-spectrum (pan-

HDACi): they non-selectively inhibit the activity of all 11 human HDAC isoforms 

(Bezecny 2014). Considering that HDACs retain essential functions for cell homeostasis 

across different tissues, pan-HDACi can be highly toxic to normal organ function – a 

notable example being the hydroxamic acid Panobinostat (Wood et al. 2018; Ibrahim et 

al. 2016; Eleutherakis-Papaiakovou et al. 2020). Thus, HDACi-induced toxicities 

significantly narrow the therapeutic window of these drugs for the treatment of GBM. 

However, it has been suggested that improved drug target selectivity typically leads to a 

superior safety profile, and this may hold true for HDACi as well (Ho, Chan, and 

Ganesan 2020; Su, Gong, and Liu 2021).  

 Isoform selectivity of HDACi is an important consideration given that not all 

HDAC enzymes are equally expressed in GBM, and that the specific roles of individual 

HDAC isoforms in these tumors are not well understood (Cancer Genome Atlas Research 

2008). We recently uncovered the functional importance of HDAC1 in GBM, an HDAC 

isoform whose expression increases with brain tumor grade and is correlated with 
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decreased survival (Lo Cascio et al. 2021). We found that HDAC1 function is essential 

for the survival of GSCs, and that its loss is not compensated for by its paralogue 

HDAC2 or other HDACs. Importantly, we demonstrated that loss of HDAC1 alone 

significantly prolonged survival in vivo – providing a rationale for the development of 

isoform-selective HDACi for the treatment of GBM (Lo Cascio et al. 2021).  

 While no HDAC1-selective agents are currently available, quisinostat (JNJ-

26481585) is a second-generation HDACi that is highly selective towards class I 

HDACs, and harbors marked potency towards HDAC1 (IC50: 0.1 nM) (Ho, Chan, and 

Ganesan 2020). Quisinostat has been shown to exhibit potent antitumor activity in 

preclinical models of different cancers and has been studied in phase I/II clinical trials for 

ovarian and hematological malignancies (Carol et al. 2014; Arts et al. 2009). Although 

quisinostat has been tested in several preclinical models of adult and pediatric brain 

tumors (GL261, SHH medulloblastoma, DIPG), these experiments suggested that 

quisinostat failed to provide significant treatment benefit as a monotherapy (Householder 

et al. 2018; Vitanza et al. 2021; Pak et al. 2019). However, these studies did not clearly 

establish whether quisinostat is a CNS-penetrant molecule, as indicated by lack of direct 

pharmacokinetic and pharmacodynamic data. Moreover, the effectiveness of quisinostat 

in orthotopic patient-derived xenograft models of GBM remains unknown. Considering 

our recent discovery that HDAC1 is the essential class I deacetylase in glioma stem cells, 

we sought to understand whether quisinostat may be a promising form of epigenetic 

therapy for the treatment of GBM. 

 In this chapter, we assessed the pharmacokinetic (PK), pharmacodynamic (PD) and 

radiation-sensitizing properties of quisinostat in preclinical models of human GBM. 
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quisinostat exhibited potent growth inhibition in multiple GSC lines, and induced histone 

hyperacetylation, elevated DNA damage, cell death and cell cycle arrest. We also unveil 

the PK profile for quisinostat in vivo and establish that it is a brain-penetrant molecule. 

Importantly, we demonstrate that while quisinostat monotherapy had a modest effect on 

tumor growth, combination treatment with radiation significantly extended survival in an 

orthotopic GBM model. Together, our results reveal that quisinostat is a potent 

radiosensitizer, providing a rationale for developing quisinostat as a combination therapy 

with radiation for the treatment of GBM.  

 

3.2 Methods 

 
3.2.1 Primary Cell Culture 
 
Patient-derived glioma stem cell lines (GSCs; GB187, GB239, GB282 and GB71 and 

GB126) were established from resected primary GBM tumor tissue at BNI. BT145 GSCs 

were obtained from Dr. Keith Ligon’s laboratory at the Dana-Farber Cancer Institute. All 

human GSCs were cultured as described previously. U87-MG cells (HTB-14) were 

purchased from the American Type Culture Collection (ATCC). GSCs were cultured as 

spheres on non-tissue culture-treated 10cm plates or as adherent cultures on laminin on 

tissue culture-treated 10 cm plates (ThermoFisher Scientific). GSCs were grown in 

DMEM/F12 media, supplemented with B27, N2 (Invitrogen, ThermoFisher Scientific) 

1% penicillin-streptomycin in the presence of 20 ng/ml epidermal growth factor (EGF) 

and basic fibroblast growth factor (bFGF) (MilliporeSigma). U87-MG cells were grown 

in DMEM (Corning) supplemented with 10% BCS (Invitrogen, Gibco, Thermo Fisher) 
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and 1% and 1% penicillin-streptomycin (Gibco) on tissue culture-treated 10 cm plates 

according to manufacturer recommendations. 

 

3.2.2 Cell Viability Assays After Quisinostat Treatment 
 
GSCs were seeded in laminin-coated tissue culture-treated 96-well plates (clear bottom, 

white plate; Corning) at a density of 1,000-5,000 cells per well (cell line dependent) in 

GSC media. U87-MG were seeded using their normal growth conditions without laminin 

(10% BCS in DMEM). All cells were incubated at 37°C and allowed to adhere overnight. 

The next day, cells were treated with incremental concentrations of quisinostat 

(Selleckchem; 0, 10, 25, 50, 100, 250, 500, 1000 nM) diluted in media. Cells treated 

without quisinostat were treated with DMSO diluted in media. Following treatment with 

quisinostat, cells were grown for 3-5 days (cell-line dependent) at which point cell 

viability was measured and quantified. All cell viability measurements were performed 

using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega) following the 

manufacturer’s instructions. All cell viability results represent the mean of at least 2 

biological replicates, each containing three technical replicates. 

 

3.2.3 Western Blotting 
 
Cellular protein from cultured cells were homogenized in RIPA lysis buffer containing 

protease and phosphatase inhibitors (ThermoFisher Scientific), rotated at 4 ̊C for 20 

minutes and then centrifuged at 15,000 rpm for 10 minutes at 4 ̊C. Protein concentration 

from whole-cell extracts were determined using the Bradford Protein Assay 

(ThermoFisher Scientific). Equal amounts of protein (10-40 μg/lane) were loaded onto a 
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10% or 12.5% SDS- PAGE gels and transferred to a polyvinylidene fluoride membrane 

(PVDF; Millipore-Sigma). 

 

Cellular protein from frozen tissue of non-tumor bearing mouse brains, tumor-bearing 

mouse brains and flank tumors were homogenized in a pre-chilled glass tissue grinder 

(VWR) with RIPA lysis buffer containing protease and phosphatase inhibitors 

(ThermoFisher Scientific). 500uL of RIPA buffer was used for 10 mg of tissue. Once 

homogenized, the tissue lysates were kept on ice for 30 minutes and vortexed every 10 

minutes. The samples were then centrifuged at 15,000 rpm for 10 minutes at 4 ̊C to 

collect the protein lysates.  

 

Membranes were blocked with 5% non-fat milk for 1 hour at room temperature and 

incubated overnight with primary antibody at 4 ̊C; Primary antibodies used in this study 

were mouse rabbit anti-OLIG2 (1:100,000, generous gift from the Stiles Lab, Dana-

Farber Cancer Institute, Boston), rabbit anti-p21 (1:500; Abcam, ab109520), rabbit anti-

gamma H2AX (phosphor Ser139; 1:1000, Abcam, ab11174), rabbit anti-H3K27ac (2 

μg/mL, Abcam, ab4729), rabbit anti-H3K9/14ac (1:1000, Cell Signaling Technologies, 

9677), rabbit anti-pErk1/2 (1:1000, Cell Signaling Technologies, 9101) and mouse anti- 

β-actin (1:1000, Bio-Rad, MCA5775GA). Membranes were probed with fluorophore-

conjugated anti- mouse or anti-rabbit secondary antibodies (1:10,000; ThermoFisher 

Scientific). Western blots were developed using the LI-COR Odyssey CLx imaging 

system (LI-COR Inc.) and quantitated using the Image Studio Lite software. All Western 

blots are representative images from a minimum of three biological replicates.  
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3.2.4 Immunocytochemistry 
 
Cells were grown as adherent cultures on laminin-coated glass coverslips (Thermo Fisher 

Scientific) in GSC media. 24 hours after plating the cells were treated with quisinostat or 

DMSO diluted in GSC media. 72 hours post-treatment, cells were and fixed with 4% 

paraformaldehyde (PFA) for 13 minutes at room temperature. Cells were washed with 

PBS and subsequently permeabilized and blocked with 5% normal goat serum (Sigma 

Aldrich) and 0.2% Triton X-100 in PBS (blocking solution) for 30 minutes at room 

temperature. The cells were incubated with primary antibodies overnight at 4°C in 

blocking solution. Primary antibodies used in this study included rabbit anti-Ki67 

(1:1000; Abcam, 15580), rabbit anti-Cleaved Caspase 3 (1:400; Cell Signaling 

Technologies, 9661), rabbit anti-gamma H2AX (phosphor Ser139; 1:1000, Abcam, 

ab11174), and mouse anti-human Nestin (1:500; Novus Biologicals, 10C2). The 

following day, the cells were washed with PBS three times, incubated with fluorophore-

conjugated secondary antibodies at 1:1,000 dilutions (Alexa Fluor 568 goat anti-mouse, 

Abcam, ab175473; Alexa Fluor 488 goat anti-rabbit, Abcam, ab150077) for 1 hour at 

room temperature, and finally washed in PBS three more times. Cells were mounted onto 

SuperFrost Plus microscope slides using Fluoroshield Mounting Medium containing 

DAPI (Abcam). Images were acquired using a confocal microscope (Leica 

Microsystems; TCS SP5) operated with LAS software. The fraction of Ki67- and 

Cleaved Caspase 3- positive cells were counted from five independent images from each 

condition. The average and standard deviation were calculated from three biological 

replicates for all control and Quisinostat-treated experiments. 
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3.2.5 In vitro irradiation studies 
 
For all in vitro radio-sensitization experiments involving treatment with ionizing 

irradiation (IR) using RS 2000 irradiator (Rad Source), GSCs were plated on laminin-

coated tissue culture-treated 96-well plates and incubated at 37°C overnight for 24 hours. 

The next day the cells were pre-treated with Quisinostat or an equivalent volume of 

DMSO for one hour and then subsequently irradiated with various doses of IR (cell-line 

dependent). Cell viability was measured as described above using the CellTiter-Glo® 

assay (Promega) 3-5 days after treatment. For experiments involving protein 

characterization of IR-treated cells preceded by treatment with Quisinostat, whole-cell 

lysates were collected 2, 6, 24, 48 and 72 hrs after irradiation. Radiation was delivered 

using a RS2000 Series Biological Irradiator (Rad Source Technologies). 

 

3.2.6 Flank Tumor Implantation 
 
For flank implantations, the cells were prepared in a 1:1 ratio with 50 uL Matrigel 

(Corning #356234) and 50 uL of a single cell suspension of U87 (500,000 cells) in a 1 

mL syringe fitted with a 26-gauge needle. The mice were anesthetized with isoflurane in 

a plastic desiccator placed in an externally vented fume hood. The U87-Matrigel cell 

suspension was then subcutaneously injected into the flank of the mouse on the 

posterior/lateral aspect of the lower rib cage. The mice were monitored daily and growth 

of flank tumor area was measured with a digital caliper (ThermoFisher) once a week. 

Mice were sacrificed once the tumor size grew over 2000 mm3 in size.  
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3.2.7 Orthotopic Xenograft Studies 
 
7-week old Foxn1nu nude male mice (The Jackson Laboratory) were used for in vivo 

orthotopic transplantation of luciferized GB126 (male) cells. Nude mice were 

anesthetized using gaseous isoflurane and immobilized on a Leica stereotaxic instrument 

(cat# 39477001, Leica Microsystems). Following an incision at the midline, a fine hole 

was drilled 2.5mm lateral to the bregma. Using a 33-guage needle syringe (700 series, 

Hamilton), 2 μl of dissociated viable cells (at a density of 50,000 cells/μl) were injected 2 

mm deep from the surface of the skull slowly at a constant rate of 1 μl per minute for 2 

minutes. The needle was left for 1 additional minute to prevent reflux of the injected cells 

and was then slowly removed. The incision was closed with surgical staples. All mice 

were observed daily and were sacrificed upon the onset of severe neurological symptoms 

and >10% body weight loss. Survival data was plotted and analyzed using GraphPad 

Prism 8 (GraphPad Software). 

 

3.2.8 Preparation of quisinostat for In Vivo Use 
 
For in vivo preparation, quisinostat was dissolved in 50% PEG-300, 50% sterile water 

solution for either 5 mg/kg or 10 mg/kg dosing. The suspension was then sonicated for 10 

minutes to allow the drug to completely dissolve. Finally, the pH or both the drug and 

vehicle solutions were adjusted to 7.4 prior to intraperitoneal dosing.  

 

3.2.9 Determination of optimal administration route for quisinostat in vivo  
 
Foxn1nu nude male mice (The Jackson Laboratory) were used to determine the drug 

administration route that would result in best quisinostat bioavailability. Three cohorts of 
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mice were treated with a single dose of 10 mg/kg quisinostat delivered through either 

intraperitoneal, subcutaneous or oral gavage routes (3 mice per cohort). Following 

administration of the single dose, approximately 50 uL of blood was drawn from the tip 

of the tails at the following timepoints: 0.5, 1, 2, 4, 6, 8 and 24 hours. The collected blood 

was centrifuged at 3,000 rpm for 10 minutes at 4°C to separate the plasma, which was 

subsequently flash frozen. At the 24-hour timepoint, following the last blood sample 

collection, the mice were sacrificed and the whole brains from each mouse were dissected 

and flash-frozen for subsequent analysis. 

 

3.2.10 In vivo irradiation studies 
 
Intracranial or flank tumor-bearing nude mice were sedated with gaseous isoflurane prior 

to irradiation. On the first week of treatment, 2 hours after treatment with Quisinostat or 

vehicle the mice were treated with either 2 or 4 Gy of ionizing radiation (depending on 

the study) on MWF for a total or either 12 or 6 Gy (3 doses). Ionizing radiation was 

administered with the RS2000 Series Biological Research Irradiator (Rad Source 

Technologies). 

  

3.2.11 Treatment of flank-implanted mice with Quisinostat and/or radiation 
 
Mice with implanted flank tumors were allowed to grow until the tumor size reached 100 

mm3 volume. Mice were randomized into groups before treatment and underwent 

treatment on MWF for the entire duration of the experiment until the tumor volumes 

exceeded 2000 mm3.  Treatment groups included vehicle (50% PEG-300), Quisinostat 

alone (5mg/kg or 10 mg/kg), flank IR treatment with vehicle (2 Gy or 4 Gy), and flank IR 
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treatment (2 or 4 Gy) with quisinostat (5 mg/kg or 10 mg/kg). For mice receiving IR 

treatment with or without quisinostat, mice were treated with IR on MWF for a total of 

12 or 6 Gy on the first week of treatment. Quisinostat was administered to mice through 

intraperitoneal injections two hours prior to flank tumor radiation treatment. Upon 

completion of the radiation regimen, IR-treated mice subsequently received quisinostat or 

vehicle alone for the rest of the experiment. Tumor growth and treatment response was 

monitored by manually measuring the tumor area once per week starting at 14 days post-

implantation. Upon reaching the 2000 mm3 tumor volume threshold, mice were sacrificed 

and processed for PD and PK analyses two hours after treatment with a final dose of 

quisinostat (5 mg/kg or 10 mg/kg). 

 

3.2.12 Treatment of intracranially-implanted mice with Quisinostat and/or radiation 
 
Mice with implanted tumors were allowed to grow until the tumor bioluminescence score 

reached 108 radiance (p/s/cm3/sr). Mice were randomized into groups before treatment. 

For survival studies, mice underwent treatment on MWF for the entire duration of the 

experiment until moribund. For mice receiving IR treatment with or without quisinostat, 

mice were treated with 2 Gy on MWF for a total of 6 Gy on the first week of treatment. 

Treatment groups included vehicle (50% PEG-3000), quisinostat (10mg/kg) alone, 6 Gy 

whole brain IR treatment with vehicle and 6 Gy whole brain IR treatment with 10 mg/kg 

quisinostat. Quisinostat was administered to mice through intraperitoneal injections two 

hours prior to whole-brain radiation treatment. Upon completion of the radiation regimen, 

IR-treated mice subsequently received quisinostat or vehicle alone for the rest of the 

experiment. Tumor growth and treatment response was monitored by IVIS 
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bioluminescence once per week. For survival studies, mice were sacrificed and processed 

for PD and PK analyses once moribund two hours after treatment with a final dose of 

quisinostat (10 mg/kg).  

 

For short-term PK / PD correlation studies, tumor-bearing mice were randomized into 

groups and underwent a single week of treatment with quisinostat (10mg/kg) on MWF. 

For mice receiving IR treatment with or without quisinostat, mice were treated with 2 Gy 

on MWF for a total of 6 Gy. Quisinostat was administered to mice through 

intraperitoneal injections two hours prior to whole-brain radiation treatment. On the third 

and last day of treatment, mice were sacrificed and processed for PD and PK analyses 3 

hours after administration of quisinostat or vehicle. For PD analyses, the mice were 

euthanized with isoflurane and the tumors were resected out of the brain and flash-frozen 

for subsequent analysis through western blotting and RNA-sequencing. Tissue from the 

hemisphere contralateral to the tumor was also collected as a normal brain / non-tumor 

reference sample. For PK analyses, the mice were anesthetized with isoflurane and at 

least 300	μL of blood was drawn from the right atrium of the heart. The blood was 

collected in tubes containing 1 μL of 0.1 M KOH to prevent XYZ. Blood samples were 

immediately centrifuged at 3,000 rpm for 10 minutes at 4°C to allow separation of 

plasma. After collection of the blood the tumor was dissected out of the brain and flash-

frozen. Both plasma and erythrocytes were flash-frozen for subsequent analysis.  
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3.2.13 Live Bioluminescence (IVIS) Imaging 
 
2 weeks post-implantation, the mice were examined for tumor growth by monitoring 

bioluminescence every 7 days using the IVIS Xenogen Spectrum platform. D-Luciferin 

Potassium Salt (Gold Biotechnology) was dissolved in PBS at a final concentration of 15 

mg/mL. All mice were weighed each week and were administered D-Luciferin via an 

intraperitoneal injection (10μl/g). 15 minutes after the injection, the mice were sedated 

using gaseous isoflurane (Piramal) and placed inside an IVIS Spectrum In Vivo Imaging 

System (Perkin Elmer) for bioluminescence imaging. The total flux (photons/second) 

within the region of interest (ROI) was calculated using the Living Image Software 4.5 

(Perkin Elmer). 

 

3.2.14 Immunofluorescence 
 
Immunofluorescence was performed on free-floating PDX brain tissue sections (40 μm 

sections). Sections were washed in 0.1 M phosphate buffer (PB) six times, followed (if 

required) by antigen retrieval in 10mM Citrate Buffer (pH 6.0) at 85°C for 30 minutes on 

a hot plate. Tissue sections were permeabilized and blocked with 10% goat serum and 

0.4% Triton X-100 in 0.1M PB for 2 hours at room temperature. To prevent unspecific 

staining, sections were further incubated with goat anti-mouse and goat anti-rabbit IgG 

(Jackson ImmunoResearch Laboratories Inc.; 1:50) in 0.1 M PB, 0.4% Triton X-100 for 

30 minutes at room temperature. Sections were then washed three times in 0.1M PB and 

then incubated in primary antibodies diluted in 2% goat serum and 0.4% Triton X-100 in 

0.1M PB overnight at 4°C. Following washes in 0.1M PB, incubation with secondary 

antibodies (Invitrogen; ThermoFisher Scientific) was performed for two hours at 4°C in 
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2% goat serum and 0.4% Triton X-100 in 0.1M PB. Nuclear counterstaining was 

achieved with DAPI (0.5 μg/mL). The following primary antibodies were used in this 

study: rabbit anti–Ki67 (1:150, Abcam), rabbit anti-cleaved caspase-3 (1:200, 

MilliporeSigma, 133-1); rabbit anti-HDAC1 (1:500, Abcam, 109411), rabbit anti-

H3K9/14ac (1:1000, Cell Signaling Technologies, 9677). Goat anti-mouse and anti-rabbit 

secondary antibodies were used at 1:1,000 dilutions (Invitrogen; ThermoFisher 

Scientific). For nuclear counterstaining, DAPI (1:1,000; Sigma-Aldrich) was used. 

Coverslips were mounted using ProLong Gold Antifade Mountant (ThermoFisher 

Scientific). 

 

3.2.15 Image Acquisition 
 
Analysis of immunostaining on PDX brain tissue sections or cultured GSCs were 

performed on confocal stacks (with a step size of 0.5-1.5 μm) acquired with a 20x water-

immersion objective on a laser-scanning confocal microscope (Leica Microsystems; TCS 

SP5) operated with LAS software. All images were processed using the ImageJ software 

(NIH).  

 

3.2.16 Statistical Analysis 
 
Data are presented as the mean ± SEM. If comparing two conditions or cell lines, 

significance was tested with unpaired two-tailed Student’s t-test. Significance of the 

differences between conditions or cell lines were tested by the two-way ANOVA with 

Bonferroni multiple comparison tests using GraphPad Prism 8 (GraphPad software). 

Survival studies were analyzed using the Kaplan-Meier method with the Mantel-Cox log-
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rank test (GraphPad software). Statistical significance was defined at * p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001. 

 

3.2.17 Bioanalytical LC-MS/MS Method  
 
Quisinostat concentrations in specimens were measured using reverse-phase liquid 

chromatography on the AB SCIEX QTRAP6500+ LC–MS/MS system by operating 

electrospray in the positive ion mode. For liquid chromatographic separation, gradient 

elution was performed using a Phenomenex Kinetex F5 100 Å column (100 × 2.1 mm, 

2.6 μm). The initial composition of the mobile phase was composed of 60% phase A (0.1% 

formic acid in water) and 40% phase B (0.1% formic acid in 1:1 acetonitrile:methanol) 

with a 0.35 ml/min flow rate. Gradient elution was achieved as follows: organic phase (B) 

was maintained at 30% from 0 to 0.3 minutes, increased to 95% from 0.3 to 0.8 minutes, 

maintained at 95% from 0.8 to 2.5 minutes, and lowered to 30% from 2.5 to 2.8 minutes. 

The total run time was 3.5 minutes. The internal standard used in this study was D8-

infigratinib. The retention times for quisinostat and D8-infigratinib were 1.6 and 1.8 

minutes, respectively. Mass-to-charge ratio (m/z) transitions were as follows: 395.20 → 

144.00 (quisinostat) and 568.08 → 321.00 (D8-infigratinib). LC-MS/MS analysis was 

performed using Analyst 1.7 Chromatographic Data System (Foster City, CA, USA).  

 

3.2.18 Calibration standards and quality control samples 
 
Stock solutions of quisinostat (1 mM) was prepared in acetonitrile. Stock solutions of D8-

infigratinib (250 µM) were prepared in acetonitrile. Working solutions for calibration curve 

standards and quality controls (QC) were prepared by dilutions with a 40% methanol 



   127 

mixture. The IS precipitation solution (10 nM) was prepared from the IS stock solutions 

by dilution with methanol. Calibration standards and batch qualifying QCs were freshly 

spiked for every batch. For sample analysis in human and mouse matrices, calibration 

standards were prepared in bulk by spiking appropriate amounts of working solutions into 

blank human plasma, used as a surrogate matrix due to the instability of quisinostat in 

mouse plasma. For sample analysis in neural stem cell (NSC) media and cell lysate, 

calibration standards were prepared in bulk by spiking appropriate amounts of working 

solutions into NSC media. QC samples were prepared in bulk by spiking appropriate 

amounts of working solutions into blank mouse plasma or cell media. Preparation of 

calibration standards and QC samples was performed at 4°C. Final concentrations range of 

the calibration standards were 1 – 1000 nM in human plasma or NSC media. Three QC 

levels, namely low (LQC), medium (MQC), and high (HQC), were used during all sample 

analyses. The concentrations of QC samples in various matrices were 3 nM (LQC), 22 nM 

(MQC), and 800 nM (HQC). All stock solutions and working solutions were stored at 4°C. 

 

3.2.19 Plasma sample preparation 
 
Frozen plasma samples were thawed at 4°C. An aliquot of 30 µL mouse plasma was 

transferred into a micro centrifuge tube followed by 30 µL of blank human plasma, and 

precipitation with 180 µL of IS-containing methanol precipitation solution. The mixture 

was vortex-mixed for 10 s and centrifuged at 12000 g at 4 °C for 10 min. A 100 µL aliquot 

of the supernatant was transferred to an autosampler vial and 5 µL was injected into the 

LC–MS/MS system for analysis. 
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3.2.20 Brain and brain tumor sample preparation 
 
Normal brain and brain tumor tissue homogenates were prepared by 1:4 (mass/volume) 

ratio with PBS. Samples were homogenized under 6.00 m/s speed for 40 seconds with three 

cycles by Bead Ruptor Elite homogenizer (Omni International, USA). Plasma was used as 

a surrogate matrix for brain/tumor homogenate. Brain homogenate samples from in vivo 

studies were prepared as described for plasma samples. Analyte and IS were extracted by 

protein precipitation with methanol containing IS. After centrifugation at 12000 rpm for 

10 minutes at 40C, 5 µL of supernatant was injected into LC–MS/MS system for analysis. 

 

3.2.21 Cell media and lysate sample preparation 
 
Cell media and lysates were thawed at room temperature. An aliquot of 20 µL of cell media 

or lysate was transferred into a micro centrifuge tube followed by protein precipitation with 

60 µL of IS-containing methanol precipitation solution. The mixture was vortex-mixed for 

10 s and centrifuged at 12000 g at 4 °C for 10 min. A 50 µL aliquot of the supernatant was 

transferred to an autosampler vial and 5 µL was injected into the LC–MS/MS system for 

analysis. 

 

3.2.22 Stability Study in Mouse Plasma, Mouse Brain, Human Plasma, Human Brain, 

and NSC Media 

 
The stability of quisinostat was determined in BALB/c mouse plasma, male nude athymic 

perfused and non-perfused mouse brain homogenate (1:9 w/v of PBS (pH 7.4)), human 

brain homogenate (1:4 w/v of PBS (pH 7.4)), pooled human plasma, and NSC media. 
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Quisinostat stock solutions (1mM) were prepared in acetonitrile, subsequently diluted in a 

40% methanol mixture, and added to the matrices to make final concentrations of 100 nM 

or 10 nM. 50 or 30 µL of either plasma or brain homogenate containing quisinostat were 

aliquoted into 1.5 mL microcentrifuge tubes (Eppendorf) and were incubated at 37°C for 

0, 2, 4, 6, 12, or 24 hours (N = 3 at each time point). Both plasma and brain homogenate 

samples were stored at −80°C until liquid chromatography–tandem mass spectrometry 

(LC-MS/MS) analysis. 

 

3.2.23 Study Approval 
 
The patient samples used for this research were provided by the Biobank Core Facility at 

St. Joseph’s Hospital and Medical Center and Barrow Neurological Institute (BNI). The 

samples were de-identified and conformed to the Biobank Institutional Review Board’s 

protocol. Animal husbandry was performed in accordance with the guidelines of the St. 

Joseph’s Hospital and Medical Center and Barrow Neurological Institute under the 

protocol approved by the Institutional Animal Care and Use Committee. 
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3.3 Results 

 
 
3.3.1 Quisinostat is effective against patient-derived GSCs  
 
 Our laboratory previously discovered that HDAC1 is the indispensable histone 

deacetylase that is required to sustain the survival and tumorigenic properties of human 

GSCs, providing a rationale for pharmacological targeting of this epigenetic regulator in 

GBM (Lo Cascio et al. 2021). While isoform-specific HDACi are not currently available, 

compounds that harbor enhanced selectivity profiles towards different HDAC isoforms 

have been identified over the past decades. One such HDACi, which harbors remarkable 

selectivity towards class I HDACs with a biochemical half maximal inhibitory 

concentration (IC50) of 0.1 nM for HDAC1, is the second-generation hydroxamic acid 

quisinostat (JNJ-26481585). Quisinostat has demonstrated in vitro efficacy across 

multiple human cell lines derived from aggressive pediatric brain tumors (diffuse 

intrinsic pontine glioma, sonic hedgehog medulloblastoma) (Vitanza et al. 2021; Pak et 

al. 2019). However, the potency and efficacy of quisinostat in patient-derived GSCs 

remain unknown. Considering the disappointing clinical results with pan-HDACi in 

GBM, we hypothesized that treatment with a brain-penetrant compound that exhibits 

higher specificity towards class I HDACs would be highly effective in slowing tumor 

growth in preclinical models of GBM. 

 To determine the cytotoxic effects of quisinostat, we performed a 72 hr – 5 day 

dose-titration cell viability assay in 6 patient-derived GSC lines (BT145, GB187, GB239, 

GB282, GB71, GB126) and one serum-grown human GBM cell line (U87). As GBMs 

display a high degree of intra-tumoral heterogeneity, we intentionally used primary and 
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recurrent GSC cultures that harbored distinct genetic mutations or aberrations, growth 

rates, MGMT promoter methylation status and gene expression profiles. We treated these 

patient-derived cultures with a range of concentrations of quisinostat (10-1000 nM) and 

observed a potent dose-dependent reduction in GSC cell viability across all cell lines 

(Figure 3.1 A-B). The cellular IC50 for all lines after treatment was in the low nanomolar 

range (50 – 100 nM), revealing that quisinostat reduced cell viability with much greater 

potency (< 1 µM) compared to other pan-HDACi (VPA, TSA, vorinostat, entinostat) that 

have been tested on GBM cells in previous studies (Kim, Shin, and Kim 2004; Van 

Nifterik et al. 2012; Chinnaiyan et al. 2008; Diss et al. 2014; Pont et al. 2015; Bangert et 

al. 2011). Statistical significance was observed across all models.  

 To assess the inhibitory properties of quisinostat on GSC cultures, we used 

immunofluorescence to measure expression of Ki67, a marker of cell proliferation, and 

cleaved caspase 3, a marker of apoptosis. We confirmed that treatment with quisinostat at 

the IC50 concentrations induced a significant dose-dependent inhibition in proliferation 

and an increase in programmed cell death after 72 hours in two different GSC lines 

(Figure 3.2 C-F). These results thereby indicate that exposure to Quisinostat has a 

cytotoxic effect on GSC cultures, confirming their vulnerability to more potent and 

selective pharmacological inhibition of class I HDACs.  

 

3.3.2 Quisinostat induces stable global changes in histone hyperacetylation  
 
 We next investigated the cellular effects of quisinostat on histone acetylation 

dynamics in GSCs. To do this, we treated two independent GSC lines (BT145 and 

GB126) with increasing concentrations of quisinostat (range: 10-100 nM) and harvested 
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whole cell protein lysates after a 24-hour period. Immunoblot analysis (Figure 3.1G-J) 

revealed a significant dose-dependent increase in histone H3 acetylation at lysines 9 and 

14 (H3K9/14ac), indicative of target engagement given that histone acetylation is 

primarily regulated by HDAC1 and HDAC2. We were also able to detect increasing 

amounts of total histone H3 protein upon treatment with quisinostat, indicative of 

chromatin loosening and decompaction resulting in greater antibody binding to histone 

H3. In agreement with the results shown in Figure 3.1C-F, we observed a dose-dependent 

increase in expression of p21 – tumor suppressor protein and a key negative regulator of 

the cell cycle (Figure 3.1G-J). These results suggest that Quisinostat induces global 

changes histone hyperacetylation, increases chromatin accessibility and promotes cell 

cycle arrest in GSCs.  
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Figure 3.1 Quisinostat exhibits low nanomolar efficacy against human glioma 
stem cell cultures. (A) Dose-response curves with Quisinostat (10-1000 nM). Cell 
viability was measured across 6 patient-derived GSCs and one serum-grown long-term 
glioma line (U87) 72 hours after treatment with Quisinostat. (B) Table illustrating the 
half maximal inhibitory concentration (IC50) of quisinostat for each cell line tested. (C-
D) Immunofluorescence staining of GSC lines BT145 (C) and GB126 (D) 72 hours 
after treatment with quisinostat at the IC50 concentrations. Control and drug-treated 
cells were stained for Ki67 and cleaved caspase-3 to assess cell proliferation and cell 
death respectively. (E-F) Quantification of Ki67-positive and cleaved caspase-3 
positive cells in BT145 (E) and GB126 72 hours after treatment with quisinostat (n=3). 
(G-H) Representative immunoblots showing dose-dependent increase in histone H3 
acetylation, total histone H3 and p21 in GSC lines BT145 (G) and GB126 (H) after 24-
hour treatment with quisinostat. (I-J) Quantification of normalized H3K9/14ac and p21 
protein levels in quisinostat-treated BT145 (I) and GB126 (J) GSCs relative to DMSO-
treated cells. QST = quisinostat. Error bars indicate SEM. * p < 0.05. Magnification, 
20x; scale bars, 2 μM. P values were determined using the unpaired 2-tailed t-test. 

 

3.3.3 Effects of quisinostat on cellular kinetics of histone acetylation in GSCs 
 
 To characterize the temporal drug-target kinetics of quisinostat, we performed cell 

washout experiments, wherein the phenotypic consequences of target engagement are 

analyzed over time after a drug is removed from cell-based system. Cell washout 

experiments are informative because they allow an assessment on the dynamics, 

reversibility and stability of drug-mediated HDAC inhibition over time. To investigate 

this, we treated two different GSC lines at their respective IC50 values for quisinostat (50 

nM for BT145 and 86 nM for GB126). In the no-drug washout experiments, quisinostat 

was not removed from the media and protein lysates were harvested at 2, 6, 24 and 72 

hours after treatment (left panels of Figures 3.2A-B). Immunoblotting revealed that 

quisinostat-induced histone H3 hyperacetylation, which increased over a 72-hour period 

after exposure to the drug (Figures 3.2 A-D). In the washout experiments, the cells were 

treated quisinostat for 2 hours, after which the media replaced with drug-free media and 

protein lysates were harvested at 2, 6, 24 and 72 hours after initial removal of the drug 
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(right panel of Figures 3.2 A-B). Interestingly, the results differed across the two cell 

lines. In BT145 (Figure 3.2A) the washout experiments demonstrated that quisinostat 

exhibited target engagement up to 6 hours after removal from the media. Although 

histone H3 acetylation levels were still significantly higher at 24 hours relative to 

untreated samples, they returned to baseline levels by 72 hours (Figure 3.2A and 3.2C). 

By contrast, in GB126 evidence of target engagement was observed to 72 hours after 

washout of quisinostat from the media. Unlike what we observed in BT145, upon drug 

washout histone H3 acetylation did not decrease over time and remained stable in the 

absence of the drug in the media (Figures 3.2B and 3.2D). These contrasting results may 

be due to differential expression of drug efflux pumps (ABC transporters) , which have 

been shown to be expressed in GSCs and contribute to drug resistance (Bozzato, 

Bastiancich, and Preat 2020). These results suggest that quisinostat-induced inhibition of 

class I HDAC activity is relatively stable and capable of inducing prolonged phenotypic 

responses in GSCs, even after short-term incubation with the drug. 

 To further understand the kinetics of drug-target engagement in the washout 

experiments, we harvested media and BT145 cells at each timepoint with or without 

removal of quisinostat. At each timepoint, we measured the intracellular levels of the 

drug as well as its concentrations in the media. We found that intracellular quisinostat 

levels increased over incubation the period, reaching equilibrium by 10 hours (blue line, 

Figure 3.2E). Meanwhile, the drug levels decreased in cell media over time, indicating 

the drug may not be very stable in GSC culture media (orange line, Figure 3.2E). By 

contrast, in the washout experiments minimal quisinostat levels were measured in cells 

after removal of the drug at all time points (blue line, Figure 3.2F). The latter finding 



   136 

correlates with observed pharmacodynamic results observed in BT145, wherein drug 

washout resulted in the reversal of quisinostat-induced histone H3 hyperacetylation 

(Figure 3.2F).  
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Figure 3.2 Target engagement analysis of quisinostat in vitro. (A-B) Representative 
immunoblot showing evidence of cellular target engagement over time (2-72 hours) 
after incubation with IC50 concentrations of quisinostat in BT145 (A) and GB126 (B). 
A drug washout time course (right) was performed 2 hours after incubation with 
Quisinostat in BT145 (A) and GB126 (B) to monitor the levels of histone H3 
acetylation after removal of Quisinostat in the media over the course of 72 hours. (C-
D) Quantification of the levels of histone H3 acetylation (H3K9/14) after treatment 
with quisinostat over time, without (left) and with washout (right) of the drug. Protein 
expression was normalized to DMSO-treated controls. (E) Levels of intracellular 
quisinostat (nM) without washout of the drug in BT145 24 hours after treatment. (F) 
Levels of quisinostat (nM/L) in the media (nM) after washout of the drug in the cell 
line BT145 72 hours after treatment. QST = quisinostat. For each cell line, the data are 
compiled from at least three independent experiments. Error bars indicate SEM.  
 

 

3.3.4 Quisinostat induces sustained levels of DNA damage 
 

Previous studies have demonstrated that several HDACi can act as DNA-damaging 

agents in malignant cells (Munshi et al. 2005; Gaymes et al. 2006; Lee et al. 2010). 

Although the exact mechanisms underlying this phenomenon remain unclear, there is 

evidence that HDACi down-regulate the expression of DNA repair proteins or may 

themselves indirectly induce DNA damage through increased levels of oxidative stress 

via the generation of reactive oxygen species (Lee et al. 2010; Ruefli et al. 2001; Rosato 

et al. 2008; Ungerstedt et al. 2005; Robert and Rassool 2012). To test whether quisinostat 

could induce DNA damage in our cultures, we treated two independent GSC lines with 

quisinostat at their IC50 concentrations and analyzed the levels of variant histone H2AX 

phosphorylation (γH2AX), an established marker of DNA double-strand breaks (DSB), 

over the course of 72 hours (Rogakou et al. 1998). Immunoblotting analysis revealed that 

quisinostat induced the accumulation of γH2AX in both cell lines (left panels, Figures 

3.3A-B). In BT145, γH2AX levels were highest at 72 hours post-treatment, while in 

GB126 γH2AX peaked within 24 hours of treatment but persisted up to 72 hours (Figure 
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3.3 A-B, C-D). To determine whether the incurred DNA damage persisted after short-

term exposure to quisinostat, we performed washout experiments 2 hours after treatment 

with the drug at the same concentrations (right panels, Figures 3.3A-B). In agreement 

with the target engagement analysis conducted previously (Figures 3.2A-D), we found 

that γH2AX levels did not accumulate in BT145 but increased and remained stable over 

time in GB126 after washout of quisinostat from the cell media. These results suggest 

that prolonged drug-target engagement is necessary for quisinostat to induce DNA DSBs 

in GSCs (Figure 3.3 A-B). We additionally employed immunofluorescence staining to 

confirm the accumulation of γH2AX foci in both cell lines 72 hours after treatment with 

Quisinostat (Figure 3.3 E-F). Considering that DSBs result in the recruitment of HDAC1 

and HDAC2 to sites of DNA damage to stimulate non-homologous end joining (NHEJ), 

it is likely that quisinostat is not only inducing DNA damage, but also perturbing a major 

DSB repair pathway through direct inhibition of HDAC1 and HDAC2 activity in GSCs 

(Miller et al. 2010). To the best of our knowledge, this is the first report that indicates that 

quisinostat can act as a potent DNA-damaging agent in cancer cells in vitro.  

 

3.3.5 Quisinostat treatment sensitizes glioma stem cells to ionizing radiation in vitro   
 
 In addition to their use as single-modality anticancer agents, there is preclinical 

evidence that HDACi may be effective in enhancing radiosensitivity of tumor cells when 

combined with radiation therapy (Camphausen et al. 2004; Miller et al. 2010; Munshi et 

al. 2005; Zhang et al. 2009; Groselj et al. 2013). We hypothesized that the accumulation 

of DNA damage induced by quisinostat in combination with radiation treatment may 

synergistically reduce GSC viability. To examine this, we treated two cell lines (BT145 
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and GB126) with increasing nanomolar doses of quisinostat (10-1000 nM) and increasing 

doses of ionizing radiation (cell-line dependent) (Figure 3.3 G-H). We then analyzed our 

combinatorial dose-response cell viability data using SynergyFinder, an application that 

assigns synergy scores using various major reference models (Zheng et al. 2022). 

Synergy scores greater than 10 indicate the interaction between two treatments is likely 

synergistic, while a score between 10 and -10 denotes an additive effect. Across both cell 

lines, combination treatment resulted in greater cytotoxicity compared to independent 

treatment with quisinostat or radiation. Interestingly, the zero interaction potency (ZIP) 

model synergy matrix indicated that the greatest synergy was attained when combining 

the lowest doses of quisinostat (10-25 nM) with the higher doses of ionizing radiation 

(Figure 3.3 I-J). Together, these data demonstrate that low nanomolar doses of quisinostat 

can enhance sensitivity of human GBM cells to radiation treatment.  
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Figure 3.3 Quisinostat synergizes with radiation to sensitize glioma stem cells. (A-
B) Representative immunoblots demonstrating that Quisinostat treatment in (A) BT145 
and (B) GB126 results in accumulation of γH2AX over time (left) and with drug 
washout (right). (C-D) Quantification of γH2AX protein expression levels after 
quisinostat treatment over time in (C) BT145 and (D) GB126. Protein levels are 
normalized to DMSO-treated cells. (E-F) Immunofluorescence staining of BT145 (E) 
and GB126 (F) showing an increase in γH2AX foci 72 hours after treatment with 
quisinostat but not DMSO-treated cells. (G-H) Dose response curves combining 
quisinostat and ionizing radiation treatment in BT145 (G) and GB126. (I-J) Matrices 
illustrating the synergy scores obtained using the zero interaction potency (ZIP) 
reference model when combining quisinostat with increasing doses of radiation in (I) 
BT145 and (J) GB126. QST = quisinostat. For each cell line, the data are compiled 
from at least three independent experiments. Magnification, 63x; scale bars, 2 μM.  

 

 

3.3.6 Determination of optimal route of administration for quisinostat in vivo 
 
 Bioavailability is defined as the fraction of the total drug dose that reaches systemic 

circulation. Importantly, different administration routes harbor unique capabilities to 

facilitate a certain drug concentration in plasma for a certain length of time (Price and 

Patel 2022). Considering that the efficacy of quisinostat in preclinical models of brain 

tumors remains controversial, we first sought to compare how different routes of 

administration would impact the rate and extent of bioavailability of quisinostat. We 

compared three routes of administration to determine which would yield the highest 

plasma exposure for quisinostat over time. To do this, we treated athymic nude mice with 

a single dose of quisinostat (10 mg/kg) through either intraperitoneal, subcutaneous or 

oral delivery and collected blood at 0.5, 1, 2, 4, 6, 8 and 24 hours post-dosing from 

individual mice for PK analysis. LC/MS analysis revealed that regardless of 

administration route, quisinostat was practically systemically cleared within 24 hours of 

dosing (Figure 3.4 A). Intraperitoneal and subcutaneous injections of quisinostat resulted 
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in significantly higher plasma exposure over time compared to oral delivery (Figure 3.4 

B), as oral bioavailability of quisinostat was found to be below 10% in mice. 

Our results suggest that drug plasma concentrations through intraperitoneal and 

subcutaneous dosing were comparable and are therefore the optimal routes of 

administration to maximize the bioavailability of quisinostat in athymic nude mice.  

 

 

Figure 3.4 Determination of optimal route of administration for quisinostat in 
vivo. Athymic nude mice were treated with a single dose of quisinostat (10 mg/kg) 
through either intraperitoneal (IP), subcutaneous (SC) or oral gavage (OG). Blood 
samples were collected at 0.5, 1, 2, 4, 6, 8 and 24 hours post-dosing and analyzed by 
LC-MS/MS. (A) Plasma concentration-time curved for quisinostat administered 
through various routes. (B) The area under the curve (AUC, h×nM) are calculated for 
each route to illustrate plasma quisinostat exposure. QST = quisinostat. 
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3.3.7 Pharmacodynamics and pharmacokinetics of quisinostat in an orthotopic patient-

derived xenograft model of diffuse GBM 

 
 We next investigated whether long-term treatment with quisinostat would affect 

tumor growth in a PDX model of GBM. Our aim was to determine whether treatment 

would result in a significant survival benefit relative to vehicle-treated mice, coupled 

with PK and PD analyses of quisinostat. To do this, we transplanted a GSC cell line 

(BT145) that grows diffusely with minimal blood-brain barrier disruption into the brains 

of immunocompromised mice. Upon exponential growth of the tumor, which was 

determined through bioluminescence imaging, mice were treated with quisinostat (10 

mg/kg) through subcutaneous injection on a Monday-Wednesday-Friday (MWF) 

schedule. We originally chose to administer the drug subcutaneously rather than 

intraperitoneally due to its less invasive nature. However, severe ulcers developed at the 

injection site and dramatic weight loss (10-15%) in most quisinostat-treated mice (Figure 

3.5 A) after administration of first two doses subcutaneously. Due to these unexpected 

adverse events in the early stages of treatment, the delivery route was changed to 

intraperitoneal injections and halved the dose of quisinostat to 5 mg/kg on the third day 

of treatment. Administration of quisinostat at this dose lower was relatively well-tolerated 

(Figure 3.5 A). Individual mice would be given a “drug holiday” on a treatment day if 

their weight dropped more than 15% in one week, and treatment resumed once the mice 

recovered their weight. Weekly monitoring of tumor growth through bioluminescence 

imaging revealed that quisinostat treatment did not reduce tumor burden compared to 



   145 

vehicle-treated mice, and overall quisinostat failed to significantly prolong survival 

(Figure 3.5 B-C).  

 We also performed PK analyses in a cohort of animals that received a total of 10 

doses of the drug and determined the total and unbound fraction of drug in the plasma 

and tumors of quisinostat-treated mice. Blood and brains were harvested 2 hours post-

dosing on the 10th treatment day. Non-tumor bearing mice treated with quisinostat for the 

same amount of time served as a baseline reference to understand if the drug accumulated 

in the tumor cells relative to normal brain tissue. As shown in Figure 3.5 D, the 

pharmacologically active (unbound) levels of quisinostat in the brains of tumor and non-

tumor bearing mice were not significantly different and were lower than the biochemical 

IC50 for HDAC1 (0.1 nM). Immunohistochemical analyses of tumors of quisinostat-

treated mice demonstrated that there was no significant increase in the levels of histone 

H3 acetylation, cell death and no effect on cell proliferation compared to vehicle-treated 

mice (Figure 3.5 E-I). These PK and PD results suggest that that quisinostat fails to cross 

the blood-brain-barrier and prolong survival of PDX mice when delivered at a dose of 5 

mg/kg in the regimen described above.   
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Figure 3.5 Quisinostat dosed at 5 mg/kg is ineffective at slowing tumor growth in 
a patient-derived xenograft model of GBM. (A) Weights of individual mice treated 
with quisinostat throughout the study. The red arrow indicates the significant drop in 
weight observed in all mice (n=9) after two doses of 10 mg/kg quisinostat delivered 
through subcutaneous injection. Dosing was subsequently changed to 5 mg/kg 
delivered through intraperitoneal injection, which was well tolerated. (B) Average 
photon flux (p/s) as measured by live bioluminescence imaging of vehicle-treated and 
quisinostat-treated cohorts over time (n=10 and n=9 respectively). Red arrow indicates 
start of treatment. (C) Kaplan-Meier survival analysis of vehicle-treated and 
quisinostat-treated mice. (D) Table showing the total and unbound levels of quisinostat 
present in plasma and brain of vehicle-treated and quisinostat-treated mice (tumor-
bearing and non-tumor bearing). (E-F) Immunostaining for Ki67 (E) and cleaved 
caspase-3 (F) in BT145 brain tumor tissue in vehicle-treated and quisinostat-treated 
mice. (G-H) Quantification of human (G) Ki67-positive and (H) cleaved caspase-3-
positive cells in control-treated and quisinostat-treated brain tumors (n=3 per cohort). 
(I) Representative immunostaining for H3K9/14ac in vehicle-treated and quisinostat-
treated brain tumor tissue. QST = quisinostat. Error bars indicate SEM. n.s., not 
significant Magnification, 20x; scale bars, 100 μM. P values were calculated using 
unpaired 2-tailed t-test and Kaplan-Meier method with the Mantel-Cox log-rank test. 

 

 

3.3.8 Quisinostat inhibits tumor growth in a flank model of human GBM 
 
 To evaluate on-tumor efficacy in the absence of the blood-brain-barrier, we treated 

athymic mice bearing U87-derived flank tumors with quisinostat. Quisinostat was dosed 

at 5 mg/kg intraperitoneally on a MWF schedule until the average tumor volumes 

reached 2000 mm3. As shown in Figure 3.6 A, we found that quisinostat did not affect 

tumor growth compared to the vehicle-treated cohort. However, immunoblot analysis of 

tumor tissue from individual mice revealed that quisinostat increased histone H3 

acetylation. These results suggested that while quisinostat penetrated the flank tumor 

when dosed at 5 mg/kg, this dose was not cytotoxic and hence not affecting tumor cell 

proliferation.   
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 In our previous orthotopic study, we had to half the original intended dose (10 

mg/kg) of quisinostat due to unexpected toxicity when delivered subcutaneously. 

However, several studies have shown that athymic mice administered with quisinostat 

intraperitoneally at 10 mg/kg exhibited acceptable levels of weight loss (less than 10%) 

(Pak et al. 2019; Vitanza et al. 2021; Torres et al. 2016). Hence, we wanted to examine 

whether 10 mg/kg quisinostat, in addition to treatment with ionizing radiation, would be 

effective in slowing tumor growth in the flank model of GBM described above. Tumor-

bearing mice receiving radiation were treated with 2 Gy fractions on MWF 2 hours after 

dosing with either vehicle solution or quisinostat, for a total dose of 6 Gy. Following 

completion of the radiation treatment, mice continued to receive vehicle or quisinostat 

until the tumors reached the maximum volume threshold (Figure 3.6B). We found that 

quisinostat, even when combined with radiation, was well-tolerated throughout the 

entirety of the treatment study when dosed at 10 mg/kg intraperitoneally MWF (Figure 

3.6 C-D). Unlike the 5 mg/kg dosing regimen, we found that 10 mg/kg quisinostat 

significantly reduced tumor volume compared to vehicle-treated mice (Figure 3.6 B). 

Combination treatment was more effective in reducing tumor growth than either 

quisinostat or radiation therapy alone, the average tumor volume being ~ 4.5 fold smaller 

than tumors from control mice at the end of the study (Figure 3.6 B).   

 PK analyses of quisinostat- and combination-treated mice demonstrated that 

average total quisinostat concentrations were more than 10-fold higher in the tumors 

(~433 nM) than in the plasma samples (~300 nM) (Figure 3.6 E). There was no 

significant difference in the total levels of quisinostat between monotherapy and 

combination cohorts (Figure 3.6E). We also confirmed through immunoblotting that 
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histone H3 acetylation at serines 9, 14, and 27 was significantly increased in mice treated 

with quisinostat alone or with radiation (Figure 3.6F). Moreover, we observed that all 

quisinostat-treated tumors exhibited high levels of γH2AX expression – indicative of the 

presence of double stranded DNA breaks – relative to vehicle-treated controls. These 

results suggest that 10 mg/kg dosing of quisinostat is effective in reducing tumor burden, 

induces the intended PD effects and corroborate our previous in vitro findings that 

quisinostat acts as a potent DNA-damaging agent.  
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Figure 3.6 Quisinostat dosed at 10 mg/kg is effective in slowing tumor growth in a 
flank model of human GBM. (A) Weekly volume measurements of flank tumors 
from mice treated with vehicle or 5 mg/kg quisinostat (n=10 in each cohort). (B) 
Weekly volume measurements of flank tumors from mice treated with vehicle, 10 
mg/kg quisinostat, radiation alone (6 Gy) or combination treatment (6 Gy and 10 
mg/kg quisinostat) (n=10 in each cohort). (C-D) Weights of individual mice treated 
with quisinostat (dosed at 10 mg/kg) (C) or combination therapy (D) throughout the 
entire duration of the study. (E) Total levels of quisinostat in plasma and flank tumors 
of quisinostat- and combination-treated mice (n=4-5 per cohort). (F) Immunoblotting 
of protein lysates derived homogenized flank tumors from each cohort (n=3 per group). 
Membranes were probed for H3K9/14ac, H3K27ac, γH2AX and B-actin. QST = 
quisinostat. Error bars indicate SEM.  * p < 0.05, ** p < 0.01, n.s., not significant. P 
values were calculated using unpaired 2-tailed t-test.  

 

 

3.3.9 Pharmacokinetics and pharmacodynamics of quisinostat in the normal central 

nervous system 

 
 Considering that we found that 10 mg/kg dosing of quisinostat dosed was well-

tolerated in mice when administered intraperitoneally, we wanted to determine its 

pharmacokinetic profile in the normal central nervous system (CNS). To do this, we 

treated a cohort of athymic nude mice with 10 mg/kg quisinostat on a MWF schedule for 

two weeks. On the last day of treatment, we sacrificed the mice 2 hours after dosing with 

quisinostat and harvested blood and intact brains (Figure 3.7A). Each brain hemisphere 

was processed separately to enable us to perform matched PK and PD analyses from the 

same animal. We found that the average levels of unbound, pharmacologically active 

quisinostat in the brain (~ 1.7 nM) was over 10 times higher the biochemical IC50 for 

HDAC1 (0.1 nM) (Figure 3.7B). For PD analyses, we exploited the fact that HDACi such 

as quisinostat can repress the activity of class I HDACs in non-malignant cells in normal 

tissues. We homogenized entire hemispheres to obtain whole tissue protein lysates from 
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each mouse and assessed changes histone H3 acetylation levels using immunoblotting. 

We confirmed that relative to vehicle-treated animals, the levels of H3K9/14 acetylation 

were significantly increased in the normal brain tissue of six quisinostat-treated mice 

(Figure 3.7C). Our results therefore reveal that quisinostat is a brain-penetrant HDACi 

that exhibits clear on-target pharmacodynamic activity in normal CNS cells. We also 

established a direct correlation between PK and PD modulation in vivo, demonstrating 

that the free unbound levels (~1.7 nM) of quisinostat in the brain can induce substantial 

histone H3 hyperacetylation.   
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Figure 3.7 Quisinostat PK-PD correlation study in the normal CNS. (A) Schematic 
illustrating the design of the treatment study in non-tumor bearing athymic nude mice. 
(B) Total (blue) and unbound (orange) levels of quisinostat in normal brain tissue in 
quisinostat-treated mice (n=6 per cohort). (C) Immunoblotting of protein lysates 
derived homogenized brains from each cohort (n=3 for vehicle cohort, n=6 for 
quisinostat cohort). Membranes were probed for H3K9/14ac and B-actin. QST = 
quisinostat. Error bars indicate SEM.  
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3.3.10 Quisinostat is a potent radio-sensitizer in an orthotopic patient-derived xenograft 

model of GBM 

 
 We next questioned whether treatment with 10 mg/kg Quisinostat could extend 

survival when added to radiation in an orthotopic PDX model of GBM. Athymic nude 

mice implanted with the human GSC line GB126 began treatment once the tumors started 

growing exponentially. Tumor-bearing mice were treated with quisinostat, dosed at 10 

mg/kg, with or without radiation on a MWF schedule. As described previously, ionizing 

radiation was delivered locally to the brain in 2 Gy fractions 2 hours after being dosed 

with vehicle solution or quisinostat, for a cumulative delivery of 6 Gy. Following 

completion of the radiation regimen, mice continued to receive quisinostat at 10 mg/kg 

on MWF until the end of the study, as determined by large tumor burden and onset of 

neurological symptoms (Figure 3.8A). Weekly monitoring of tumor growth using 

bioluminescence imaging demonstrated that monotherapy or combination therapy with 

quisinostat significantly reduced tumor burden compared to vehicle or radiation-only 

controls. While quisinostat monotherapy significantly slowed tumor growth, it only 

resulted in a modest average increase in survival (4 days, p < 0.01) relative to vehicle-

treated mice (Figure 3.8B). However, combining quisinostat with radiation treatment led 

to a substantial increase in median survival compared to vehicle and radiation-

monotherapy cohorts (37 days and 20 days, respectively, p < 0.0001 for both). If the 

survival benefit resulting from combination therapy were a mere additive effect of the 

two treatment modalities, the median survival compared to vehicle controls would have 

been of 21 days instead of 37 days. These data suggest that while quisinostat treatment 
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alone is not sufficient to produce a therapeutic benefit, combinatorial treatment with 

fractioned doses of radiation unveils that quisinostat acts a potent radiosensitizer that 

significantly prolongs survival in an orthotopic PDX model of human GBM.  

 All the mice in each cohort utilized in the survival study described above were 

utilized for end-point PK and PD analyses once moribund. Plasma and tumor were 

harvested 3 hours after dosing with 10 mg/kg quisinostat, allowing for a direct 

comparison of long-term treatment with the PK/PD data collected from acute (1 week) 

treatment with quisinostat or combination therapy. As shown in Figure 3.8C, PK analyses 

revealed that unbound quisinostat accumulated in the tumor (average ~71.4 nM) and 

peritumoral brain tissue (average ~3.4 nM) over time. There were no significant 

differences in total or unbound drug concentrations in tumor or brain tissue between the 

monotherapy or combination therapy cohorts. Immunoblot analysis of resected tumor 

samples confirmed that quisinostat induced histone H3 hyperacetylation in the bulk 

tumor compared to the untreated animals, consistent with an in vivo on-target effect 

(Figure 3.8 D). Our results establish that quisinostat is a brain-penetrant drug that 

accumulates in both normal brain and tumor tissue.   
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Figure 3.8 Quisinostat functions as a potent radiosensitizer in a patient-derived 
xenograft model of GBM.  (A) Schematic illustrating the design of the treatment 
study in an orthotopic PDX model of GBM. (B) Kaplan-Meier survival analysis of 
vehicle-, quisinostat- (10 mg/kg), radiation- (6 Gy) or combination-treated (6 Gy total 
radiation and 10 mg/kg quisinostat) mice. (C) Total (left) and unbound (right) levels of 
quisinostat in tumor tissue and brain tissue contralateral to the tumor in Quisinostat and 
combination-treated mice (n=4-5 per cohort). (D) Immunoblotting of protein lysates 
derived homogenized brain tumors from each cohort (n=3-4 per group). Membranes 
were probed for H3K9/14ac and B-actin. Normalized levels of H3K9/14ac protein in 
all cohorts are shown to the right. QST = quisinostat. Error bars indicate SEM. * p < 
0.05, ** p < 0.01, *** p < 0.001, n.s., not significant P values were calculated using 
unpaired 2-tailed t-test and Kaplan-Meier method with the Mantel-Cox log-rank test. 

 

3.3.11 Inter-species differences in the stability of Quisinostat  
 
  The stability of quisinostat in mouse plasma and brain homogenate was determined 

to ensure no degradation occurs during the sample preparation and equilibrium dialysis at 

37 °C. The drug exhibited significant instability in mouse plasma during a 24-hour 

incubation time with half-life of ~1 hour (Figure 3.9A). Quisinostat also slowly degraded 

in mouse brain homogenate (Figure 3.9B). However, the process was significantly 

inhibited when mice were perfused prior to brain collection. The latter indicates that 

quisinostat instability in the brain is most likely related to the enzymes present in the 

mouse plasma. This observation is in correlation with previously published data on 

instability of hydroxamic acids in rat plasma due to presence of various esterases 

(Hermant et al. 2017). The degradation of quisinostat can be significantly inhibited if the 

plasma and brain samples are stored in refrigerator at 4 °C (Figure 3.9C). The sample 

preparation was therefore performed on ice-cold bath to avoid quisinostat degradation. 

Interestingly, the drug was completely stable in human plasma and brain homogenate at 

37 °C (Figure 3.9 D-E). The stability is probably due to the absence of esterases in 

human matrixes responsible for degradation of hydroxamic acids. Since we employed 
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quisinostat for numerous in vitro studies, the stability of the molecule was tested also in 

the cell media used to culture GSCs (see section 3.2 for method details). We demonstrate 

that ~70% of quisinostat stays intact in the cell media over a 24-hour incubation period at 

37 °C (Figure 3.9E). These results are in line with the data obtained in the cellular 

accumulation experiments shown in Figures 3.2E-F. 

 

 

Figure 3.9  Inter-species differences in the stability of quisinostat in plasma and 

brain. (A-C) Stability of quisinostat (10 nM and 100 nM) in mouse plasma (A) and 
brain (B) homogeneate (1/7 w/v in PBS) was prepared from perfused or non-perfused 
mouse brains) at 2, 4, 6, 12 and 24 h at 37°C and (C) 4°C. (D-E) Stability of quisinostat 
(10 nM and 100 nM) in human plasma (D) and brain (E) (homogeneate (1/7 w/v in 
PBS)) at 2, 6, and 24 h at 37°C. (F) Stability of quisinostat (10 nM and 100 nM) in 
GSC media at 2, 6, and 24 h at 37°C. Values are the mean of triplicate measurements 
and error bars represent the SEM from those measurements. QST = quisinostat. 
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3.4 Discussion 
 

 Little progress has been made in extending life of adults with GBM over the past 

four decades. As reviewed in Chapter 1, since the late 1970s the FDA has only approved 

four drugs and one device for the treatment of high-grade gliomas. These include three 

alkylating agents (lomustine, carmustine, TMZ), bevacizumab and tumor treating fields 

(TTfields). Most of these treatments are approved for the treatment of recurrent high-

grade gliomas, for which there is no established standard-of-care. Lomustine and 

carmustine were approved by the FDA for the treatment of GBM in the late 1970s and 

result in an average overall survival of 11.5-11.75 months (Hochberg et al. 1979; Walker 

et al. 1978). TMZ is administered with radiation therapy after surgical resection of the 

tumor and comprises the current standard-of-care, which results in overall survival of 

approximately 14.6-16.1 months (Stupp et al. 2005). Bevacizumab – a targeted 

therapeutic antibody against VEGF – is used to alleviate symptomatic edema and 

radiation necrosis in recurrent GBM but does not improve overall survival (Cohen et al. 

2009). TTfields deliver low-intensity, intermediate frequency alternating electric fields 

that disrupt mitosis in tumor cells (Fisher and Adamson 2021). TTfields were found to 

significantly improve overall survival in primary and recurrent GBM patients when 

administered concurrently with TMZ (20.5 months) compared to TMZ alone (15.6 

months) (Stupp et al. 2015). Unfortunately, nearly all drugs tested in a phase III trials 

have failed to show efficacy and improve patient survival over the last several decades. 

Systemic inhibition of HDACs is the only branch of epigenetic therapy that has been 

investigated in clinical trials for GBM but has yielded vastly disappointing results 
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(Bezecny 2014; Lee, Murphy, et al. 2015; Lee et al. 2017). Vorinostat, romidepsin, and 

panobinostat are the only pan-HDACi that have been tested clinically for GBM as either 

monotherapies or combination therapies with radiation and/or temozolomide or 

bevacizumab. All three were found to be ineffective and did not provide a survival 

benefit when compared to historical control data from previous phase II clinical trials 

(Galanis et al. 2018; Iwamoto et al. 2011; Lee, Reardon, et al. 2015).  

 The clinical failure of HDACi for the treatment of GBM can be attributed to the 

fact that most of these drugs are unable to cross the blood-brain-barrier at significant 

concentrations, have high toxicity profiles and thereby small therapeutic windows (Tosi 

et al. 2020; Hooker et al. 2010; Bezecny 2014). Notably, these HDACi advanced to 

clinical trials with little to no information on their PK and PD properties in preclinical 

models of aggressive gliomas (Hennika et al. 2017; Wu et al. 2016; Ugur et al. 2007; 

Eyupoglu, Hahnen, Heckel, et al. 2005).  

 Several second-generation HDACi have been developed with higher isoform-

selectivity with the aim of decreasing toxicity and increasing specificity that warrant 

preclinical investigation for the treatment of GBM (Ho, Chan, and Ganesan 2020). 

Considering that it is widely established that individual HDAC enzymes harbor non-

redundant, isoform-specific roles in different kinds of cancers, it is hypothesized that 

HDACi with greater isoform-selectivity may possess a higher therapeutic index and 

cause less adverse effects (Gryder, Sodji, and Oyelere 2012). As we recently discovered 

that HDAC1 promotes the tumorigenic properties and survival of glioma stem cells, we 

questioned whether a brain penetrant HDACi with higher affinity to HDAC1 would be 

effective in slowing tumor growth in vivo. To this end we investigated the translational 
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potential of quisinostat – a HDACi that is more selective against class I HDACs and 

exhibits marked potency towards HDAC1 – in preclinical models of GBM. 

 Here, we demonstrate that quisinostat is highly cytotoxic to human GSC cultures 

and functions as a potent radiosensitizer in an orthotopic PDX model of GBM. 

Importantly, we performed brain and tumor tissue-specific pharmacokinetic analyses of 

total and unbound quisinostat concentrations and demonstrate that it is indeed a brain-

penetrant molecule. Our findings are significant considering that the efficacy of 

quisinostat as a monotherapy for the treatment of malignant brain tumors remains 

controversial. One study in a mouse model of sonic hedgehog-driven medulloblastoma 

reported that quisinostat treatment had a statistically significant but modest survival 

benefit, while studies in a syngeneic model of GBM and a PDX model of diffuse intrinsic 

pontine glioma (DIPG) reported no therapeutic benefit (Pak et al. 2019; Householder et 

al. 2018; Vitanza et al. 2021). However, there are several important considerations to 

highlight when assessing the effectiveness of quisinostat across these previously 

published studies. First, they all employ different doses of quisinostat – varying from 8 

mg/kg to 50 mg/kg – and different drug delivery methods. Second, two of these studies 

suggested that the failure of quisinostat to prolong survival in vivo could be attributed to 

its inability to cross the blood-brain-barrier, but these claims were made in the absence of 

direct drug level measurements and lack of evidence of on-target engagement in the brain 

(Vitanza et al. 2021; Householder et al. 2018). To this end, in our study we utilized an 

elaborate PK-PD paired analysis approach to establish the brain-penetrant properties of 

Quisinostat and guide interpretation of the translational potential of this HDACi in GBM. 

We show that when dosed at 10 mg/kg via intraperitoneal injection, unbound levels of 
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quisinostat can be detected in normal brain tissue and that this concentration is sufficient 

to induce significant histone H3 hyperacetylation in brain cells. These results are 

significant as they reveal, unlike previous speculations, that quisinostat can cross a 

structurally intact blood-brain-barrier and induce its intended PD effect in normal brain 

tissue. We also demonstrate that the unbound fraction of quisinostat is significantly 

higher in the tumor relative to peritumoral brain regions, most likely due to tumor-

induced blood-brain-barrier leakage considering we employed a PDX model that grows 

as a large mass. Notably, we used the same strain of athymic nude mice employed by a 

previous preclinical study, wherein the authors suggested that quisinostat was not a brain-

penetrant drug due to its inability to inhibit growth of orthotopic DIPG tumors (Vitanza et 

al., 2020). It is possible that the ineffectiveness of quisinostat observed in DIPG models 

could be due to poor blood-brain-barrier disruption due to the diffuse growth pattern 

characteristic of these midline tumors, resulting in sub-therapeutic concentrations of free 

quisinostat required to induce cytotoxicity in vivo (Vanan and Eisenstat 2015).   

 We show that while quisinostat significantly slows growth of intracranial GBM, 

monotherapy only results in a very modest survival benefit. However, considering that 

numerous HDACi have been shown to display radiosensitizing properties, we questioned 

whether quisinostat could enhance radiation-induced cell death in GBM. Indeed, we 

found that low nanomolar doses of quisinostat robustly synergized with ionizing radiation 

across multiple glioma cell lines. Importantly, we demonstrate that combinatorial therapy 

of quisinostat and fractionated radiation resulted in a significant extension of median 

survival compared to untreated and monotherapy regimens. To the best of our 

knowledge, this is the first report demonstrating that quisinostat can act as a potent 
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radiosensitizer in vitro and in vivo in any preclinical cancer model. Hence, our results 

have important implications for the management of other malignancies – such as prostate, 

colon, lung, and esophageal cancer – wherein class I HDACs are frequently 

overexpressed and where radiation is commonly used as a treatment modality (Robert 

and Rassool 2012; Schaue and McBride 2015). Furthermore, our results strongly suggest 

that quisinostat should be re-evaluated as a potential radiosensitizer in preclinical models 

of DIPG, given that radiation is currently the only treatment option available for children 

diagnosed with this very aggressive and fatal glioma (Vitanza and Monje 2019). Future 

directions for this study will include assessing the radiosensitizing properties of 

quisinostat in multiple orthotopic PDX models of GBM, to ensure our findings can be 

reproduced in models harboring different genetic aberrations, growth patterns and 

phenotypes. This is especially critical given the high degree of inter- and intra-tumoral 

cellular and phenotypic heterogeneity observed in GBM (Neftel et al. 2019; Patel et al. 

2014; Tirosh and Suva 2020; Suva and Tirosh 2019; Sottoriva et al. 2013). An important 

limitation inherent in the use of our PDX models is that they preclude an understanding 

of how an intact immune system may affect the response to quisinostat when combined 

with radiation treatment. Brain irradiation is known to induce widespread and chronic 

neuroinflammation which can compromise blood-brain-barrier integrity, cognition, and 

cell survival (Makale et al. 2017; Lumniczky, Szatmari, and Safrany 2017; Haddad et al. 

2021). Hence, it will be necessary to study the radiosensitizing effects of quisinostat in 

the context of a brain harboring a fully functioning immune system either in syngeneic 

mouse models of GBM (e.g. GL261) or patient-derived gliomas stem cells transplanted 

into humanized mouse models.  
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 We found that quisinostat treatment resulted in elevated levels of DNA double 

stranded breaks (DSBs) in glioma stem cells, both in vitro and in vivo. It is well 

established that other hydroxamic acid-based HDACi (TSA, vorinostat, panobinostat, 

belinostat) can induce DNA damage and negatively regulate the different pathways of 

DNA damage response (DDR) (Petruccelli et al. 2011; Pettazzoni et al. 2011; Kim, Lee, 

et al. 2015; Zhang et al. 2007; Robert and Rassool 2012). While the precise mechanisms 

through which HDACi directly induce DNA damage and synergize with radiation remain 

unclear, several hypotheses have been proposed to explain the basis of these phenomena. 

With respect to the direct induction of DNA damage, previous studies have shown that 

HDACi can lead to the accumulation of ROS which can result in oxidized DNA base 

lesions (Ruefli et al. 2001; Rosato et al. 2008; Ungerstedt et al. 2005).  If left unrepaired, 

the oxidative stress-induced single strand DNA breaks can be converted to DSB during 

DNA replication (Caldecott 2007; Lee and Pervaiz 2011). Moreover, HDACi can 

downregulate the expression of DDR proteins such as EXO1, FEN1 and XPA, which are 

involved in the base excision repair (BER) and nucleotide excision repair (NER), both of 

which are necessary for repair of oxidative DNA damage (Lindahl and Wood 1999; 

Rosato et al. 2008; Hansen and Kelley 2000). Numerous studies have shown that 

treatment with HDACi across various cancer cell lines also results in the transcriptional 

downregulation of genes involved in homologous recombination and non-homologous 

end-joining (Ku70, Ku86, DNA-PKcs, RAD51, BRCA1 and BRCA2), which are critical 

for DSB repair (Rosato et al. 2008; Lee et al. 2010; Robert and Rassool 2012). These data 

suggest that HDACi-induced ROS generation and dampening of the DDR may contribute 

to the accumulation of DSBs.  
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Another proposed mechanism for DNA damage is through histone 

hyperacetylation from HDACi treatment resulting in drastic structural changes in 

chromatin, exposing large portions of DNA to radiation or other chemotherapeutic agents  

(Khan and La Thangue 2012; Bakkenist and Kastan 2003). Hence, it is hypothesized that 

combination treatment of HDACi and radiation synergize by inducing excessive DNA 

damage and subsequent apoptosis (Camphausen et al. 2004; Karagiannis and El-Osta 

2006). It is also worth noting that both HDAC1 and HDAC2 have been shown to harbor 

important roles in the DDR by promoting DSB repair. One seminal study demonstrated 

that HDAC1 and HDAC2 localize to DSB sites and induce local chromatin condensation 

through deacetylation of histone marks H3K56 and H4K16, repressing transcription and 

preventing transcription from interfering with DNA repair processes (Miller et al. 2010). 

Depletion of both HDAC1 and HDAC2 rendered cancer cells hypersensitive to ionizing 

radiation and resulted in diminished DSB repair capacity, particularly by non-

homologous end-joining (Miller et al. 2010). Hence, we speculate that the radio-

sensitizing effects of quisinostat in glioma stem cells may be partly driven through potent 

inhibition of HDAC1 and HDAC2, against which quisinostat exhibits the highest isoform 

selectivity (IC50: 0.1 nM and 0.3 nM, respectively) (Ho, Chan, and Ganesan 2020).  

Future and ongoing studies entail understanding how quisinostat treatment, alone 

and in combination with radiation, affects the DDR pathways in GBM. We will analyze 

brain tumor tissue samples derived from mice that underwent acute or long-term 

treatment with quisinostat (described in section 3.3.10 and 3.3.11) with RNA-sequencing. 

These experiments will help us elucidate whether DDR proteins or specific DDR 

pathways are being downregulated following quisinostat treatment and identify potential 
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compensatory mechanisms that may promote the emergence of therapeutic resistance 

over time. Furthermore, it will be interesting to assess how quisinostat affects DNA 

repair dynamics in non-malignant neural cells compared to glioma stem cells, considering 

there is evidence that normal somatic cells repair HDACi-induced DNA damage much 

more efficiently compared to transformed cells (Lee et al. 2010; Ungerstedt et al. 2005).  

 Quisinostat is currently being tested in phase I and II clinical trials for lung, 

ovarian and breast cancer, and is well-tolerated at a maximum-tolerated dose of 12 mg/kg 

given three times weekly. It should be noted that quisinostat harbors superior clinical 

tolerability compared to panobinostat, another HDACi currently in trials for aggressive 

gliomas. Data from phase I trials found that while hematologic toxicities (grade 1 and 2) 

were rare in patients treated with quisinostat (< 5%), while such toxicities were fare more 

common and severe (grade 3 and 4) during treatment with panobinostat (Venugopal et al. 

2013; Wood et al. 2018; Ibrahim et al. 2016; Zaja et al. 2018). While the tolerability of 

quisinostat in combination with other agents in humans remains unexplored, our 

preclinical data support that combinatorial treatment with fractionated radiation is well 

tolerated in mice.  

A crucial experimental finding in our study was the identification that quisinostat is 

highly unstable in mouse plasma, with a short half-life of approximately 30 minutes. 

Conversely, quisinostat was highly stable in human plasma – revealing that quisinostat 

exhibits distinct stability profiles across different species. Importantly, a similar trend 

was also observed in the mouse brain, wherein quisinostat was found to be much less 

stable compared to human brain. A recent study reported that hydroxamic acids such 

quisinostat are common substrates of a family of esterases (carboxylesterases) that are 
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abundantly present in rodent plasma, but absent in human plasma (Hermant et al. 2017). 

Our results therefore highlight a large discrepancy in the metabolic stability between 

rodent and human species. This is an important consideration for translating preclinical 

studies to the clinic as such differences may hinder the development of promising drug 

candidates at the preclinical level. Our data and method development will thereby be a 

valuable resource and note of caution for future preclinical studies employing quisinostat 

or similar drugs with species-specific stability, as the drug is undetectable in mouse 

plasma over two hours post-dosing.  

The identification of drugs that can enhance the effects of radiation treatment is an 

intense area of research within the field of neuro-oncology. Nevertheless, while the use of 

radiosensitizers represents a promising strategy in GBM, the development of these novel 

agents has been underwhelming (Degorre et al. 2021). Here, we provide the first report 

that a hydroxamic-based HDACi can act as a radiosensitizer in GSCs and PDX models of 

GBM. However, it is worth noting that the short-chain fatty acid-based HDACi valproic 

acid (VPA) was also shown to harbor radiosensitizing effects in gliomas. VPA is an anti-

convulsant drug with HDAC-inhibitory properties that is widely used for the treatment of 

epilepsy and has also been studied across multiple preclinical and clinical studies for the 

treatment of GBM (Romoli et al. 2019; Chinnaiyan et al. 2008; Camphausen et al. 2005; 

Krauze et al. 2015; Kerkhof et al. 2013; Van Nifterik et al. 2012). Through mechanisms 

that remain unclear, VPA was shown to sensitize glioma cells to radiation treatment in 

vitro and in vivo (Chinnaiyan et al. 2008; Camphausen et al. 2005). It should be noted 

that VPA’s inhibitory activity against HDAC enzymes is very weak and is only evident at 

high micromolar or millimolar concentrations in vitro, and as such caution should be used 
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when referring to VPA as a bone-fide HDACi (Bondarev et al. 2021; Berendsen et al. 

2019). A phase II clinical trial found that when VPA was added to the standard-of-care, 

patients a median overall survival of 29.6 months, which represented an improvement 

over historical control data (Krauze et al. 2015). Despite these promising outcomes, the 

use of VPA as a radiosensitizer remains controversial. A pooled analysis of multiple 

clinical trials found that administration of VPA with radiation and TMZ failed to prolong 

survival (Happold et al. 2016). A recent study also demonstrated that VPA does not result 

in increased histone acetylation in tumor tissue from GBM patients treated with clinical 

doses of VPA prior to surgery (Berendsen et al. 2019). However, these analyses are hard 

to interpret due to lack of information on the administered doses of VPA. While the exact 

mechanism of action of VPA are largely unknown, it is thought to exert its broad 

spectrum of biological effects primarily through the enhancement of γ-aminobutyric acid 

(GABA) synthesis and release, resulting in the potentiation of GABA-ergic inhibitory 

neurotransmission in the brain (Loscher 1993; Bondarev et al. 2021). In future studies, it 

will be interesting to compare the radiosensitizing properties of VPA and quisinostat 

across different preclinical models of GBM and understand whether quisinostat 

outperforms the therapeutic benefit obtained with VPA treatment in vivo.  

In conclusion, we demonstrate that quisinostat is a brain penetrant HDACi with 

potent radiosensitizing properties in preclinical models of GBM. Future investigation is 

required to dissect the molecular consequences of quisinostat treatment and its synergistic 

relationship with radiation-induced DNA damage in GSCs. Overall, our results provide a 

rationale for developing quisinostat as a potential combination therapy with radiation for 

the treatment of GBM. 
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CHAPTER 4 

CONCLUSION 

GBM is the most common and aggressive form of primary brain cancer affecting 

adults. It is a devastating disease with a poor prognosis, as the median survival after 

initial diagnosis is less than year without treatment. The current standard-of-care, which 

comprises of surgical resection followed by concurrent administration of radiation and 

TMZ, has remained unchanged over almost two decades with modest improvement in 

patient survival. Despite numerous clinical trials and GBM representing one of the most 

comprehensively characterized cancer types at the genomic and transcriptomic level, no 

chemotherapeutic drug apart from TMZ has been found to be effective in prolonging 

patient survival. As reviewed in Chapter 1, the highly infiltrative nature of GBM, high 

degree of inter- and intra-tumoral heterogeneity and protection conferred by the blood 

brain barrier are challenges that have hindered progress in developing new effective 

treatments for this population of patients. The discovery that malignant brain tumors 

harbor rare pools of self-renewing, tumorigenic GSCs transformed our understanding of 

GBM biology (Singh et al. 2003; Singh et al. 2004; Hemmati et al. 2003). As GSCs have 

been shown to contribute to tumor progression, therapeutic resistance and tumor 

recurrence, there has been a significant interest to develop targeted therapies aimed at 

eliminating this subpopulation of cells in GBM over the past decade (Lathia et al. 2015).  

It is well-established that epigenetic mechanisms play an important role in the 

maintenance of the GSC phenotype, and various epigenetic regulators have been found to 

sustain an aberrant chromatin landscape in GSCs. Well-studied examples include 

members of the polycomb repressive complexes 1 and 2 (PRC1 and PRC2), such as the 
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H3K27 methylase EZH2 (the catalytic subunit of PRC2) and the PRC1 ring finger 

protein BMI1, both of which have been shown to promote the self-renewal and tumor-

propagating potential of GSCs (Suva et al. 2009; Stazi et al. 2019; Abdouh et al. 2009; 

Godlewski et al. 2008). Additionally, EZH2 was shown to inhibit GSC differentiation by 

recruiting the DNA methyltransferase DNMT1 to PRC2 target gene promoters (Lee et al. 

2008). Other important epigenetic regulators in GBM include the bromodomain and 

extraterminal (BET) protein family (BRD2, BRD4) that are overexpressed in GBM and 

were found to promote GSC proliferation (Pastori et al. 2014). Moreover, some HDAC 

isoforms are known to be overexpressed in GBM, although their functional roles in GSCs 

remain unclear (Lee et al. 2017). It is worth noting that although these epigenetic 

mechanisms and the GSC epigenome are well-characterized, all this knowledge has not 

translated into successful epigenetic therapies for patients with GBM. 

 The only form of epigenetic therapy tested in clinical trials for GBM have been 

HDACi that have been approved for the treatment of other cancers, such as 170omidepsin 

for cutaneous T-cell lymphoma and 170omidepsin170t for refractory multiple myeloma 

(Bezecny 2014). However, these drugs unanimously failed to provide significant 

therapeutic benefit for GBM patients (Galanis et al. 2018; Iwamoto et al. 2011; Lee, 

Reardon, et al. 2015). The HDACi employed in these trials are broad-spectrum drugs that 

target all HDAC isoforms, but it is unknown whether all HDAC isoforms are equally 

important for the progression of GBM. Considering that systemic pharmacological 

inhibition of all HDACs leads to widespread toxicity in patients, significant emphasis has 

been placed on developing HDACi with higher isoform selectivity profiles with the aim 

of improving efficacy while minimizing toxic side effects. The most common toxicities 
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exhibited in patients treated with the pan-HDACi 171omidepsin, 171omidepsin, 

171omidepsin171t, 171omidepsin were severe diarrhea, nausea, fatigue, vomiting, 

anorexia, and life-threatening grade 3 or 4 hematological toxicities (Li and Seto 2016; 

Munster et al. 2009; Bruserud et al. 2007). Hence, discovering which individual HDACs 

are relevant and necessary to drive GBM pathogenesis – especially in GSCs – may 

provide a rationale for the development of isoform-selective inhibitors for GBM 

treatment. In this dissertation, I sought to understand the unique isoform-specific roles of 

HDAC1 in GSCs, as this class I HDAC is highly overexpressed in GBM compared to 

normal brain tissue. 

 The current classification of the HDAC family of enzymes (classes I-IV) is 

largely based on structural similarity and cellular localization but masks the functional 

diversity of each HDAC isoform (de Ruijter et al. 2003). The 11 human HDACs are 

frequently overexpressed in many different cancers, but the isoform-specific roles and 

unique functions of each HDAC in the context of different malignancies remain poorly 

characterized (Weichert 2009). This is particularly true for HDAC1 and HDAC2, which 

are ubiquitously expressed in the nucleus and act as bona fide histone deacetylases (Ho, 

Chan, and Ganesan 2020). HDAC1 and HDAC2 share 80% sequence homology, are 

often found in the same chromatin remodeling complexes, and have been shown to 

exhibit compensatory functions when one isoform is absent as demonstrated through 

genetic silencing or knockout experiments across different cell types and tissues (Jurkin 

et al. 2011). However, this traditional view of the relationship between the two HDAC 

sister proteins is rapidly changing. There is now ample evidence that while HDAC1 and 

HDAC2 indeed have overlapping regulatory functions, they also harbor numerous 
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distinct and non-redundant functions across different cell types, tissues, developmental 

stages, and cancers (Jurkin et al. 2011; Dovey, Foster, and Cowley 2010; Hagelkruys et 

al. 2014; MacDonald and Roskams 2008; Lagger et al. 2002).  

As discussed in Chapter 2, a previous study demonstrated that HDAC2 is the 

essential HDAC in neural stem cells in the developing murine brain (Hagelkruys et al. 

2014). The presence of a single Hdac2 allele in the absence of Hdac1 was necessary and 

sufficient to control the fate of neural progenitor cells to ensure normal brain 

development. However, a single allele of Hdac1 in the absence of Hdac2 resulted in the 

accumulation of DNA damage, apoptosis, and an embryonic lethal phenotype 

(Hagelkruys et al. 2014). Interestingly, Hdac1 and Hdac2 exhibit exceptional cell type-

specific expression patterns in the adult murine brain: HDAC1 is primarily expressed in 

astrocytes, while HDAC2 is more highly expressed in mature neurons (Hagelkruys et al. 

2014; MacDonald and Roskams 2008). Considering that GBMs arise in the brain and that 

there are robust similarities between gliomagenesis and processes underlying normal 

CNS development, we questioned whether HDAC1 and HDAC2 exhibited similar or 

divergent functions in GBM.  

 In Chapter 2 of this dissertation, we demonstrated that HDAC1, but not HDAC2, 

is important for the proliferation and survival of GSCs across a panel of patient-derived 

cell lines (n=8). This is in stark contrast to what has been reported in the normal 

developing CNS and highlights how the non-overlapping functions of HDAC1 and 

HDAC2 can change across different cellular contexts. We were particularly interested in 

understanding the requirement for HDAC1 and HDAC2 in GSCs since this population of 

cells is hypothesized to drive treatment resistance and recurrence in GBM. We found that 
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high HDAC1 expression was positively correlated with increasing WHO brain tumor 

grade and associated with poor survival outcomes in GBM patients. Interestingly, we 

showed that genetic ablation of HDAC1 negatively impacted the proliferative capacity 

and survival of GSCs in a p53-dependent manner, and that p53 transcriptional activity 

was restored in p53-WT GSCs. On the contrary, knockdown of HDAC2 had no 

significant effect on GSC survival and I also found that loss of HDAC1 expression was 

not compensated for by increased expression of other HDACs. Importantly, we 

demonstrated that lack of HDAC1 expression in GSCs significantly slowed tumor growth 

in vivo. These results are noteworthy as they are the first report revealing that the absence 

of a single HDAC isoform can result in a significant extension of survival in orthotopic 

PDX and mouse models of GBM. A potential limitation of our study is that in all our 

experiments we primarily employed treatment naïve GSCs derived from primary GBMs. 

In future studies, it will be interesting and necessary to understand whether GSCs derived 

from recurrent GBMs display a similar vulnerability in loss of HDAC1 function, as 

recurrent tumors are typically more aggressive and phenotypically or genetically distinct 

from primary GBMs (Wang et al. 2016; Wang, Hu, et al. 2017). Given the extensive 

genetic heterogeneity present in GBM, will also be important to assess the effects of 

HDAC1 loss across a larger panel of GSCs to determine how the observed dependency 

on HDAC1 may differ in the presence of distinct driver mutations.  

 Intriguingly, although p53-WT GSCs died in vitro, these cells could still form 

tumors in immunocompromised mice – albeit at a slower rate compared to controls. This 

strongly suggests that the normal brain milieu is a growth-permissive environment for 

HDAC1-deficient GSCs, whereas standard in vitro culture conditions lack the appropriate 
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soluble factors that are required for these cells to survive and proliferate in the absence of 

HDAC1 activity. An unexpected finding was the observation that tumors where HDAC1 

was silenced exhibited a more invasive growth pattern relative to control tumors, a result 

that highlights the intrinsic phenotypic plasticity of GSCs in response to stress or 

perturbations. Indeed, RNA-sequencing analysis confirmed that loss of HDAC1 

expression in GSCs resulted in the upregulation of genes involved in cellular invasion 

and migration. However, it is likely that these transcriptional changes not only alter the 

phenotype of the GSCs themselves but may also affect how GSCs influence or interact 

with the tumor microenvironment. We demonstrated that HDAC1 knockdown induced 

high levels of pSTAT3 in GSCs, which is known to upregulate the production of various 

immunosuppressive cytokines that recruit and shape the function of resident microglia 

and astrocytes which in turn can influence glioma growth and invasion 

(Hambardzumyan, Gutmann, and Kettenmann 2016; Wu et al. 2010; Henrik Heiland et 

al. 2019). We therefore hypothesize that high pSTAT3 activity in HDAC1-silenced GSCs 

may result in increased microglia activation and peritumoral astrocyte reactivity in vivo. 

While not the direct focus of my research, it is becoming increasingly clear that a tumor-

promoting microenvironment results from a complex crosstalk between tumor 

cells/GSCs, microglia and reactive astrocytes (Lathia et al. 2015; Prager et al. 2020). 

Activated microglia have an established role in glioma maintenance and progression, and 

produce several anti-inflammatory cytokines (TGFβ, IL-6, IL-10, ARG1) that promote 

proliferation, survival, and migration of GSCs (Hambardzumyan, Gutmann, and 

Kettenmann 2016). While these dynamic interactions are still not well understood, 

dissecting how the activity and functions of HDAC1 and other HDACs influence or 
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remodel the tumor microenvironment in GBM will be an important avenue for future 

research. Additionally, it will be necessary to study these interactions in syngeneic or 

humanized mouse models of GBM, both of which are more physiologically relevant 

models as they harbor a fully functioning immune system.  

 We additionally identified that the STAT3 signaling axis is a compensatory 

pathway that is upregulated after loss of HDAC1 activity to promote survival of GSCs. 

Hence, we postulate that a combinatorial therapy comprising of more selective HDAC1 

and STAT3 inhibitors may be a promising therapeutic strategy that should be validated in 

preclinical models of GBM. However, while the efficacy of numerous small molecules 

targeting STAT3 have been tested across multiple models of GBM in vitro and in vivo, 

the extent to which these drugs effectively penetrate the blood brain barrier remains 

unclear (Jensen et al. 2017; Haftchenary et al. 2013; Mukthavaram et al. 2015; Li et al. 

2019; Stechishin et al. 2013). Hence, it will be necessary to examine the permeability of 

multiple STAT3 inhibitors in vivo to identify the most promising drug to target this major 

signaling axis in GBM in combination with HDACi.  

 Here, we present the first report demonstrating that loss of a single HDAC 

isoform can have profound effects on the GSC phenotype without any evident 

compensation from its paralogue HDAC2 or other isoforms. These data raise many 

important questions with respect to the non-redundant roles of other HDAC isoforms in 

GBM as well as in other aggressive gliomas such as DIPG or pediatric GBM, where 

histone H3 mutations are major epigenetic drivers of disease progression (Wu et al. 2012; 

Schwartzentruber et al. 2012). While HDAC1 and HDAC2 are key regulators of gene 

expression through direct deacetylation of histones and transcription factors, the other 
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remaining 9 HDACs span a wide variety of functions that remain completely unexplored 

in the context of GSC biology (Ho, Chan, and Ganesan 2020). It is worth highlighting 

that HDAC3, HDAC6, HDAC7 and HDAC8 also exhibit increased expression in GBM 

tissue relative to normal brain, while HDAC4, HDAC5, HDAC10 and HDAC11 are 

downregulated (Cancer Genome Atlas Research 2008). In non-transformed cells, these 

HDACs are involved in the regulation of the cytoskeleton, cell death, protein misfolding, 

cell mobility, autophagy, immunoregulation and DNA repair (Li and Seto 2016). Not all 

HDACs are equal – as such, characterization of the unique roles of each isoform in GBM, 

and how those differ compared to their functions in normal CNS cells, has the potential to 

transform our understanding of the biological relevance of HDACs in malignant brain 

tumors.   

 Interest in pursuing pharmacological targeting of HDACs for the treatment of 

GBM dramatically diminished when panobinostat, romidepsin and vorinostat 

unanimously failed to prolong survival of patients when combined with either the 

standard-of-care or as monotherapies in phase I/II clinical trials (Galanis et al. 2018; Lee, 

Reardon, et al. 2015; Iwamoto et al. 2011). As discussed in Chapter 3, it should be noted 

that the use of pan-HDACi in the clinic preceded our understanding of which HDAC 

isoforms are functionally important or relevant for the progression of GBM. These pan-

HDACi have broad specificity and target all HDAC proteins, and it is thought that the 

lack of isoform-selectivity results in serious systemic toxicity which narrows the 

therapeutic window of these drugs (Peng et al. 2020). Moreover, the preclinical studies 

that provided the basis for testing these HDACi in GBM demonstrated very modest 

evidence of efficacy without supporting information on drug penetration into intact brain 
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– all of which are valuable data necessary for effective clinical translation (Ugur et al. 

2007; Hennika et al. 2017; Wu et al. 2016). In Chapter 2, we show that HDAC1 plays a 

critical role in therapy-resistant GSCs and that genetic ablation of HDAC1 extends 

survival of PDX and mouse models of GBM, providing a rationale for isoform-specific 

targeting of HDAC1 as an adjuvant treatment in GBM. While HDAC1-selective 

inhibitors are not available, the second-generation HDACi quisinostat is more selective 

towards class I HDACs and harbors remarkable sub-nanomolar affinity for HDAC1 

(IC50: 0.1 nM) (Arts et al. 2009). In Chapter 3, we performed a comprehensive PK-PD 

correlation analysis for quisinostat in preclinical in vitro and in vivo models of GBM, a 

study that is first in its kind for any HDACi studied in the field of neuro-oncology. 

 We found that quisinostat is a potent HDACi that can sensitize patient-derived 

GSC cultures to radiation treatment at low nanomolar concentrations. We also establish 

that quisinostat is a blood-brain-barrier permeable molecule and characterize the full PK 

profile of quisinostat, which will serve as a valuable resource for future studies that will 

study this drug in other aggressive adult or pediatric brain tumor models. Importantly, 

quisinostat was found to reduce tumor growth in flank and orthotopic PDX models of 

GBM and significantly extends survival when administered in combination with radiation 

therapy. Together, these results provide a rationale for developing quisinostat as a 

potential adjuvant therapy with radiation for GBM treatment. Our study also emphasizes 

the importance of implementing a PK-PD guided approach when evaluating or 

developing new drugs for GBM. While PK analyses are now commonly performed in 

preclinical trials for a variety of different brain tumors, these studies typically only 

measure the total brain-to-plasma concentration (Kp) ratio as a measure of drug-brain 
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penetration (Sachamitr et al. 2021; Verreault et al. 2016; Kizilbash et al. 2021). However, 

the value of this ratio is rather limited and may lead to erroneous conclusions as it does 

not consider the protein- or lipid-binding fraction of drug in the plasma and the brain 

(Gonzalez, Schmidt, and Derendorf 2013). To this end, we employed an equilibrium 

dialysis method combined with LC-MS/MS analysis to measure the unbound, or “free”, 

brain-to-plasma concentrations (Kp, uu) which represents the pharmacologically active 

fraction of a drug. Hence, measurement of both total and unbound drug concentrations in 

plasma and brain tissues are necessary to establish accurate PK-PD correlations and to 

understand whether therapeutically relevant concentrations of the drug are present in a 

brain tumor.  

To date, no hydroxamic acid-based HDACi has been shown to harbor 

radiosensitizing properties in preclinical models of GBM. However, it remains unclear 

whether these inhibitors failed to provide any therapeutic benefit due to inadequate brain 

penetration and/or insufficient on-target modulation. Considering there are other several 

second-generation HDACi (abexinostat, bisthianostat, fimepinostat) that have high 

selectivity for HDAC1 but whose therapeutic potential in preclinical models of GBM 

remain unexplored, future PK-PD studies will be necessary to determine whether any of 

these inhibitors harbor better efficacy or radiosensitizing properties than Quisinostat (Ho, 

Chan, and Ganesan 2020). Finally, it should be noted while the high sequence homology 

of HDAC1 and HDAC2 is a major obstacle in the development of an inhibitor that 

precisely discriminates between the two isoforms, there is preliminary evidence that some 

non-hydroxamate ortho-aminoanilide HDACi may achieve enhanced kinetic selectivity 

against the two sister proteins (Methot et al. 2008; Methot et al. 2014). If such an 
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inhibitor is ever discovered, preclinical characterization and validation in a preclinical 

setting should be warranted for any malignancy where HDAC1 has been shown to 

contribute to disease pathogenesis.  

 Preclinical models are an essential and necessary component of drug discovery 

for cancer; however, they can pose several limitations with respect to drug development 

for CNS tumors. While PDX models are often employed as brain tumor patient “avatars” 

to predict drug responses, there are important caveats. As discussed in Chapter 3, 

establishment of PDXs requires the use of immunocompromised animals, which preclude 

an understanding of the role of the immune system in response to a particular treatment. 

PDX models also incompletely recapitulate the extensive heterogeneity that is present in 

a human GBM, as they are derived from a small fragment of tissue that is biopsied from a 

single region of the tumor during surgery. Moreover, and perhaps most importantly, there 

are critical species-specific physiological differences between human and murine cells 

that must be taken into consideration when translating research findings observed in PDX 

models. Examples include differences in the structure of the blood-brain-barrier, drug 

metabolism and the tumor microenvironment – all of which can affect the interpretation 

of data obtained from preclinical studies (Liu et al. 2021). This was evident in our own 

study, where we found that quisinostat was very unstable in murine plasma and brain but 

stable in the human counterparts. We hypothesized that these differences in stability 

could be attributed to a family of esterases that rapidly metabolize hydroxamates which 

are absent in human plasma but highly expressed in mouse plasma (Hermant et al. 2017). 

This observation raises a critical question: if quisinostat is highly stable in human plasma, 

would the levels of free drug present in a human brain, specifically within a brain tumor, 
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be higher than what we were able to measure in a PDX model? If so, would higher intra-

tumoral concentrations of quisinostat result in greater therapeutic benefit when the drug is 

administered either as a monotherapy or in combination with radiation therapy? It is 

challenging to infer these outcomes and how a drug will perform in humans based on 

preclinical modeling studies alone.   

 Given the dismal prognosis of GBM patients, ever-increasing costs of drug 

discovery, continuous clinical failures and longstanding challenges in CNS drug delivery, 

the way in which clinical trials are designed and implemented for this population of 

patients is rapidly changing. This is most evident by the widespread adoption of the 

“phase 0” clinical trial paradigm, which has taken a strong foothold in the field of neuro-

oncology (Vogelbaum et al. 2020; Sanai 2019). The scope of a phase 0 clinical trial, 

which was first introduced in 2004 by the FDA, is to accelerate the early-phase 

development of new or repurposed drugs that penetrate the tumor and modulate their 

intended molecular target(s) (Kinders et al. 2007). In the realm of neuro-oncology, the 

Phase 0 mechanism takes advantage of the fact that virtually all GBM patients require 

surgical resection of the tumor (Sanai 2019). An example of a typical phase 0 clinical 

trial design for brain tumors is illustrated in Figure 4.1. In the days preceding surgery, 

patients are given safe, pharmacologically active, but subtherapeutic doses of an 

experimental drug. During surgery, the tumor, blood, and cerebrospinal fluid are 

collected for PK and PD analyses to determine evidence of positive CNS penetration of 

the drug and target modulation. If responses to PD and PK are positive, patients are 

qualified to receive treatment with therapeutic doses of the drug and enroll in a phase II 

clinical trial (Sanai 2019). Considering quisinostat is an HDACi that has passed phase I 
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clinical trials in several cancers and was found to be well-tolerated in humans, it qualifies 

for phase 0 testing in GBM patients (Venugopal et al. 2013). This approach would enable 

the characterization of the PK-PD relationship of quisinostat in humans and fast-track 

development of quisinostat as an adjuvant to radiation therapy in phase II trials for GBM 

if the results from a phase 0 are positive. It is worth noting that there is a strong interest in 

developing effective and potent radiosensitizers for GBM treatment, as radiation therapy 

remains the most effective treatment modality for all GBM patients (Degorre et al. 2021). 

There is a particular incentive in developing radiosensitizers for GBM patients that 

harbor unmethylated MGMT, as this population of patients does not respond to TMZ 

treatment (Hegi et al. 2005). It should be noted that the PDX model we employed for 

preclinical testing of Quisinostat was derived from a patient with recurrent GBM that 

harbored an unmethylated MGMT promoter. Considering that quisinostat was successful 

in radiosensitizing a recurrent, TMZ-unresponsive tumor in our study, we believe that 

quisinostat would be well-suited for clinical testing in patients with MGMT-unmethylated 

primary or recurrent GBM wherein TMZ does not confer any added survival benefit. 

 

Figure 4.1 Sample Phase 0/2 clinical trial study design for brain tumors. Patients 
undergo an initial phase 0 study by taking safe but sub-therapeutic doses of an 
experimental drug, with PK and PD endpoints assessed within 7-10 days of surgery. 
Positive PK and PD responses would qualify individual patients for subsequent 
therapeutic dosing as part of the phase 2 study component. Taken from: (Sanai 2019). 
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In conclusion, the work that I presented here describes the isoform-specific 

functions of HDAC1 in therapy-resistant GSCs and elucidates a novel therapeutic 

strategy to target this major epigenetic regulator in GBM. I discovered that quisinostat, a 

HDACi that exhibits high selectivity against HDAC1, is highly cytotoxic against GSCs in 

vitro and is an effective DNA-damaging agent that potently synergizes with radiation 

treatment in vitro and in vivo. Together, these data identify a critical role for HDAC1 in 

GSC biology and provide a rationale for clinical development of quisinostat as a 

radiosensitizer for the treatment of GBM. 
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