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ABSTRACT OF THE DISSERTATION

Superenhancer-activation of KLHDCS8A Drives Glioma Ciliation and Hedgehog Signaling

by

Derrick Lee

Doctor of Philosophy in Biomedical Sciences
University of California San Diego, 2022
Professor David Cheresh, Chair
Professor Jeremy Rich, Co-Chair

Glioblastoma ranks among the most aggressive and lethal of all human cancers. Self-
renewing, highly tumorigenic glioblastoma stem cells (GSCs) contribute to therapeutic resistance
and maintain cellular heterogeneity. Here, we interrogated superenhancer landscapes of primary
glioblastoma specimens and patient-derived GSCs, revealing a kelch domain-containing gene
(KLHDC8A) with a previously unknown function as an epigenetically-driven oncogene. Targeting

xviil



KLHDCS8A decreased GSC proliferation and self-renewal, induced apoptosis, and impaired in vivo
tumor growth. Transcription factor control circuitry analyses revealed that the master
transcriptional regulator SOX2 stimulated KLHDCS8A expression. Mechanistically, KLHDCSA
bound Chaperonin-Containing TCP1 (CCT) to promote assembly of primary cilia to activate
Hedgehog signaling. KLHDCS8A expression correlated with Aurora B/C Kinase inhibitor activity,
which induced primary cilia and Hedgehog signaling. Combinatorial targeting of Aurora B/C
Kinase and Hedgehog displayed augmented benefit against GSC proliferation. Collectively,
superenhancer-based discovery revealed KLHDCS8A as a novel molecular target of cancer stem
cells that promotes ciliogenesis to activate the Hedgehog pathway, offering insights into

therapeutic vulnerabilities for glioblastoma treatment.
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Chapter 1

Introduction of glioblastoma and glioblastoma stem cells
(GSCs)



CHAPTER1

1.1 Glioblastoma overview and genetic alterations

Glioblastoma is the most common and aggressive primary brain tumor and one of the most
lethal cancers among all human cancers, accounting for 80% of intrinsic malignant tumors in the
central nervous system (1). It is estimated that around 250,000 people worldwide are diagnosed
with glioblastoma annually, and 13,000 Americans are expected to receive a glioblastoma
diagnosis in 2022. Standard-of-care includes maximal surgical resection followed by radiation
and/or chemoradiation with the oral methylator, temozolomide (TMZ), and adjuvant TMZ (2).
Additional FDA-approved treatments, such as TTF (Tumor Treating Fields, Optune®) (3) and
angiogenesis inhibitors, bevacizumab (Avastin®) (4, 5), have offered only modest benefits. The
median survival rate of glioblastoma patients is less than 15 months, and the 5-year survival rate
remains below 5% despite all the available treatment modalities (6). The most frequently mutated
gene locus in glioblastoma is the promoter region of telomerase reverse transcriptase (TERT),
which is found in >70% of cases of Isocitrate dehydrogenase (IDH) wild-type glioblastoma. The
most common mutation sites on the TERT promoter are C228T and C250T, which lead to
upregulation of TERT expression, telomere lengthening, and infinite proliferation of tumor cells
(7). EGFR amplification is another common genetic alteration in glioblastoma. It is estimated that
approximately 60% of glioblastomas harbor an EGFR amplification. In addition to wild-type
EGFR amplification, the EGFRVIII variant, which results from in-frame deletion of exons 2-7, is
found in approximately 25% of IDH wide-type glioblastoma and in 50% of glioblastoma patients
with EGFR amplification. EGFRVIII loses the ability to bind ligands and is constitutively active.
Given the high prevalence of EGFR amplifications and mutations, two therapeutic approaches,

including monoclonal antibodies and small molecule inhibitors against EGFR or EGFRVIII, have



been developed. However, both approaches have failed to demonstrate clinical efficacy in clinical
trials of patients with glioblastoma. The aneuploidy of chromosomes 7 and 10 is the most common
chromosome alteration in around 80% of glioblastoma patients (8, 9). Chromosome 7
amplification and chromosome 10 deletion lead to EGFR amplification and PTEN loss in primary
glioblastoma. Chromothripsis, characterized by massive chromosome shattering and chromosomal
rearrangements, is observed in more than 50% of glioblastoma patients and contributes to the
amplification of oncogenes and inactivation of tumor suppressors (10). The amplification of
oncogenes also results from the presence of extrachromosomal DNA (ecDNA) in the cells (11).
These ecDNAs often carry multiple copies of oncogenes, such as MYC, EGFR, and MET, and are
also able to propagate and be maintained in daughter tumor cells and patient-derived xenografts
(11, 12). Another striking and common genetic alteration that distinguishes glioblastoma and low-
grade gliomas from other cancer types is IDH mutations (13). IDH1 and 2 are essential enzymes
that catalyze the conversion of isocitrate to a-ketoglutarate (a-KG) in the tricarboxylic acid (TCA)
cycle, and neomorphic mutations in IDH1 (R132) or IDH2 (R172) result in neo-function of
catalyzing a-ketoglutarate (a-KG) into R-2-hydroxyglutarate (2-HG), which is a potent inhibitor
of a-ketoglutarate-dependent dioxygenase, including tet methylcytosine dioxygenase 2 (TET2)
and histone demethylases (14). Inhibition of a-KG-dependent dioxygenases induces epigenetic
modifications, such as DNA hypermethylation and increased histone tail methylation, and
promotes tumor growth (14). However, IDH-mutant glioblastoma is clinically and genetically
distinct and is associated with better prognosis compared to IDH-wild-type glioblastoma.
Although many genetic alterations are glioblastoma-specific, genetic mutations in common
oncogenes (PIK3CA, PIK3R1, and PTPRD) and tumor suppressors (RB1, TP53, and NF1) also

contribute to the progression and malignancy of glioblastoma (14).



1.2 Epigenetic alterations in glioblastoma

Although cancer has traditionally been viewed as a disease process based exclusively on
genetic aberrations, increasing evidence has demonstrated that epigenetic alterations contribute to
the pathogenesis and progression of many types of cancer. Epigenetics is the study of how cells
control gene expression through mechanisms, such as DNA modifications, histone modifications,
and RNA modifications, without affecting the DNA sequence. As we mentioned earlier, IDH
mutations are found in a subset of glioblastoma patients, associated with a widespread DNA
hypermethylation that defines the Glioma CpG Island Methylation phenotype (G-CIMP) and is
associated with better prognosis compared to IDH wild-type glioblastoma (15).

In addition to the canonical DNA methylation at the Cytosine C5, N6-methyladenine (N°-
mA) DNA modifications, which were originally thought to exist only in bacteria (16) and a limited
number of eukaryotes (17, 18), but not in mammals, has been demonstrated to occur in embryonic
stem cells (19) and glioblastoma, specifically in glioblastoma stem cells (GSCs) (20). N>-mA DNA
modification is preferentially upregulated in GSCs and primary glioblastoma cultures compared
to astrocytes and is enriched in heterochromatin regions marked by histone 3 lysine 9
trimethylation (H3K9me3), where tumor suppressor genes such as CDKN3, RASSF2, and AKAP6
are located. Further investigation demonstrated that DNA demethylase ALKBHI1 regulates the
dynamics of N6-mA DNA modification and is critical for GSC maintenance (20). Alterations in
histone modifications, for example Histone 3 lysine 27 acetylation, which marks active enhancer
regions, have been found in multiple brain cancers, such as ependymoma and meningioma.
H3K27ac chromatin immunoprecipitation (ChIP) combined with deep sequencing on patient-
derived ependymoma and meningioma tumor cells has identified superenhancer-associated genes

that define tumor states and transcriptional networks. Targeting superenhancer-associated genes



impaired tumor proliferation (21, 22), suggesting that interrogation of superehanacers will help us
understand glioblastoma biology and uncover targetable therapeutic vulnerabilities. Dixit et al.
identified the histone 3 lysine 4 trimethylation regulator DPY30, which promotes angiogenesis
and hypoxia pathways in intracranial glioblastoma xenografts, as a therapeutic dependency in vivo
(23).

NS-methyladenosine (m6A) mRNA modification, regulated by RNA methyltransferases
METTL3 and METTL14 and demethylases ALKBHS5 and FTO, is commonly dysregulated in
glioblastoma. For example, YTH domain-containing family protein 2 (YTHDF2), an m6A reader,
promotes GSC growth and angiogenesis by interacting and stabilizing MYC and VEGF mRNA
transcripts (24). Zhang et al. demonstrated that GSCs preferentially upregulated m6A RNA
demethylase ALKBHS5 to support GSC proliferation by demethylating FOXM1 transcripts.
Moreover, alterations of m6 A RNA modifications in glioblastoma by overexpression of METTL3
and METTL14 or inhibition of FTO led to the loss of stemness and downregulation of genes
essential for glioblastoma propagation (25). Another RNA modification, adenosine-to-inosine (A-
to-I) RNA editing, also has implications in glioblastoma biology. Upregulation of ADARI, an
adenosine deaminase, is observed in GSCs compared to neural stem cells. Targeting ADARI1
expression using Tyk?2 inhibitors led to downregulation of ADARI1, ganglioside metabolism, and
impaired cell proliferation and in vivo tumor initiation capacity.

Aberrant expression and activation of chromatin remodelers and transcriptional machinery
also drive glioblastoma cell growth through altering the epigenetic landscape and gene expression.
Qiu et al. demonstrated that the master transcription factor YY1 is preferentially upregulated in

GSCs compared to differentiated glioma cells and neural stem cells. YY1 interacts with the



transcription elongation complex and regulates m6A RNA modification through upregulation of

METTL3 and YTHDF?2 expression (26).



1.3 Intratumoral heterogeneity

Glioblastoma can be classified into three molecular subtypes—proneural, mesenchymal,
and classical—based on their unique transcriptional profiles. The three molecular subtypes are
defined by aberrant expressions of EGFR (Classical), NF1 (Mesenchymal), and
PDGFRA/TP53/IDH1 (Proneural) and are associated with distinct patient prognosis and responses
to standard treatments (27). The Mesenchymal subtype is associated with highly angiogenic,
invasive, and aggressive phenotypes and is correlated with poor patient prognosis compared to
Classical and Proneural subtypes. Each tumor subtype preferentially localizes to different regions
of the brain, with Mesenchymal subtype tumors localizing to hypoxic, necrotic, and microvascular
proliferation areas, and Classical subtype tumors to vascular and invasive regions (28). Therefore,
genomic studies using a single regional biopsy from a patient may fail to comprehensively capture
the spatial heterogeneity of glioblastoma. Furthermore, recent technological advances, including
scRNA-seq, reveal high intratumoral heterogeneity with the presence of multiple subtypes and
“hybrid” subtypes that express two molecular modules within a tumor (29). Intratumor
heterogeneity promotes therapeutic resistance, as the possibility of having resistant clones
increases, and this eventually leads to inevitable recurrence. Reinartz et al. demonstrate that
multiple molecular subclones coexist within a single tumor, with each subclone having distinct
genetic identities and different drug-response profiles (30). This observation is further supported
by another study by Szerlip et al. that dual pharmacological inhibition of EGFR and PDGFR,
which are heterogeneously amplified in different glioblastoma cell populations, completely
abrogated the activation of downstream Phospholnositol-3 kinase (PI3K) and cell growth when
compared to inhibition of EGFR or PDGFR alone (31), suggesting that the development of

combinatorial therapies targeting multiple molecular subclones is needed in order to eliminate



multiple subtypes and achieve prolonged patient survival. Using a single cell-derived clonal
analysis, Meyer et al. show that TMZ-resistant clones already preexist in untreated glioblastoma
tissues, which may explain the failure of conventional therapy (32). Ravi et al. utilized a spatially
resolved multi-omics approach, including transcriptomics, metabolomics, and proteomics, to
decipher the intra- and intertumoral heterogeneity, which are shaped by the bidirectional
interactions between tumor cells and the microenvironment, such as hypoxia and immune cells. In
addition to intratumoral heterogeneity, subtype conversions often occur during recurrence due to
changes in tumor microenvironments and responses to therapeutic intervention. Alterations in
environmental conditions, for example, metabolic changes and immune stress, promote
bidirectional transition of glioblastoma subtypes, showing the dynamic adaption and plasticity of
glioblastoma tissues in response to environmental cues (33). Additionally, subtype conversions
from proneural to mesenchymal subtypes were observed in recurrence tumors induced by
radiotherapy in a TNFa /NFkB-driven manner. Higher expression of Mesenchymal signatures,
including the cancer stem cell marker CD44 and genes downstream of NF«B, are correlated with

poor patient prognosis and radioresistance (34).



1.4 Glioblastoma stem cells (GSCs)

As one of the most lethal human cancers, the current therapy options for glioblastoma are
only palliative. One of the major contributions to intratumoral heterogeneity, therapeutic
resistance, and poor prognosis is the presence of glioblastoma stem cells (GSCs) within the tumor.
GSCs have been demonstrated to promote therapeutic resistance to chemotherapy or radiotherapy
by activating DNA damage checkpoints and supporting angiogenesis, invasion, and recurrence
following treatment therapy. The current cancer stem cell (CSC) hypothesis describes the cellular
hierarchies and cell-state plasticity that govern tumor cell growth, maintenance, recurrence, and
resistance to current therapies. GSCs are at the apex of the cellular developmental hierarchy and
contribute to primary tumor formation and reconstitution of entire tumors after treatment therapy
by giving rise to a more differentiated progeny. Although the functional importance of GSCs has
been well-characterized in glioblastoma, these models have been questioned by the lack of
unifying GSC markers or isolation methods. Several cell surface markers, including CD133,
CD44, and CD15, have been used to isolate and enrich GSC populations from glioblastoma tissues.
Additionally, sustained self-renewal, sphere formation, and anchorage-independent growth are key
characteristics of GSCs. Therefore, neurosphere formation assay, in which cells are cultured in
non-adherent and serum-free conditions, is another method to isolate GSCs from primary
glioblastoma tissues. However, no single markers or isolation methods can comprehensively
capture the heterogeneity of GSCs and model the interaction between GSCs and other non-
neoplastic cells, including endothelial cells, immune cells, and differentiated glioma cells.

Despite the controversies regarding GSC models in the field, GSCs have been functionally
defined in our system or by other groups by their abilities of persistent cell proliferation, sustained

self-renewal, and tumor initiation in vivo. In vivo studies support the current hypothesis of the



existence of GSCs, which express stemness molecules and form orthotopic xenograft or serial
xenograft when intracranially injected into mouse brains. Furthermore, the states of GSCs are not
static. Molecular profiling of the glioblastoma tissues using scRNA-seq (SMART-seq2) identified
intra- and inter-tumoral heterogeneity and the plasticity of GSCs. GSCs can be defined as one of
four main cellular states—Astrocytic like-cells, Oligodendrocytic precursor like-cells,
Mesenchymal like-cells, and Neural progenitor like-cells—based on their distinct genetic
perturbations, with relatively rarer populations of GSCs expressing two molecular modules
classified into “hybrid” states (35). Each subtype is able to initiate tumors in mice, indicating the
in vivo tumor capacity of these cells. Moreover, the tumors derived from each subtype possess the
four main states similar to their original tumors, demonstrating the plasticity of GSCs (35). Along
with this study, another report revealed that GSC states can be described in a single proneural-
mesenchymal axis, and targeting two GSC phenotypes simultaneously using FDA-approved drugs
synergistically inhibits tumor growth compared to targeting only one GSC phenotype (36). Using
single-cell ATAC-seq, Guilhamon et al. identified three GSC states—Reactive, Constructive, and
Invasive—which are defined by their unique expression of essential transcription factors and
signatures. For example, the Reactive state of GSCs relies on transcription factor SP1 and TERT
expressions, and the Constructive state of GSCs is dependent on the expression of OLIG2—a
known stemness marker—AHR, and ASCLI1. Therefore, targeting the molecular dependencies in
all three subtypes using combinatorial treatment strategies may be required to completely eliminate
GSCs in tumors (37). Garofano et al. proposed a new classification using a pathway-based
approach and classified GSCs into four stable cellular states—Mitochondrial,
Glycolytic/lurimetabolic, Neuronal, and Proliferative/progenitor—with each subtype associated

with different metabolic states, clinical outcomes, and sensitivity to different pathway inhibitors
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(38). Leveraging a novel genetically engineered mouse model, Schmitt et al. observed a dynamic
interconversion between Proneural and Mesenchymal states. Contrary to other studies that
Proneural and Mesenchymal subtypes are two distinct cell identities, Schmitt et al. argued that the
Proneural state is an entity driven by cell-intrinsic mechanisms, and the Mesenchymal state is
driven by microenvironmental, genetic, and pharmacologic insults (39). While these studies
provided insight into the heterogeneity, plasticity, and classification of GSCs, the questions
regarding which systems are the best to capture all the molecular and clinical features of GSCs
and whether this knowledge can be translated into clinical practice still remain to be answered.
GSCs are dependent on core stem cell pathways shared by non-neoplastic stem cells,
including Notch, Wnt, and Sonic hedgehog pathways, to promote stemness, proliferation, and
suppressed apoptosis. GSCs additionally utilize other oncogenic signalings that cooperate with
stem cell pathways, essential transcription factors, and extracellular signals to promote self-
renewal, survival, therapeutic resistance, plasticity, and adaptability to different
microenvironments. For example, Notch signaling is highly expressed in GSCs, and the Notch
ligand is expressed in the surrounding vessels (40), which enhances the stemness phenotype, cell
growth, invasiveness (41), dormancy escape, and therapeutic resistance of GSCs (42). Furthermore,
Notch signaling induces the transdifferentiation of GSCs to vascular lineages, such as endothelial
cells and pericytes, to support neo-angiogenesis. Inhibition of Notch signaling using gamma-
secretase inhibitor or Notchl silencing suppressed GSC growth and angiogenesis (43). Wnt-p3-
Catenin signaling is another core stem signaling pathway that has been implicated in GSC biology
and promotes self-renewal (44), angiogenesis (45), invasion (46), epithelial to mesenchymal
transition, migration, and invasion through the interaction between p-Catenin and cadherin and

through the crosstalk with EGFR signaling (47). Overexpression of EGFR mutants or the
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constitutively active form of EGFR, EGFRVIII, promotes multiple aspects of GSC biology,
including proliferation, invasiveness, survival, and resistance to therapies, through alteration of
epigenome (48) and metabolic states (49). Lv et al. demonstrated that Platelet-derived growth
factor (PDGF) signaling activation promoted the upregulation of methyltransferase-like 3
(METTL3) and the subsequent N6-methyladenosine (m6A) modification of optineurin (OPTN),
which resulted in suppressed mitophagy and enhanced GSC proliferation. Treating GSCs with
METTLS3 inhibitor in combination with PDGFR or mitophagy inhibitor synergized to kill GSCs,
serving as a new therapeutic approach to target GSCs (50). Other signaling pathways, such as

Sonic Hedgehog (51) and TGF-f (52), also support GSC tumorigenicity.
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1.5 GSCs and the tumor microenvironment

Glioblastomas are a complex tumor ecosystem, which is composed of malignant and non-
malignant cells, including GSCs, differentiated glioma cells (DGC), endothelial cells, astrocytes,
immune cells, and other cells. The interaction between GSCs and other cell types via
interconnected microtubules in the tumor microenvironment provide essential cues that promote
plasticity, proliferation, and radioresistance of GSCs (53). Our lab has demonstrated that the
bidirectional interaction between GSCs and DGCs promotes GSC growth via brain-derived
neurotrophic factor (BDNF)-NTRK2 paracrine signaling (54). Astrocytes have been recently
demonstrated to be involved in regulating the cell states of glioblastoma cells. Single glioblastoma
cells without any connection to other cell types showed increased cell invasion. After cell invasion,
glioblastoma cell connection to astrocytes induced subtype transition from OPC/NPC to MES via
interconnected microtubules (55). Astrocytes support GSC growth via supplementation with
essential nutrients, such as glutamine (56) and cholesterol (57), and via providing pro-invasive and
pro-proliferative signals (58). Oxygen limitation, also known as hypoxia, is a key hallmark of
glioblastoma. To overcome tumor hypoxia, GSCs preferentially upregulate Hypoxia-induced
factors 1a and 2a (HIF 1o and HIF2a) to promote stemness, angiogenesis (59), and autophagy (60)
as well as to survive in a nutrient-deficient environment. Furthermore, GSCs secrete pro-
angiogenic factor Vascular endothelial growth factor A (VEGFA) (61) or directly differentiate into

endothelial cells (62) and pericytes (63) to support angiogenesis and supply oxygen and nutrients.
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1.6 Cell-of-origin

It is noteworthy that the term “glioblastoma stem cells” does not imply or describe the cell-
of-origin. GSCs could derive from normal stem cells residing in the brain through acquiring
genetic mutations promoting proliferation, migration, and invasion. On the other hand, it is
possible that more differentiated neoplastic cells accumulate genetic perturbations that promote
stem-like properties and malignant transformation of these cells. The astrocyte-like neural stem
cells (NPCs) in the subventricular zone frequently harbor driver mutations in glioblastoma tissues
and acquire the ability to migrate to distinct regions in the brain and initiate tumor formation (64).
These observations support the cancer stem cell hypothesis that a small population of normal stem
cells in the subventricular zone acquires genetic mutations that promote the tumorigenicity of these
cells and eventually give rise to GSCs. On the other hand, genomic deletion of p53 and NF1 in
mice or overexpression of the active forms of Ras and AKT in NSC-derived astrocytes is sufficient
to induce malignant brain cancer (65, 66). Others contend that oligodendrocyte precursor cells
(OPCs) are the cell of origin for GSCs. Introducing oncogenic mutations to OPCs consistently
gives rise to glioblastoma, but not in NPCs or other NPC-derived lineages. Stem-like populations
enriched with radial glia-like signatures contribute to the invasiveness of GSCs and the
heterogeneity of GSCs and more differentiated progeny within the tumor (67). Therefore, GSCs
could arise from either NSCs, OPCs, or more differentiated progeny that have acquired mutations

promoting stem-like properties and uncontrolled proliferation.
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Chapter 2

Introduction of KLHDCS8A, primary cilia, and Hedgehog
signaling
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CHAPTER 2

2.1 Kelch domain containing 8A (KLHDCS8A)

KLHDCSA is a 350-amino acid protein that belongs to the kelch repeat superfamily. The
kelch repeat superfamily members function through binding to their unique interaction partners
and regulate many cellular processes, including signal transduction (68), transcription (69), DNA
repair (70), and protein homeostasis (71). KLHDC8A consists of 7 tandem kelch repeats, which
form a beta-propeller tertiary structure known to mediate protein-protein interactions. Current
understanding of the physiological and pathological functions of KLHDC8A remains unclear.
KLHDCB8A was first identified in glioblastoma cells that escaped from the treatment of EGFR
inhibitors. Escaped tumor cells lost the expression of EGFRVIII, a constitutively active form of
EGFR. However, several downstream effectors of EGFR signaling, including AKT, ERK, and p38
MAPK remain active even in the absence of EGFRVIIL. Moreover, targeting KLHDCS8A in
escaper cells inhibited the in vivo tumor formation capacity of tumor cells, suggesting that
KLHDCB8A may orchestrate alternative compensatory pathways to maintain aggressiveness in the
event of EGFRVIII silencing (72). Xiaolong Zhu et al. reported that KLHDC8A promotes
glioblastoma cell proliferation, migration, and invasion by mediating the expression of apoptosis,
cell cycle, and migration-related proteins and activating common oncogenic pathways. Lactate and
glucose promote the expression of KLHDCS8A in a concentration-dependent manner. However,
the detailed mechanisms of how KLHDCS8A promotes glioblastoma cell growth remain an area of
investigation (73). Based on the protein structure of KLHDCS8A, it is likely to mediate protein-
protein interactions and act as an activator, inhibitor, or adaptor protein. From the analysis of a
biomedical interaction repository named BioGRID, KLHDCSA interacts with the catalytic subunit

of Protein phosphatase 2 and all the subunits of Chaperonin containing tailless complex
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polypeptide 1 (CCT), suggesting that KLHDC8A may regulate the activity and function of Protein
phosphatase 2 and may be involved in facilitating its protein folding through interacting with CCT.
While KLHDCS8A is predicted to be a cytoplasmic protein, nuclear localization signals were found
in its sequence, suggesting that KLHDC8A may be able to shuttle between the nucleus and
cytoplasm. In the next chapter, we will discuss the upstream regulatory mechanisms and

downstream molecular functions of KLHDCS8A.
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2.2 Primary cilia

A primary cilium is a non-motile microtubule-based cell surface protrusion that extends
from a microtubule-organizing center called the basal body, which is derived from the mother
centriole and provides an anchor for the main structure called an axoneme. The axoneme of
primary cilia consists of a ring of 9 microtubule doublets and anchors to the basal body (74). The
microtubule doublets of the axoneme consist of an A-tubule and B-tubule (75), which both consist
of an assembly of alpha- and beta-tubulin heterodimers. The microtubules within primary cilia are
long-lived and stable compared to the highly dynamic microtubules in the cytoplasm. Several
tubulin post-translational modifications, including acetylation, polyglutamylation, and
detyrosination, contribute to the stability of microtubules and primary cilia structure (76). Most
human cells display one primary cilium per cell except hematopoietic cells, which are devoid of
this structure, and olfactory receptor cells, which possess around 10-30 cilia. Primary cilia are key
signaling hubs for numerous extracellular signaling pathways, such as Hedgehog, GPCR, and
WNT signaling, and function as the cellular antennas that sense the optical, chemical, and
mechanical signals from the environment in cell-type specific and context-dependent manners
(77). The embedding of these transmembrane receptors allows primary cilia to react to signals
derived from other cells or tissue microenvironments. The well-known receptor localized on
primary cilia is the receptor of Hedgehog, Wnt, PDGF, and Notch signaling. Hedgehog signaling
is the most characterized signaling on primary cilia and is essential for embryonic development
and stem cell maintenance. Cilia ablation via deleting IFT88 and KIF3, which are both critical in
ciliogenesis, resulted in the downregulation of Hedgehog signaling and reduced proliferation of
ciliated basal cell carcinomas (78). Several Wnt signaling components have been found in primary

cilia, including B-catenin and glycogen synthase kinase-3f3, Frizzled3, and Dischevelled2.

18



Genomic knockout of KIF3 led to reduced B-catenin activity and inactivation of the Wnt pathway
in mouse fibroblasts and mouse embryonic stem cells (79). Primary cilia have been tightly linked
to cell cycle phases. The assembly, disassembly, and length of primary cilia are tightly controlled
by kinases and proteins in a cell cycle-dependent manner. Primary cilia are found in the GO
(quiescent) or G1 (proliferating) phases of the cell cycle. In proliferating cells, primary cilia extend
away from a cell during the post-mitotic G1 phase and remain present in the S/G2 phases. Upon
entry into the late G2 phase, cilia disassembly occurs. The basal body, which is derived from the
mother centriole, needs to be released from primary cilia to form the centrosome and mitotic
spindle before mitosis (74). Given that primary cilia play an essential role in transducing signals
from extracellular environments, defects in primary cilia formation lead to a group of disorders

generally called ciliopathies.
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2.3 Primary cilia in cancers

The role of primary cilia in cancers is still under investigation. The loss of primary cilia in
neoplastic cells was observed in a variety of cancer types, including pancreatic, renal, breast,
prostate, and melanoma cancers (77, 80). Genetic mutations in ciliary-associated genes or
upregulation of the ciliary dissociation complex (CDC) contribute to the loss of primary cilia.
Given that primary cilia are only present in G1, S, and early G2 phases, it remains unclear whether
the low frequencies of ciliated cells are due to the rapid proliferation of tumor cells or if only a
subset of populations within tumors are able to form primary cilia. In another study, primary cilia
were found in approximately 25% of tumor cells from patients with pancreatic ductal
adenocarcinoma (PDAC) and were associated with a higher rate of metastasis and poor patient
prognosis (81). Further investigation on PDAC and breast cancer cells demonstrated that primary
cilia-positive cells expressed high levels of Ki67, a proliferation marker, suggesting that the
presence of primary cilia was not affected by cell cycle progression and the rate of proliferation
(82, 83). In thyroid cancer, genetic disruption of essential cilia components ablated primary cilia
formation and induced mitochondrial-dependent apoptosis (84). Ciliogenesis has also been linked
to cell cycle-regulators, such as Aurora kinase A, a serine/threonine kinase that regulates G2/M
progression. The activation of Aurora kinase A triggers reabsorption of primary cilia to ensure
proper cell cycle progression. Chefetz et al. demonstrated that the localization of Aurora kinase A
on the centrosome was associated with the downregulation of primary cilia formation and
decreased Hedgehog signaling activation in epithelial ovarian cancer stem cells (85). Elevated
Aurora kinase A expression driven by beta-catenin activation drives cilia disassembly in renal
cancers (86). Wong et al. revealed that in basal cell carcinomas (BCC), a large proportion of

patient-derived BCC cells display primary cilia. Depleting the essential components of primary
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cilia resulted in two opposite results in SHH-dependent tumors. In tumors that are driven by
overactivation of SMO, ablation of primary cilia led to suppressed cell proliferation, while the
proliferation rate was significantly increased in the tumors induced by overactivation of Gli2,
suggesting that primary cilia have dual and opposite roles in SHH-dependent BCC in a context-
dependent manner (78). Yang et al. further described the detailed mechanisms of elevated
ciliogenesis in BCC. The higher frequency of ciliated cells, increased proliferation, and activation
of hedgehog signaling were caused by elevated expression of Inturned (INTU), an essential
effector which promotes intraflagellar transport within primary cilia and downstream hedgehog
pathway activation (87). In melanoma, cilliogenesis is associated with the early stages of disease
and is inhibited in more advanced and metastatic melanomas (88). The downregulation of primary
cilia during melanoma development was driven by elevated expression of polo-like kinase 4 (PL4)
(89), a centriole duplication regulator, and the methyltransferase EZH2, which inhibited the
transcription of ciliary genes (90). Taking all this evidence together, primary cilia may promote or
suppress tumorigenesis in a context-dependent manner. Future studies are still required to decipher

the roles of primary cilia in cancers.
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2.4 Primary cilia in brain cancers

Almost all normal human cells, including cells in the brain, are ciliated. Primary cilia play
a pivotal role in maintaining the stem and progenitor populations in the brain by organizing and
activating the extracellular signaling pathways that promote stem-like proliferation (91, 92),
suggesting that primary cilia may potentially promote the growth of glioblastoma cells, especially
GSCs. Therefore, the first compelling question for understanding the role of primary cilia in
glioblastoma is to ask the percentage of all glioblastoma cells that are ciliated. Sarkisian et al. have
examined the frequency of ciliated cells in 20 glioblastoma tissues and revealed that approximately
1~25% of cells in primary tissues display primary cilia (93). No cilia or extremely low percentages
of ciliated cells were observed in commonly used glioblastoma cell lines, including US7MG,
U251MG, and U373MG (94). However, the DNA profiles of these cell lines are different from
their original tumors, and the origins of these cell lines are unknown. On the other hand, 10~30%
of glioblastoma cells derived from patient-derived xenografts display cilia with normal ciliary
ultrastructure (93, 95). In stem-like populations, Goranci-Buzhala et al. demonstrated that
approximately 20% of OPC-like GSCs are ciliated, while MES-like, AC-like, and NPC-like GSCs
display a lower frequency of ciliated cells. Inhibition of NEK2 promotes ciliogenesis in OPC-like
GSCs and triggers the differentiation of GSCs (96). However, NEK2 is a known cell cycle kinase,
which promotes cell cycle G2/M transition. It is possible that inhibition of NEK2 triggered cell
cycle arrest at the G2 phase, in which primary cilia are still present, and that the differentiation of
GSCs was solely driven by NEK2 inhibition and was independent of ciliogenesis. It remains
unclear which cell types have primary cilia and if primary cilia promotes or suppresses

tumorigenesis in glioblastoma.
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In medulloblastoma, primary cilia have dual and opposite roles in promoting tumorigenesis.
Inhibition of ciliogenesis suppressed tumors driven by a constitutively active SMO or promoted
tumors expressing constitutively active Gli2, suggesting that the role of primary cilia in
medulloblastoma is determined by the initiating oncogenic events (97). Furthermore, primary cilia
are abundant in Wnt- and Sonic hedgehog-dependent medulloblastoma but are absent in other
molecular group subtypes. Disruption of ciliogenesis in Wnt-dependent medulloblastoma led to
the inactivation of Wnt-driven downstream signaling pathways and subsequent reduced cell

proliferation (98).
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2.5 Primary cilia and therapeutic resistance

Primary cilia have been linked to enhanced therapeutic resistance in multiple cancers,
including glioblastoma. Depletion of PCM1 or KIF3A in glioblastoma cells suppressed primary
cilia formation and induced resistance to TMZ (95). On the other hand, Tumor Treating Fields,
Optune®, treatment suppressed cillogenesis in glioblastoma cells and enhanced TMZ-induced cell
death (99). Moreover, inhibition of ciliogenesis via IFT88 knockdown or treatment with chloral
hydrate led to impaired autophagy and DNA damage repair and sensitized glioblastoma cells to
TMZ and irradiation (100).

In other cancer types, primary cilia promote therapeutic resistance to multiple kinase
inhibitors, including Hedgehog, EGFR, and MEK inhibitors as well as chemotherapy agents, with
increased cilia frequency and length associated with higher levels of resistance (101). Aurora
kinase A inhibition restored primary cilia formation in the stem-like populations of ependymoma
and sensitized cancer cells to Hedgehog pathway inhibitors (102). The loss of primary cilia
rendered medulloblastoma cells resistant to Hedgehog pathway inhibitors and led to a persister

state (103).
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2.6 Hedgehog signaling overview

The Hedgehog signaling pathway is an evolutionarily conserved pathway that was first
discovered in Drosophila melanogaster (D. melanogaster) in 1980 (104). Hedgehog signaling
plays a critical role in embryonic development and adult tissue maintenance, including stem cell
differentiation, maintenance, and proliferation (105). Dysregulation of Hedgehog signaling often
leads to a number of birth defects and the transformation of normal cells to neoplastic cells. The
main components of Hedgehog signaling are comprised of Hedgehog proteins (HH), the Hedgehog
receptors Patched (PTCH), Smoothened (SMO), and suppressor of fuse (SUFU); and the
downstream transcription factor glioma-associated oncogene (GLI). Three mammalian Hedgehog
proteins—Sonic Hedgehog (SHH), Indian Hedgehog (IHH), and Desert Hedgehog (DHH)—have
been identified. The functions of these three Hedgehog proteins are similar in their physiological
effect but differ in their roles in embryonic development due to differential and spatial expression.
PTCH is the transmembrane receptor that binds to Hedgehog proteins, with Patchedl (PTCH1)
expressed in mesenchymal cells and Patched2 (PTCH2) expressed in squamous cells, basal cells,
melanocytes, and gonad cells. Both PTCH receptors have been shown to interact with all three
Hedgehog proteins. In the absence of Hedgehog proteins, PTCHs act as repressors that bind to
SMO and prevent SMO from activating Gli proteins. SMO is another transmembrane protein
structurally similar to the G-protein-coupled receptors (GPCRs). SMO is sequestered from primary
cilia when it binds to PTCH but is constitutively active and acts as a activator of the Hedgehog
pathway upon the binding of hedgehog proteins to PTCH. The downstream transcription factor
Gli was first identified in glioblastoma because of its elevated expression and gene amplification
in glioblastoma tissues. Three mammalian Gli proteins have been identified, with Glil and Gli2

being transcriptional activators in response to Hedgehog signals and Gli3 acting as a transcriptional
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repressor. In the absence of Hedgehog proteins, PTCH binds to SMO, which prevents SMO from
accumulating in primary cilia. In the cytoplasm, the SUFU interacts with GLI proteins and
prevents them from translocating to the nucleus. When Hedgehog proteins bind to PTCH, PTCH
loses the ability to interact with SMO. SMO translocates to primary cilia and triggers the
dissociation of SUFU and Gli. Gli proteins are then activated and enter the nucleus, where they
drive the expression of genes that mediate embryonic development or promote cancer stem cell
maintenance. Several Hedgehog pathway genes have been identified and play important roles in
the cell cycle (CCND1, CCND2 and CCNEL1), apoptosis (BCL2), oncogene expression (MYCN
and FOXM1), and angiogenesis (VEGFA).

In addition to the canonical hedgehog signaling, which is mediated by the SHH-PTCH-
SMO axis and is typically found in normal cells and ciliated tumor cells, recent studies have shown
that Hedgehog signaling is abnormally activated in several types of cancer through PTCH- and
SMO-independent mechanisms. These non-canonical mechanisms are involved in alteration of Gli
protein expression or activity through other signaling pathways, including RAS-RAF-MEK-ERK,

PI3K-AKT-mTOR, TGF-f, and AMPK signaling.
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2.7 Hedgehog signaling in cancers

Given the pivotal roles of Hedgehog signaling in embryonic development and stem cell
maintenance, it is not surprising that abnormal activation of the Hedgehog pathway promotes
tumorigenesis of cancer cells, especially cancer stem cells. Dysregulation of Hedgehog signaling
has been observed in both solid and liquid cancers, such as medulloblastoma, glioma, breast, basal
cell carcinoma, pancreatic, ovarian, and leukemia (106-109). For instance, misregulation of
Hedgehog signaling, such as that caused by inactivating mutations in PTCHI1 and activating
mutations in SMO, which account for 85% and 10% of BCCs, drives tumorigenesis and shapes
the tumor microenvironment (110). In addition to tumor cells, the massive secretion of Hedgehog
proteins from malignant tumors dampens the antitumor properties of T cells through upregulation
of IL4, the key Th2 cytokine (111). Inhibition of hedgehog signaling by overexpression of the
repressor form of Gli2 increased T cell activation and promoted the proliferation of mature T cells
(112). Medulloblastoma, an aggressive malignant brain tumor predominantly present in children,
is another cancer type that exhibits abnormal activation of hedgehog signaling. It is estimated that
over one-third of Medulloblastoma cases are caused by mutations of hedgehog components similar
to BCC (113). PTCHI1 inactivating mutations, SMO activating mutations, and SUFU loss-of-
function mutations account for 45%, 14%, and 14% of the total cases, respectively (114). Aberrant
Hedgehog pathway activation is also reported to promote the stemness of cancer stem cells,
enhance chemoresistance, and cause the recurrence of myeloid and other types of leukemia (115-

117).
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2.8 Clinical and therapeutic implications

The Hedgehog pathway has been studied extensively, and this knowledge has been
translated into the development of Hedgehog pathway inhibitors. These inhibitors were designed
to target several components of the Hedgehog pathway, including Hedgehog proteins, SMO, and
Glil. Most current efforts are focused on the development of SMO inhibitors, including
Cyclopamine, Saridegib, Sonidegib, Glasdegib, and Vismodegib (118). Cyclopamine belongs to
the family of natural steroidal alkaloids and was the first SMO antagonist developed for targeting
Hedgehog signaling. Cyclopamine has very high affinity and is currently under investigation for
Hedgehog-driven cancers. It has shown pre-clinical efficacy in inhibiting tumor growth and
extending the life span of mice bearing xenograft tumors. However, its low solubility, poor
pharmacokinetics, and severe side effects, including weight loss and mortality, hinder its potential
in clinical use (119). Among other SMO inhibitors, Vismodegib and Sonidegib have been
approved by the FDA for the use of treating basal cell carcinoma, medulloblastoma, and leukemia
(119). Vismodegib is the first compound approved for the treatment of basal cell carcinoma.
However, it displayed low clinical efficacy and several side effects, such as fatigue, hypocalcemia,
and atrial fibrillation, in phase II trials (120). Sonidegib is the most successful FDA-approved drug
in the treatment of basal cell carcinoma and medulloblastoma, with fewer side effects, better
pharmacokinetics, and greater therapeutic efficacy compared to Vismodegib (121). Although
Sonidegib has greater potential in treating tumors driven by the activation of SMO, mutations in
the drug-binding pockets of SMO, which abolish the binding of Sonidegib and Vismodegib, lead
to enhanced resistance of tumors to these inhibitors (122). Therefore, other strategies for targeting
Hedgehog signaling are under investigation. Several Glil inhibitors, such as GANT-56, GANT-

61, and arsenic trioxide, have been developed, and they inhibit Glil transcriptional activity by
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interfering its DNA binding ability (123), serving as an alternative approach for targeting SMO-
mutant canonical hedgehog signaling or noncanonical hedgehog signaling. Furthermore, BET
inhibitors have been demonstrated to inhibit the expression of Gli and its downstream target genes
and suppress the tumor proliferation of medulloblastoma and basal cell carcinoma (124). However,
some patients develop therapeutic resistance to these inhibitors, which eventually leads to

recurrence. Future studies are required to uncover new mechanisms and drug targets.
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Chapter 3

Superenhancer screen identified a GSC vulnerability
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ABSTRACT

Glioblastoma ranks among the most aggressive and lethal of all human cancers. Self-
renewing, highly tumorigenic glioblastoma stem cells (GSCs) contribute to therapeutic resistance
and maintain cellular heterogeneity. Here, we interrogated superenhancer landscapes of primary
glioblastoma specimens and patient-derived GSCs, revealing a kelch domain-containing gene
(KLHDC8A) with a previously unknown function as an epigenetically-driven oncogene. Targeting
KLHDCB8A decreased GSC proliferation and self-renewal, induced apoptosis, and impaired in vivo
tumor growth. Transcription factor control circuitry analyses revealed that the master
transcriptional regulator SOX2 stimulated KLHDCS8A expression. Mechanistically, KLHDCSA
bound Chaperonin-Containing TCP1 (CCT) to promote assembly of primary cilia to activate
Hedgehog signaling. KLHDCS8A expression correlated with Aurora B/C Kinase inhibitor activity,
which induced primary cilia and Hedgehog signaling. Combinatorial targeting of Aurora B/C
Kinase and Hedgehog displayed augmented benefit against GSC proliferation. Collectively,
superenhancer-based discovery revealed KLHDCS8A as a novel molecular target of cancer stem
cells that promotes ciliogenesis to activate the Hedgehog pathway, offering insights into

therapeutic vulnerabilities for glioblastoma treatment.
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INTRODUCTION

Glioblastoma is the most prevalent primary intrinsic brain tumor in adults, with a median
survival of 12-15 months (1, 9). Standard-of-care treatment includes maximal surgical resection
followed by chemoradiation with the oral methylator, temozolomide (TMZ), and adjuvant
temozolomide, which marginally improve patient survival (2). While glioblastoma has undergone
extensive molecular characterization and classification into subtypes based on transcriptional
profiles (15, 29, 35), translation of this knowledge to clinical practice is limited. Self-renewing,
highly tumorigenic, and stem-like population of cancer cells, called glioblastoma stem cells
(GSCs), contribute to therapeutic resistance and poor prognosis (125, 126). While the cell-of-
origin and universal identification markers specific for GSCs remain controversial, GSCs have
been reliably demonstrated in glioblastoma to promote tumor angiogenesis, brain invasion, and
immune evasion (127-129), highlighting the potential benefit in targeting GSCs.

Glioblastomas and other cancers have traditionally been viewed as a set of diseases that
are driven by the accumulation of genetic aberrations. However, treatments focused on genetic
drivers, at least in glioblastoma, have been ineffective or only partially effective, suggesting that
other effective routes for targeting glioblastoma should be considered. More recently, an
increasing body of evidence has emerged that epigenetic abnormalities, in concert with genetic
alterations, drive cancer initiation and progression (130). Altered expression of epigenetic and
chromatin regulators are linked to malignant phenotypes of glioblastoma (131). Superenhancers
are clusters of putative enhancers in close proximity, with strong enrichment for the binding of
master transcriptional factors and mediator coactivators, which drive high expression of genes that
define cell state and control cell identity (132). We previously demonstrated that targeting

ependymoma superenhancer-associated genes impaired the proliferation of patient-derived
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neurospheres in vitro and in vivo (21), suggesting that interrogation of superenhancers and their
associated genes can provide insights into drug discovery and the mechanisms of disease
pathogenesis.

Extracellular signaling is a crucial determinant of cancer cell proliferation, migration, and
invasion. Signals derived from the tumor microenvironment are critical for cancer stem cell
maintenance (133). Core stem cell pathways, such as WNT, NOTCH, and Sonic hedgehog,
promote stemness and inhibit apoptosis of cancer stem cells (134). The Hedgehog pathway, which
is mediated by primary cilia in a context-dependent manner, is commonly dysregulated in
medulloblastoma and gliomas (135). The inhibitors of Hedgehog pathway have demonstrated
clinical efficacy in the treatment of basal cell carcinoma and are under active investigation for
other cancer types (136-138). However, resistance to Hedgehog inhibitors has been reported (139,
140). In addition to genetic mutations in Patched 1 (PTCHI1), Smoothened (SMO), or other
Hedgehog signaling components, which drive the constitutive activation of Hedgehog pathway
(114, 141, 142), epigenetic dysregulation also leads to aberrant Hedgehog activation, and
inhibition of epigenetic regulatory protein BRD4 downregulates Hedgehog pathway genes and
inhibits the growth of Hedgehog-driven tumors resistant to Smoothened antagonists (143).
Considering the functional importance of superenhancers and core stem cell pathways, we
hypothesized that interrogation of glioblastoma-specific superenhancers and their associated genes
by utilizing superenhancer profiling would uncover GSC biology and reveal critical dependencies

in GSC.
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RESULTS

Identification of epigenetically upregulated genes in GSCs

To identify GSC-specific epigenetic vulnerabilities, we performed unbiased in silico
screening to identify superenhancer-associated genes specifically present in glioblastoma surgical
specimens and patient-derived GSCs (Figure 3.1A). We profiled 11 glioblastoma surgical
resection specimens for superenhancer loci through histone 3 lysine 27 acetylation chromatin
immunoprecipitation followed by sequencing (H3K27ac ChIP-seq) datasets (48, 144). To identify
glioblastoma superenhancer-associated genes, we prioritized superenhancers present in all 11
glioblastoma tissues, yielding 2,620 genes regulated by glioblastoma superenhancers.
Superenhancer-associated genes across 11 glioblastoma tissues included EGFR, POUF3, SOX2,
and AVIL, which were each previously shown to contribute to glioblastoma tumorigenesis (Figure
3.S1A). Next, we interrogated GSC H3K27ac ChIP-seq datasets (145) and identified the
superenhancer loci and genes shared by >70% of GSCs, which we hypothesized may represent
key factors controlling GSC identity or tumorigenesis. We focused on the superenhancer-
associated genes that were shared by glioblastoma tissues and GSCs to identify stem-specific
features with in vivo relevance. 252 superenhancer-associated genes (Figure 3.1B) were enriched
for pathways involved in neural development, cell motility, cell cycle, and structure
morphogenesis (Figure 3.1C and Figure 3.S1B). The selected GSC superenhancers were enriched
for transcriptional motifs, including NR4A2, SMAD3, and ETV4, which have been previously
reported to promote glioblastoma malignancy (146-148) (Figure 3.1D). The majority of
superenhancers were located in the promoters and distal intergenic and intron regions (Figure

3.S1C). Higher expression of superenhancer-associated genes informed poor prognosis of
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glioblastoma patients in The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome Atlas

(CGGA) datasets (Figure 3.S1D).

To prioritize the 252 superenhancer-associated genes for further investigation, we took a
three-stage approach: 1) genes with elevated expression in glioblastoma tissues from TCGA
datasets compared to normal brain specimens from GTex datasets (Figure 3.1E); 2) genes for
which high expression was associated with poor patient prognosis (Figure 3.1F); and 3) mRNA
expression of 13 genes meeting these criteria was compared across 3 GSC models and matched
serum-differentiated glioma cells (DGCs). Among all the candidate genes, KLHDC8A was the
only gene displaying elevated expression levels in GSCs compared to DGCs (Figure 3.1G).
Collectively, this superenhancer-identification approach strongly indicated KLHDCS8A as a lead

candidate for further investigation.

KLHDCS8A promotes GSC growth and maintenance

To interrogate the functional importance of KLHDCSA in GSCs, KLHDCS8A was targeted
by shRNA-mediated knockdown in patient-derived GSCs and matched DGCs using two non-
overlapping shRNAs targeting KLHDC8A compared with a non-targeting control shRNA
sequence that did not match any sequence in the mammalian genome. Inhibition of KLHDCSA
expression impaired proliferation in GSCs, whereas targeting KLHDC8A marginally reduced the
proliferation of DGCs (Figure 3.2, A-D). Extreme limiting dilution assay (ELDA) is a surrogate
of self-renewal capacity, which is one of the defining characteristics of a stem cell. Upon
downregulation of KLHDCS8A, stem-cell frequency and self-renewal capacity were diminished in

two patient-derived GSCs (Figure 3.2, E and F). GSCs transduced with KLHDC8A shRNAs
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showed increased apoptotic cell death, as measured by Annexin V apoptotic assay and cleavage
of poly(ADP-ribose)polymerase-1 (PARP1) (Figure 3.2, G-I). To determine the specific role of
KLHDCS8A in glioblastoma, we interrogated the functional importance of KLHDCS8A in several
non-neoplastic neural cells, including neural stem or progenitor cells (NSCs or NPCs) and
nonmalignant neural cells (NMs) derived from epilepsy surgical resection specimens. Depletion
of KLHDCS8A impaired the proliferation of NSCs but had minimal effect on the proliferation of
nonmalignant brain cultures, indicating a potential role of KLHDCS8A in regulating stemness of
GSCs and NSCs Figure 3.2, A and B). As expected, KLHDC8A knockdown decreased the
expression of GSC markers, OLIG2 and SOX2, in GSCs (Figure 3.2J). To understand the role of
KLHDCB8A across cell types and tissues, we interrogated The Cancer Dependency Map (Depmap)
portal (www.depmap.org), which contains whole-genome CRISPR-knockout screen data across
558 cell lines. KLHDCS8A was not a pan-essential gene in a panel of cancer types (Figure 3.S2C),
which underscores the potential value of targeting KLHDC8A in glioblastoma. In sum,

KLHDCSA plays a critical role in GSC proliferation, maintenance, and survival.

Transcriptional regulation of KLHDCS8A in GSCs

To define the epigenetic regulation of KLHDC8A, we interrogated the chromatin
landscape of KLHDCS8A in a cohort of patient-derived GSCs, three matched DGCs, and three
nonmalignant (NM) neural cell lines, which revealed strong enrichment of active chromatin
regions in close proximity to KLHDC8A gene promoter region in GSCs (Figure 3.S2D). In
accordance with strong H3K27ac signals within the superenhancer region, GSCs displayed
elevated mRNA and protein expression of KLHDC8A compared to DGCs (Figure 3.3, A and B).

Differentiation of GSCs was validated by downregulation of stemness transcription factors, SOX2
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and OLIG2, and upregulation of the differentiation marker, GFAP (Figure 3.S3, A-C). Next, we
leveraged available GSC H3K27ac, SOX2, and OLIG2 ChIP-seq data (149) and identified two
master stem cell regulators, SOX2 and OLIG2, as potential drivers of KLHDC8A expression.
OLIG2 and SOX2 displayed increased binding within 500 bp of the KLHDCS8A superenhancer in
GSCs (Figure 3.3C), suggesting that binding of these transcription factors at this superenhancer
locus may drive the expression of KLHDCS8A. Furthermore, KLHDCS8A expression positively
correlated with the expression of SOX2 and OLIG2 in glioblastoma patients from TCGA and
CGGA databases (Figure 3.3D and Figure 3.S3D). Knockdown of SOX2 with two non-
overlapping shRNAs decreased mRNA expression of KLHDC8A (Figure 3.3E and Figure 3.S3, E
and F). In single-cell RNA-seq data from 28 glioblastoma patients, KLHDC8A was preferentially
expressed in neuronal and neoplastic populations, and KLHDCS8A expression overlapped with
SOX2+ glioblastoma cells (Figure 3.S3, G and H). The expression of superenhancer-associated
genes is mediated by the binding of transcriptional coactivators, prominently BRD4
(Bromodomain Containing 4). Inhibition of BRD4 leads to selective loss of the expression of
superenhancer-driven genes (150). To validate that the expression of KLHDC8A was driven by a
superenhancer, we treated GSCs with JQ1, which preferentially inhibits BRD4, in two GSC lines
and observed downregulation of KLHDC8A mRNA expression in a concentration-dependent
manner (Figure 3.3F). To interrogate the functional role of the predicted superenhancer locus in
regulating KLHDC8A expression, we utilized a CRISPR-dCas9-KRAB system, a targetable
repressive epigenetic factor that induces histone methylation and deacetylation (151), to
selectively inhibit the predicted superenhancer locus. Inhibition of the predicted superenhancer

region reduced KLHDC8A mRNA expression and GSC proliferation (Figure 3.3, G-I), supporting
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the essentiality of the non-coding superenhancer element and further orthogonal validation of the

shRNA knockdown approach.
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Figure 3.1. Superenhancer screen identified a potential GSC vulnerability.

(A) Diagram depicting the superenhancer screen and target prioritization approach. (B) Venn
diagram demonstrating the intersection between all superenhancer-associated genes in 11
glioblastoma tissues and common (>70%) superenhancer-associated genes in 37 GSCs. (C) Gene
set enrichment analysis of the correlation of Hallmark, Curated, and GO pathway genesets with
the H3K27ac signal intensity of GSC superenhancer-associated genes. (D) De novo HOMER motif
analysis of 252 selected GSC superenhancers, as described in B. (E) Volcano plot showing the
mRNA expression of 252 superenhancer-associated genes in TCGA HG-U133A dataset. Red dots
indicate upregulated genes, while blue dots show downregulated genes in glioblastoma tissues
compared to normal brain tissues. (F) Bar plot showing the Proportional Hazards Survival of 32
upregulated superenhancer-associated genes, as described in E. Red bars indicate the genes
correlated with high Proportional Hazards Survival at a log2 value > 4. (G) Heatmap and bar plot
showing the mRNA expression of 13 selected superenhancer-associated genes, as described in F,
in three paired GSC and DGC models analyzed by R package Limma.
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Figure 3.2. KLHDCSA is necessary for GSC maintenance.

(A and B) Cell viability was measured by CellTiter-Glo assay in paired GSC23, GSC3028, and
differentiated counterparts (DGC23 and DGC3028) following KLHDC8A knockdown. n=4.
Quantitative data from 4 technical replicates are shown as mean = SD (error bars). Statistical
significance was determined using two-way ANOVA followed by Dunnett’s multiple
comparisons. ** P <(.01, ****P<(.0001. (C and D) The knockdown of KLHDCS8A was validated
by gPCR in GSCs (C) and DGCs (D). Quantitative data from 4 biological replicates are presented
as mean = SD. Statistical significance was determined using one-way ANOVA followed by
Tukey’s multiple comparisons **** P < (0.0001. (E) In vitro extreme limiting dilution assay in
GSC23 and GSC3028 after depletion of KLHDCS8A. 24 wells were quantified for each condition.
Statistical significance was determined using y2 test. **** P < (0.0001. (F) The knockdown of
KLHDCS8A was validated by qPCR in GSC3028 and GSC23. Quantitative data from 4 biological
replicates are presented as mean + SD. Statistical significance was determined using one-way
ANOVA followed by Tukey’s multiple comparisons. **** P <(0.0001. (G) Immunoblot showing
protein levels of PARP and cleaved PARP in GSC3028 and GSC23 following KLHDC8A
knockdown. B-Actin is used as the loading control. (H) Annexin V-positive cells of GSC23 and
GSC3028 was performed following knockdown of KLHDCS8A. (I) Quantification of Annexin V-
positive GSC3028 and GSC23. Quantitative data from 3 technical replicates are shown as mean +
SD (error bars). Statistical significance was determined using one-way ANOVA followed by
Tukey’s multiple comparisons. **** P <(0.0001. (J) Protein levels of OLIG2 and SOX2 following
KLHDCB8A knockdown were measured by immunoblot. $-Actin is used as the loading control.
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Figure 3.3. KLHDCS8A expression is driven by SOX2 and a GSC superenhancer in GSCs.
(A) KLHDC8A mRNA expression was measured in three matched pairs of GSCs and DGCs by
qPCR analysis. Quantitative data from 3 biological replicates are presented as mean + SD.
Statistical significance was determined using Student’s t-test followed by the Holm—Sidak multiple
test correction. * P < 0.05, *** P < 0.001. (B) Protein levels of KLHDC8A were measured by
immunoblot following KLHDC8A knockdown. SOX2 was used as the stemness marker. f-Actin
was used as the loading control. (C) H3K27ac enrichment at the KLHDC8A superenhancer region
in matched GSCs and DGCs. Enrichment of SOX2 and OLIG2 was identified at the superenhancer
region of MGGS. (D) Correlation of mRNA expression between KLHDC8A, OLIG2, and SOX2
in the TCGA glioblastoma dataset. Numbers indicated the correlation coefficient. *** P <0.001.
(E) mRNA expression of SOX2 and KLHDCS8A upon knockdown of SOX2. Quantitative data
from 3 biological replicates are presented as mean + SD. Statistical significance was determined
using two-way ANOVA followed by Dunnett’s multiple test correction. ** P <0.01, *** P <0.001,
ik P <0.0001. (F) KLHDC8A mRNA expression after treating GSCs with two concentrations
of JQI (1.5 and 3 uM) for 24 hours. Quantitative data from 3 biological replicates are presented
as mean £ SD. Statistical significance was determined using two-way ANOVA followed by
Dunnett’s multiple test correction. ** P <0.01, **** P <(0.0001. (G) Schematic representation of
using the dCas9-KRAB system with 5 non-overlapping sgRNAs targeting a critical KLHDC8A
superenhancer locus. (H) KLHDC8A mRNA expression in GSC23 and GSC3028 was measured
by qPCR. Quantitative data from 4 biological replicates are presented as mean + SD. Statistical
significance was determined using two-way ANOVA followed by Dunnett’s multiple comparison.
*adk P < 0.0001. (I) Cell viability of GSCs measured by CellTiter-Glo assay in GSC23 and
GSC3028 overexpressing dCas9-KRAB and 5 sgRNAs over a 6-day time course. n=4.
Quantitative data from 4 technical replicates are presented as mean = SD (error bars). Statistical
significance was determined using two-way ANOVA followed by Dunnett multiple test correction.
*akx P <0.0001.
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SUPPLEMENTAL FIGURES

Figure 3.S1. In silico superenhancer screen identifies GSC superenhancer-associated targets,
related to Figure 3.1.

(A) Hockey stick plot showing superenhancer-associated genes from 11 glioblastoma tissues
(GBM2907, 3018, 3028, 3038, 3069, 2493, 2585, B39, P69, R28, and S08). Superenhancers were
identified by ROSE algorithm and were based on H3K27ac ChIP-seq data and the corresponding
input ChIP-seq data. (B) Bar plot showing top 14 gene sets associated with the expression of 252
selected GSC superenhancer-associated genes. (C) Genome-wide annotations of selected GSC
superenhancers, as described in B. (D) Kaplan-Meier curves displaying survival of patients in the
TCGA glioblastoma dataset and the CGGA glioblastoma dataset stratified based on the signature
score of selected GSC superenhancer-associated genes. Statistical significance was determined
using log-rank test. P =0.0101 for TCGA GBM dataset and P = 0.044 for CGGA GBM dataset.
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Figure 3.52. KLHDCS8A is necessary for stem cell populations and is a strongly selective gene
across cancer types, related to Figure 3.2.

(A) Cell viability measured by CellTiter-Glo assay in 3 neural stem/progenitor cells (ENSA, hNP1,
and NSC11) upon knockdown with a control shRNA or two non-overlapping shRNA targeting
KLHDCS8A (shKLHDC8A.883 or shKLHDC8A.1842). Quantitative data from 4 technical
replicates are presented as mean + SD. Statistical significance was determined using two-way
ANOVA followed by Dunnett’s multiple hypothesis test correction. **** P < 0.0001. (B) Cell
viability of three nonmalignant brain cells (NM 176, NM177, and NM290) upon knockdown with
two non-overlapping shRNA targeting KLHDC8A. Quantitative data from 4 technical replicates
are presented as mean £+ SD. (C) KLHDCS8A is not a pan-essential gene across 558 cancer cell
lines. Genes with 0 dependency score are non-essential, whereas genes with dependency score 1
or -1 are considered pan-essential genes. Dependency score was derived from the Cancer
Dependency Map (www.depmap.org). (D) H3K27ac signal at the KLHDCS8A locus across an
overlay of 33 GSCs, 3 DGCs, and 3 NM cells.
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Figure 3.S3. KLHDCSA is preferentially expressed in GSCs and is driven by stem state
transcription factor SOX, related to Figure 3.3.

(A) mRNA expression of OLIG2 measured by qPCR in three matched GSCs (3028, 738, and
GSC23) and DGCs. Quantitative data from 3 biological replicates are presented as mean + SD.
Statistical significance was determined using Student’s t-test. ** P < 0.01, **** P <(0.0001. (B)
mRNA expression of SOX2 measured by qPCR in three matched GSCs and DGCs. Quantitative
data from 3 biological replicates are presented as mean + SD. Statistical significance was
determined using Student’s t-test. ** P <0.01, **** P <(0.0001. (C) mRNA expression of GFAP
measured by qPCR in three matched GSCs and DGCs. Quantitative data from 3 biological
replicates are presented as mean + SD. Statistical significance was determined using Student’s t-
test. ** P < 0.01, *** P < 0.001. (D) Correlation of mRNA expression between KLHDCSA,
OLIG2, and SOX2 in the CGGA dataset. Numbers indicate the correlation coefficient. ** P <0.01,
*#% P<0.001. (E and F) mRNA expression of OLIG2 and KLHDCS8A upon knockdown of OLIG2.
Statistical significance was determined using two-way ANOVA followed by the Sidak multiple
test correction. **** P < (0.0001. (G) t-SNE plot showing KLHDC8A expression across 28
glioblastoma tissues. (H) Similar single-cell RNA-seq analysis was performed for SOX2 mRNA
expression.
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Chapter 4

KLHDCSA promotes ciliogenesis to support Hedgehog
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CHAPTER 4

KLHDCSA supports GSC growth through regulation of extracellular matrix and signaling

Little is known about the physiologic and pathologic functions of KLHDCS8A in any tissue
type or disease process. To elucidate the molecular mechanisms by which KLHDC8A promotes
GSC growth, we performed RNA sequencing (RNA-seq) following KLHDC8A knockdown in
two patient-derived GSCs, revealing widespread gene expression changes compared to a non-
targeting control (Figure 4.1A) and altered expression of gene sets associated with extracellular
matrix, cell adhesion, and extracellular stimulus response (Figure 4.1, B and C). In parallel, we
leveraged clinical datasets to interrogate gene sets positively or negatively correlated with
KLHDCB8A expression. Similar to the results of RNA-seq analysis, gene set enrichment analysis
(GSEA) revealed that KLHDCS8A expression positively correlated with gene sets associated with
extracellular matrix, extracellular signaling, and cell morphogenesis. KLHDC8A-associated genes
were negatively enriched for processes of chemokine response, immune response, and cancer
clusters (Figure 4.1D). Furthermore, KLHDC8A-correlated genes strongly correlated with
angiogenesis, epithelial-to-mesenchymal transition, hypoxia, and Hedgehog signaling, which are
modulated by the extracellular environment and signals and are molecular processes associated
with the progression of glioblastoma (Figure 4.1F). Collectively, these results implicate the

potential roles of KLHDCS8A in mediating the extracellular signaling pathways.

KLHDCSA supports GSC growth via upregulating Hedgehog signaling
Following KLHDC8A knockdown and the subsequent RNA-seq analysis, Sonic hedgehog
(Shh) was the top downregulated gene upon KLHDCSA perturbation (Figure 4.S1A). Single-

sample gene set enrichment analysis (sSGSEA) of glioblastoma patients from the TCGA-GBM
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dataset revealed strong correlation between KLHDC8A expression, Hedgehog signaling, and
primary cilia, an organelle that is required for vertebrate Hedgehog signal transduction in
development and cancer (Figure 4.S1, B-D) (152). The Hedgehog pathway drives maintenance
and migration of cancer stem cells (135), including in GSCs (153), so we interrogated the role of
KLHDCS8A in Hedgehog signaling transduction in GSCs. To validate the functional importance
of Hedgehog signaling pathway in our patient-derived GSCs, we analyzed the mRNA and protein
levels of Hedgehog pathway genes SHH and Glil in GSCs and DGCs. mRNA and protein levels
of Shh and Glil were elevated in GSCs compared to DGCs, suggesting that Hedgehog signaling
may promote GSC growth (Figure 4.2, A-C). To assess the effect of KLHDC8A knockdown on
Hedgehog signaling, KLHDC8A was targeted with one of two non-overlapping shRNAs, which
revealed downregulation of Shh and the downstream effector, Glil, at both mRNA and protein
levels (Figure 4.2, D-F). Targeting KLHDCS8A also reduced mRNA expression of several Glil
target genes, including MYC, JUN, CXCR4, FOXMI1, and cell cycle genes (CCND1, CCND2,
and CCNE]1) (Figure 4.2, G and H). In complementary studies, GSCs and DGCs were treated with
the SMO inhibitor, Sonidegib. GSCs were more vulnerable to SMO inhibition than DGCs (Figure
4.21). These data suggest that KLHDC8A promotes GSC maintenance through upregulating

Hedgehog signaling.

KLHDCS8A promotes primary cilia formation in GSCs

Primary cilia are microtubule-based structures that function as cellular antennas, sensing
and transducing mechanical, optical, or chemical signals in a cell type- and cell-cycle phase-
specific manner. Inhibition of primary cilia formation leads to loss of SHH-dependent ventral

neural cell types (154). Primary cilia have been linked to glioma differentiation (96), so we
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investigated primary cilia in GSCs. Three patient-derived GSCs were stained with primary cilia
markers, acetylated-o-tubulin (Ac-tubulin), IFT88, ARL13B, and polyglutamylated-tubulin,
which label the axoneme of a cilium. Approximately 25% of GSCs displayed primary cilia
detected by positive staining of Ac-tubulin, IFT88, ARL13B, and polyglutamylated-tubulin
(Figure 4.3, A and B). GSCs displayed a higher frequency of ciliated cells compared to matched
DGCs (Figure 4.3, C and D). To interrogate if KLHDCS8A participates in primary cilia formation,
we depleted KLHDC8A in two patient-derived GSCs. KLHDCS8A depletion reduced the
percentage of ciliated cells (Figure 4.4, A-D and Figure 4.S2), so we interrogated the Biological
General Repository for Interaction Datasets (BioGRID), which contains 2 million biological
interactions for more than 80 species. KLHDCS8A interacted with the subunits of Chaperonin-
containing TCP1 complex (CCT) (Figure 4.S3A), which mediates actin and tubulin biogenesis and
regulates post-translational modification of a-tubulin (155). To confirm this predicted interaction,
FLAG-tagged KLHDC8A was expressed in GSCs, as limited reagents for KLHDCSA exist.
KLHDCS8A co-immunoprecipitated with TCP1 and acetylated-tubulin (Ac-tubulin) (Figure 4.4E).
Decreased tubulin acetylation was observed upon KLHDC8A knockdown (Figure 4.4F).
Reciprocally, overexpression of FLAG-KLHDCS8A promoted tubulin acetylation in GSCs (Figure
4.4G). Treating GSCs with TCP1 inhibitor, HSF1A, decreased Ac-tubulin protein levels (Figure
4.4H), suggesting that KLHDCS8A promotes cilia formation via upregulating ac-tubulin.

To confirm the role of KLHDC8A in promoting ciliogenesis, we interrogated the
correlation between KLHDCS8A expression and two ciliary proteins, IFT88 and ARL13B, in the
CGGA dataset. IFT88 is an intraflagellar transport protein and ARL13B is a regulatory GTPase;
both are required for ciliogenesis and activation of canonical Hedgehog signaling pathway in basal

cell carcinoma (78) and medulloblastoma (156). KLHDC8A mRNA expression correlated with
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the IFT88 and ARLI13B expression in glioblastoma tissues (Figure 4.S3B). ARL13B was
upregulated in glioblastoma tissues compared to normal brain tissues (Figure 4.S2C), and high
expression of ARL13B was associated with poor patient prognosis in TCGA GBM Aglient-4502A
and TCGA GBM-LGG datasets (Figure 4.S3, D and E). Furthermore, shRNA-mediated
knockdown of ARL13B phenocopied KLHDC8A knockdown, as shown by downregulation of
Shh and Glil, as well as reduced cell proliferation (Figure 4.4, I-K). Collectively, these results

suggested that KLHDCS8A supports Hedgehog signaling by promoting ciliogenesis in GSCs.

KLHDCSA levels correlate with Aurora B/C kinase inhibitor activity

KLHDCS8A appears difficult to target due to the lack of small-molecule binding pockets.
Therefore, we sought therapeutic dependencies correlated with KLHDC8A by leveraging the
Cancer Therapeutics Response Portal (CTRP) and Cancer Cell Line Encyclopedia (CCLE)
databases, which contain drug screening data of 481 small-molecule probes in 860 cancer cell lines
and mRNA expression of 1000 cancer cell lines, respectively. Elevated KLHDCS8A expression
was associated with sensitivity as measured by area under curve (AUC) with an Aurora B/C kinase
inhibitor, a JMJD3 inhibitor, a pan-cancer inhibitor (BRD-4132) with unknown molecular targets,
and an insulin-like growth factor 1 receptor (IGF1R) inhibitor (Figure 4.5A). Supporting the
validity of this approach, we recently demonstrated that the IGF1R inhibitor, Linsitinib, targeted
GSCs and displayed in vivo efficacy against glioblastoma xenografts (23). The Aurora B/C kinase
inhibitor GSK1070916 has been tested in multiple human xenograft cancer types, including breast,
colon, and lung, for its anti-tumor effects (157) and was in phase 1 clinical trials for solid tumors.
As the Aurora B/C kinase inhibitor was the top hit, we speculated that GSCs, which display greater

KLHDCS8A expression levels, would be more vulnerable to inhibition of Aurora B/C kinases than
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DGCs. Indeed, Aurora B/C kinase treatment (GSK-1070916) inhibited GSC proliferation in a
concentration-dependent manner, while DGCs were less sensitive at a concentration
approximately 10-fold greater than GSCs (Figure 4.5B). Aurora kinase A activation is known to
promote primary cilia disassembly during G1 phase (158). However, the roles of Aurora kinase B
and C in regulating primary cilia have not been explored. Furthermore, a previous study
demonstrated that SHH-dependent medulloblastoma is sensitive to inhibition of a pan-Aurora
kinase inhibitor, Danusertib (159), suggesting a potential interaction between primary cilia,
Hedgehog pathway, and Aurora kinase B and C. Therefore, we hypothesized that inhibition of
Aurora B/C kinases may promote ciliogenesis and Hedgehog signaling and that treatment with a
SMO inhibitor, Sonidegib, and Aurora B/C kinase inhibitor, GSK-1070916, may exert
combinatorial effects on GSCs. The frequencies of ciliated GSCs significantly increased after 24h
of GSK-1070916 treatment (Figure 4.5, C and D). As revealed by immunoblot, Glil was
upregulated in cells treated with Aurora B/C kinase inhibitor, suggesting compensatory activation
of Hedgehog signaling (Figure 4.5E). Dual treatment of both inhibitors synergistically (synergy
score > 1) attenuated GSC proliferation (Figure 4.5F). In vivo tumor initiation is the gold standard
assay for cancer stem cells. Thus, we interrogated whether disruption of KLHDC8A expression
impaired in vivo tumor formation capacity. We intracranially implanted GSCs transduced with
control non-targeting shRNA or one of two non-overlapping shRNAs targeting KLHDCS8A in
immunocompromised mice. Mice bearing GSCs transduced with KLHDC8A shRNAs displayed
prolonged survival compared to mice bearing sShCONT GSCs (Figure 4.5, G and H). To gain a
clearer insight into the clinical relevance of KLHDCS8A, we performed in silico analysis of TCGA
data, revealing that KLHDCS8A was preferentially expressed in glioblastoma tissues compared to

normal brain tissues, and its expression, along with that of SMO, Glil, and ARL13B, correlated
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with mesenchymal and classical subtypes, wild-type IDH tumors, high-grade glioma, and older
patients (Figure 4.6, A-D). KLHDCS8A expression informed poor patient prognosis of patients in
multiple brain tumor datasets (CGGA-GBM, TCGA-LGG/GBM, and Rembrandt) (Figure 4.6, E-
G). Collectively, these data suggest that KLHDCS8A is a regulator of Hedgehog signaling and
primary cilia formation and that targeting KLHDC8A through combinatorial SMO and Aurora
B/C kinase inhibition is a promising therapeutic strategy for glioblastoma, serving as a potential

therapeutic opportunity for targeting previously undruggable target in glioblastoma.

DISCUSSION

Aberrant epigenetic dysregulation is an essential hallmark of many cancers (160).
Superenhancers are enriched at genes that promote tumorigenesis in various cancer types,
including medulloblastoma (161), colorectal cancer (162), leukemia (163), B-cell lymphoma
(164), and lung cancer (165). Pharmacological inhibitors or genetic ablation targeting key
components of superenhancers and target genes impair the proliferation and in vivo tumor
initiation capacity of cancer cells (21). Therefore, interrogation of superenhancers and their
associated genes improve our understanding of GSC biology and allow for the identification of
potential oncogenic drivers that promote tumorigenesis and progression.

Leveraging superenhancer profiling in glioblastoma tissues and GSCs, we identified an
epigenetically upregulated gene, KLHDCS8A, with expression driven by a superenhancer element
located upstream of the gene with contributions from a stemness transcription factor SOX2.
KLHDCS8A belongs to a large family of kelch proteins, which generally contain 5-7 kelch tandem
repeats and form a B-propeller tertiary structure known to mediate protein-protein interactions.

Members of kelch proteins function through interaction with distinct binding partners and involve
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in a wide range of cellular processes, including signal transduction (68), DNA repair (69), and
protein degradation (70). The molecular functions of KLHDC8A had not been explored. In a
previous study, KLHDC8A was highly expressed in glioblastoma cell lines that escaped from the
treatment of EGFR inhibitor, and KLHDC8A compensated for the loss of a constitutively active
variant of EGFR (EGFR VIII) (72). KLHDCS8A is induced by lactate in glioblastoma cell lines
(73). However, the mechanism by which KLHDCS8A functions has been unknown. Our study
uncovers a novel function of KLHDC8A in promoting Hedgehog pathway through mediating
ciliogenesis in GSCs.

Primary cilia are signaling hubs that host and mediate other signaling pathways besides
Hedgehog signaling, including WNT, NOTCH, platelet-derived growth factor (PDGF), and
various G-protein coupled receptors. However, the presence of primary cilia in glioblastoma
tissues and patient-derived cell lines remains an area of investigation. Defects in primary cilia
formation have been noted in glioblastoma biopsies and established glioblastoma cell lines (166).
It was recently shown that cilia induction promotes differentiation of a subset of cultured GSCs
upon inhibition of Nek2 (96). However, substantial fractions of cells in glioblastoma biopsies and
patient-derived human and mouse primary glioblastoma cells are ciliated with ultrastructural
normal cilia (93). The distal tips of primary cilia on patient-derived glioblastoma cell lines secrete
mitogenic vesicles and promote the proliferation of other ciliated glioblastoma cells (167). We
find that approximately 20~25% of our patient-derived GSCs display primary cilia, which are in
line with multiple studies that 10-30% of glioblastoma tissues and cells are ciliated. It remains
unclear whether only a subpopulation of GSCs is capable of forming cilia or whether the rapid

turnover of cells narrows the window of time in which cilia are present. However, ARL13B
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knockdown phenocopied the effect of KLHDC8A knockdown on Hedgehog signaling and cell
proliferation, suggesting that primary cilia serve an oncogenic role in GSCs.

Mechanistically, we uncovered a novel function of the KLHDCS8A in regulating tubulin
biogenesis. KLHDCS8A interacts with Ac-tubulin and the molecular chaperone CCT, which
mediates tubulin biogenesis. Downregulation of KLHDC8A reduced Ac-tubulin expression, while
KLHDCB8A overexpression promoted tubulin acetylation in GSCs. Given that the B-propeller
architecture mediates protein-protein interaction, we reasoned that KLHDC8A may function as an
adaptor that facilitates CCT-a-tubulin interaction and the subsequent tubulin folding and
acetylation. In addition to regulating tubulin biogenesis, CCT is essential for Bardet-Biedl
syndrome protein complex (BBSome) assembly, which exerts a pivotal role in primary cilia
homeostasis by promoting cargo entry into cilia (168). Upregulated CCT is associated with
enhanced proliferation and growth of breast cancer (169). Furthermore, elevated tubulin
acetylation is linked to enhanced invasive migration and therapeutic resistance to chemotherapy
agents (170, 171). Genetic ablation of a-tubulin acetyltransferase, aTAT1, suppresses colon cancer
proliferation and invasion (172). Thus, the identification of novel KLHDC8A-CCT interaction
may provide a further node of therapeutic benefit.

To identify a translational approach for targeting KLHDC8A, we identified Aurora B/C
kinases as the potential therapeutic targets in GSCs. GSCs display greater sensitivity to the
inhibition of Aurora B/C kinase inhibitor compared to differentiated cells. Glil was upregulated
upon treatment with Aurora B/C kinase inhibitor, and combined treatment of SMO inhibitor and
Aurora B/C kinase inhibitor synergized to kill GSCs, indicating crosstalk between Aurora B/C
kinase and Hedgehog pathway. Aurora kinase inhibitors are under development for the treatment

of numerous cancers. Our results suggest that these inhibitors either select for cells with primary

61



cilia and active Hedgehog signaling or induce these states, supporting a likely molecular
mechanism of therapeutic resistance. As Aurora kinase B is a mitotic kinase that regulates
chromosome segregation and cell cycle progression during mitosis, dual treatment with a SMO
inhibitor and Aurora B/C kinase inhibitor might target both ciliated and mitotic tumor cells. In
conclusion, these findings demonstrate that KLHDC8A supports Hedgehog signaling via
upregulating ciliogenesis. Dual treatment of Hedgehog pathway and Aurora B/C kinase inhibitors

may offer a novel therapeutic paradigm for treating glioblastoma.
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FIGURES

Figure 4.1. KLHDCS8A promotes the expression of ECM and extracellular signaling genes.
(A) Differentially expressed genes in GSC23 and GSC3028 transduced with shRNAs targeting
KLHDC8A or a control shRNA are displayed by volcano plot. Blue dots indicate genes
downregulated in KLHDC8A knockdown cells at an adjusted P < 0.01 and log> fold change <
—0.5. Red indicates genes upregulated following KLHDC8A knockdown at an adjusted P < 0.01
and log> fold change > 0.5. (B) Gene set enrichment analysis of GO pathways enriched or depleted
upon KLHDCS8A depletion in GSC23 and GSC3028 are displayed. Blue dots indicate enrichment
in gene sets downregulated following KLHDC8A knockdown at an FDR < 0.15. (C) Top 8
downregulated gene sets following KLHDC8A knockdown in GSC23 and GSC3028 are plotted
with normalized enrichment score. (D) Bubble plots showing gene sets correlated with KLHDCSA
expression in the TCGA glioblastoma dataset. Downregulated gene sets were shown in blue,
whereas upregulated gene sets were shown in red. (E) Gene set enrichment analysis of Hallmark
gene sets correlated with KLHDC8A expression in the TCGA glioblastoma HG-U133A dataset
are shown.
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Figure 4.2. KLHDCS8A promotes Hedgehog signaling pathways in GSCs.

(A and B) mRNA expression of Hedgehog pathway genes (SHH and GLI1) in two GSCs and
matched DGCs. n=3. Quantitative data from 3 biological replicates are presented as mean + SD.
Statistical significance was determined using Student’s t-test followed by the Holm—Sidak multiple
test correction. *** P < 0.001, **** P < 0.0001. (C) Immunoblot showing the protein expression
of Shh and Glil in three matched pairs of GSCs and DGCs is shown. SOX2 was used to determine
the stemness of GSCs. GFAP was used to determine the differentiation of GSCs. -Actin was used
as the loading control. (D and E) gPCR analysis of KLHDC8A, SHH, and GLI1 mRNA expression
in GSC387 and GSC23 following knockdown of KLHDCS8A. Quantitative data from 4 biological
replicates are presented as mean + SD. Statistical significance was determined using two-way
ANOVA with the Sidak multiple test correction. **** P < (0.0001. (F) Immunoblot showing the
protein expression of GLI1 and SHH upon KLHDCS8A knockdown. (G and H) mRNA expression
of GLI1 target genes in GSC387 (G) and GSC23 (H). Quantitative data from 4 biological replicates
are presented as mean = SD. Statistical significance was determined using Student’s t-test followed
by Dunnett’s multiple test correction. ** P < 0.01, *** P < 0.001, **** P < 0.0001. (I)
Concentration-response curves of two matched pairs of GSCs and DGCs to SMO inhibitor
Sonidegib over a 6-day time course.
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Figure 4.3. GSCs preferentially display primary cilia.

(A) Immunofluorescence imaging of Ac-tubulin, IFT88, polyglutamylated-tubulin, and ARL13B
in 3 patient-derived GSCs (GSC387, GSC23, GSC3028). Ac-tubulin or polyglutamylated-tubulin
is shown in green, IFT88 or ARL13B in red, and DAPI in blue. Scale bars represent 5 or 20 pm.
(B) Quantification of primary cilia-positive cells in GSC387, GSC23, and GSC3028. Data are
shown as mean + SD. At least 100 cells in each GSC line from 3 biological replicates were tested.
(C) Immunostaining of Ac-tubulin and IFT88 in two matched GSCs and DGCs (GSC387 and
GSC23). Ac-tubulin is shown in green, IFT88 in red, and DAPI in blue. Scale bars represent 5 or
20 pm. (D) Quantification of primary cilia positive cells in two matched GSCs and DGCs. At least
100 cells in each GSC line from 3 biological replicates were tested. Quantitative data are presented
as mean = SD. Statistical significance was determined using one-way ANOVA followed by
Tukey’s multiple comparisons. ** P<(0.01.
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Figure 4.4. KLHDCSA is indispensable for primary cilia formation in GSCs.

(A and B) Immunofluorescence imaging of primary cilia in GSC387 (A) and GSC23 (B)
transduced with shCONT or two non-overlapping shRNAs targeting KLHDCSA.
Polyglutamylated-tubulin was labeled as green, ARL13B as red, and DAPI as blue. Scale bars
represent 5 or 20 pm. (C and D) Quantification of primary cilia positive GSC387 (C) and GSC23
(D). At least 100 cells in each GSC line from biological replicates were tested. Quantitative data
are presented as mean + SD. Statistical significance was determined using one-way ANOVA
followed by Tukey’s correction for multiple comparisons. **** P < (0.0001. (E) Exogenous
expression of FLAG-KLHDCS8A in GSC23 followed by coimmunoprecipitation with an anti-
FLAG antibody or an IgG isotype control antibody. The membrane was probed with anti-Flag,
anti-TCP1, anti-Ac-tubulin, and anti-a-Tubulin antibodies. Inputs are indicated. (F) Immunoblot
of the protein expression of Ac-tubulin following KLHDC8A knockdown is shown. (G)
Immunoblot of the protein expression of Ac-tubulin following FLAG-KLHDC8A overexpression
is shown. (H) Immunoblot showing the protein expression of Ac-tubulin, TCP1, and a-Tubulin
following treatment of TCP1 inhibitor HSF1A. (I) Immunoblot showing the protein expression of
ARL13B, Glil, and Shh following ARL13B knockdown. (J and K) Cell viability of GSC387 (J)
and GSC3028 (K) upon depletion of ARL13B. Quantitative data from 4 technical replicates are
presented as mean £ SD. Statistical significance was determined using two-way ANOVA followed
by Tukey’s multiple comparison. **** P <(0.0001.
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Figure 4.5. In vivo dependency and novel therapeutic strategies for targeting KLHDCSA in
glioblastoma.

(A) Plot showing ranked therapeutic compounds based on correlation of KLHDC8A mRNA
expression with drug sensitivity (area under curve, AUC) in brain cancer cell lines in CTRP dataset.
(B) Dose-response curves of two paired GSCs and DGCs to Aurora B/C kinase inhibitor,
GSK1070916. (C) Immunofluorescence imaging of primary cilia in GSC3028 and GSC23
following treatment of GSK1070916. Polyglutamylated-tubulin was labeled as green, ARL13B as
red, and DAPI as blue. Scale bars represent 5 or 20 pm. (D) Quantification of primary cilia-positive
GSC3028 and GSC23 cells. At least 100 cells in each GSC line from biological replicates were
tested. Quantitative data are presented as mean + SD. Statistical significance was determined using
one-way ANOVA followed by Tukey’s correction for multiple comparisons. * P < 0.05, ** P <
0.01, *** P <0.001. (E) Immunoblot showing the protein expression of phospho-Aurora kinase
B, Aurora kinase B, and GLII1 following treatment of GSK1070916. (F) Synergy plots of
Sonidegib and GSK1070916 in GSC387 and GSC23 analyzed by R package Synergyfinder. (G)
Kaplan-Meier curve showing survival of NSG immunocompromised mice after intracranially
injected with GSC23 or GSC3028 upon depletion of KLHDC8A. n=5 per group. Statistical
significance was determined using Mantel-Cox log-rank test. ** P <0.01. (H) The knockdown of
KLHDCS8A was validated by qPCR in GSC3028 and GSC23. Quantitative data from 4 biological
replicates are presented as mean + SD (error bars). Statistical significance was determined using
one-way ANOVA followed by Tukey’s multiple comparisons. *** P <0.001.
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Figure 4.6. Clinical relevance of KLHDCSA.
(A) Heatmap showing RNA-seq, whole-exome-seq, and clinical phenotype data along with
KLHDCS8A, GLI1, SMO, and ARL13B expression in each glioblastoma patient. (B) mRNA
expression (TPM) of KLHDCS8A in glioblastoma (7 = 163) and normal brain (n = 21) in the TCGA
GBM dataset. (C and D) KLHDC8A mRNA levels in different gliomas (C) or different grades (D)
in TCGA glioma datasets. Data are presented as mean + SD. Statistical significance was
determined using one-way ANOVA followed by Tukey’s multiple comparisons. *** P < 0.001.
(E-G) Kaplan-Meier curves displaying survival of patients in CCGA GBM (E), TCGA LGG-
GBM (F), and Rembrandt (G) datasets stratified based on median mRNA expression of
KLHDCB8A. Data are presented as mean + SD. Statistical significance was determined using log-
rank test. P =0.0184 for CGGA GBM; P <le-15 for LGG-GBM; P = 0.0204 for Rembrandt.
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Figure 4.S1. KLHDC8A mRNA expression is positively correlated with Shh and ciliary gene
signatures, related to Figures 4.1 and 4.2.

(A) Bar plot showing top 25 downregulated genes from RNA-seq analysis after KLHDCSA
knockdown. (B) Correlation between KLHDCS8A expression and the expression of genes from Shh
targets signature. (C) Correlation between KLHDC8A expression and the expression of genes
from Reactome signaling by Hedgehog signature. (D) Correlation between KLHDCS8A expression
and the expression of genes from Ciliary Landscape signature.
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Figure 4.S3. ARL13B is upregulated in glioblastoma tissues and informs poor patient
prognosis, related to Figure 4.4.

(A) Interaction network analysis of KLHDC8A and KLHDCS8A binding proteins. The node in red
(rectangular) represents KLHDC8A and the nodes in blue (circle) represent KLHDC8A binding
partners. (B) Correlation of mRNA expression between KLHDCS8A, IFT88, and ARL13B in the
CGGA glioblastoma dataset. Numbers indicate the R-value of Spearman correlation. *** P <
0.001. (C) mRNA expression (TPM) of KLHDCS8A in normal brain (GTEx dataset, n = 207) and
glioblastoma (TCGA dataset, n = 163). Statistical significance was determined using four-way
ANOVA to control for variables. (D) Kaplan-Meier survival curve of glioblastoma patients in the
TCGA Agilent-4502A dataset stratified based on median mRNA expression of ARL13B.
Statistical significance was determined using log-rank analysis. P = 0.0253. (E) Kaplan-Meier
survival curve of glioma patients in the TCGA GBMLGG dataset stratified based on median
mRNA expression of ARL13B. Statistical significance was determined using log-rank analysis. P
<le-15.
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MATERIALS AND METHODS
Derivation and culture of GSCs, nonmalignant brain cultures, and NSCs

Patient-derived GSCs, GSC387, and GSC3028 were generated in our laboratory, as
previously described (125). GSC23 was obtained via a material transfer agreement from The
University of Texas MD Anderson Cancer Center (Houston, TX). Nonmalignant brain cultures
(NM176,NM177, and NM290) were derived in our lab from epilepsy surgical resection specimens.
ENSAs are human embryonic stem-derived neural progenitor cells (Millipore). NSCs are human-
induced pluripotent-derived neural progenitor cells (ALSTEM). hNP1s are human iPSC-derived
neural progenitors derived from the hESC WAOQ9 line. All NSCs and GSCs were cultured in

Neurobasal™

media (Invitrogen) supplemented with B27 without vitamin (Invitrogen), sodium
pyruvate, Glutamax, epidermal growth factor, and basic fibroblast growth factor (20 ng/ml each;
R&D Systems). Differentiated glioblastoma cells derived from GSCs were generated and
maintained in DMEM supplemented with 10% FBS. Short tandem repeats analyses were carried

out every year to authenticate the identity of each tumor model. GSCs were passaged for less than

20 times in vitro from xenografts.

Immunofluorescence staining

Cells were grown on coverslips coated with Matrigel® hESC-Qualified Matrix
(Cat#354277; Corning). After treatment, cells were fixed with 4% paraformaldehyde in PBS at
room temperature for 10 minutes, followed by permeabilization with PBS containing 0.5%
TritonX-100 at room temperature for 15 minutes, and blocking with PBS containing 5% goat
serum and 0.1% TritonX-100 at room temperature for at least 1 hour. Cells were incubated with

desired primary antibodies overnight at 4°C. All antibodies used in this study are listed in Table 1.
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Cells were washed with PBS and incubated with fluorescent-dye conjugated secondary antibodies
(1:500; Sigma) at room temperature for 1 hour. Cells were washed with PBS and incubated with
PBS supplemented with DAPI at room temperature for 5 minutes. After the final wash with PBS,
slides were mounted with ProLong™ Diamond Antifade Mountant (Cat# P36965; ThermoFisher)
and imaged with the Leica SP8§ CLARITY confocal microscope. Images were captured using 20X
air or 100X oil objectives. The interval between the Z stacks was kept 0.5 pm apart. Images were

processed using Leica Application Suite X software and Adobe Illustrator CS6.

Western blotting

Cells were lysed in Radio-Immunoprecipitation assay (RIPA) buffer supplemented with
protease inhibitors and phosphatase inhibitors on ice for 30 minutes. Lysates were centrifuged at
4°C for 15 minutes at 14,000 x g, and the supernatants were collected. The concentration of lysates
was determined by utilizing the Bicinchoninic acid (BCA) assay according to the manufacturer's
protocol. Equal amounts of protein samples were mixed with 6x SDS Laemmi loading buffer and
were boiled for 10 minutes. The protein samples were used directly for SDS-PAGE electrophoresis
or stored at -80°C. The polyvinylidene difluoride (PVDF) membranes with proteins were blocked
with 5% non-fat milk in TBST at room temperature for 1 hour, followed by incubation with
primary antibodies overnight at 4°C. All the antibodies used in this study are listed in Table 1. The
membranes were incubated with desired secondary antibodies and were developed by SuperSignal
West Pico Plus Chemiluminescent Substrate (Cat# 34580; Thermo Fisher Scientific) and were

imaged using BioRad image lab software.

Plasmids and lentiviral transduction
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Lentiviral vectors expressing two non-overlapping shRNAs targeting KLHDC8A, SOX2,
ARL13B, or a control shRNA that does not target any known mammalian genes were obtained
from Sigma-Aldrich. All shRNAs used in this study were listed in Table 2. For lentivirus
production, 293FT cells were co-transfected with lentiviral plasmids bearing shRNA sequences,
viral packaging vectors pCMV-dR8.2, and VSVG using LipoD293™ [n Vitro DNA Transfection
Reagent (SignaGen Cat# SL100668) in DMEM supplemented with 10% FBS according to the
manufacturer's protocol. Culture medium was replaced to complete DMEM medium 72 hours after
transfection. Medium containing virus particles was collected, and the supernatant was filtered
with a 0.45-um filter. Lenti-X Concentrator (TaKaRa Cat# 631232) was used to concentrate the
virus according to the manufacturer's protocol. The virus particles were resuspended in complete

Neurobasal medium and were used immediately or stored at —80°C.

Quantitative RT-PCR

Total cellular RNA was isolated using Trizol reagent (Cat# 15596072; Invitrogen) and
Direct-zol RNA Miniprep Kits (Cat# R2052; Zymo Research) according to the manufacturer's
instructions. The RNA was eluted and dissolved in RNase-free water and was subsequently
reversed transcribed by using a cDNA Reverse Transcription kit (Cat# 4368814; Life
Technologies). All cDNAs were reverse transcribed from 1 pg total RNA. Quantitative RT-PCR
was performed using the Applied Biosystems 7900HT cycler with the Radiant Green Hi-ROX

qPCR kit (Cat# QS2050; Alkali Scientific).

Apoptosis assay
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Apoptosis was assessed using the FITC Annexin V Apoptosis Detection Kit I (Cat# 556547;
BD Bioscience) according to the manufacturer's protocol. Briefly, cells were harvested and washed
twice with ice-cold PBS. Appropriated numbers of cells were incubated in 100 pl Annexin-binding
buffer containing FITC annexin V and Propidium iodide (PI) at room temperature in the dark for
15 minutes. 400 pl Annexin-binding buffer was subsequently added to each sample. The samples

were processed for flow cytometry analysis using a BD LSR Fortessa Flow Cytometer.

Proliferation and neurosphere formation assays

2,000 cells were plated in each well of a 96-well plate with four to five replicates. CellTiter-
Glo (Promega) assay was used to measure the cell viability on days 1, 3, 5, and 7 according to the
manufacturer's protocol. All data from different time points were normalized to the data of day 0.
Error bars were presented as mean +/- standard deviation. Neurosphere formation capacity was
assessed by in vitro limiting dilution assay. Briefly, different numbers of cells (50, 20, 10, and 1)
were plated into 96-well plates with 24 replicates. After seven days of culture, the number of
neurospheres in each well was counted. The frequencies of stem cells were calculated by using

software available at http://bioinf.wehi.edu.au/software/elda.

H3K27ac ChIP-seq analysis

H3K27ac ChIP-seq data for glioblastoma tissues and GSCs were accessed and downloaded
through GSE101148, GSE72468, and GSE119834. Single-end fastq files of H3K27ac and Input
ChIP-seq reads were first trimmed to get rid of adaptor sequences using "Trim Galore!". "Bowtie2"
was used to align ChIP-seq reads to the hgl9 reference genome. The output SAM files were

converted to BAM files and sorted by genomic coordinates using "SAMtools" and "Sambamba".
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H3K27ac peaks were called using "MACS2" using ChIP input files as controls with a g-value
cutoff of 0.001. To visualize the enrichment patterns at particular locations in the genome and
evaluate regions of differential enrichment, Bigwig files were generated from BAM files using
"DeepTools" 3.5.0 BamCoverage. Superenhancers in glioblastoma tissues and GSCs were
identified by using the Rank-Ordering of Super-Enhancers (ROSE) algorithm on the hg19 human
genome. ROSE was performed with a stitching distance of 12,500 bp and a transcriptional start
site exclusion distance of 2,500 bp. Superenhancers were ranked by counting the H3K27ac signal
in the ChIP file compared to the matched input file. De novo motifs were called from GSC
enhancer regions within glioblastoma tissue superenhancers using the Hypergeometric
Optimization of Motif EnRichment (HOMER) "findmotifsgenome.pl" script. Top scoring enriched

motifs and transcription factors were presented.

In vitro drug treatments and synergy calculations

Cells were plated at 5000 cells per well in 96-well plates with at least five replicates and
were incubated with DMSO or desired drugs at multiple concentrations for 72 hours. Cell viability
was assessed by performing CellTiter-Glo (Promega) assay according to the manufacturer's
protocol. For synergy calculations, synergy indices of Aurora kinase B inhibitor and Sonidegib

were analyzed by R package Synergyfinder.

Coimmunoprecipitation assay
GSCs expressing FLAG-KLHDCS8A were collected and washed with ice-cold PBS. Cell
pellets were resuspended in Pierce™ I[P Lysis Buffer (Thermo Scientific™ Cat# 87787)

supplemented with protease and phosphatase inhibitors and were placed on ice for 30 minutes.
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Cell lysates were centrifuged at 14,000 x g for 15 minutes at 4°C, and the supernatant was
harvested. The concentration of lysates was determined by utilizing the Bicinchoninic acid (BCA)
assay according to the manufacturer's protocol. 1mg of cell lysate was mixed with Anti-FLAG®
M2 Magnetic Beads (MilliporeSigma Cat# M8823) and rotated at 4°C overnight. The beads were
washed with Pierce™ IP Lysis Buffer three times and were boiled in 2X SDS Laemmli loading

buffer at 95°C for 5 minutes. The supernatant was collected and used for Western blot analysis.

RNA-seq analysis

RNA-seq data for GSC versus DGC comparisons were accessed from Gene expression
Omnibus (GEO GSE547391). Three pairs of matched GSCs and DGCs (MGG4, MGG6, and
MGGS) were used for this study. Counts-per-million and differential expression were calculated
using Limma in R. Differentially expressed genes were filtered with an mRNA expression fold

change cutoff of log2 >2 or < -2 and with an adjusted P-value of less than 0.001.

For RNA-seq analysis upon KLHDC8A knockdown, total cellular RNAs from GSCs
transduced with shCONT or shKLHDC8A were isolated by Trizol reagent (Cat# 15596072;
Invitrogen) and Direct-zol RNA Miniprep Kits (Cat# R2052; Zymo Research) according to the
manufacturer's instructions. The purified RNA was eluted and dissolved in RNase-free water and
was subsequently subjected to RNA sequencing. The fastq files of the RNA-seq data were
subjected to quality control using "FastQC", and the adaptor sequences were removed by
performing "TrimGalore". The trimmed reads were mapped to hgl9 human genome and were
counted by using “Salmon”. Salmon output files were further processed by running Tximport, and

differential expression analysis was carried out using DESeq2 in R. The volcano plot displaying
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differentially expressed genes was generated using GraphPad Prism. A pre-ranked gene list was
generated by selecting differentially expressed genes with an adjusted p-value less than 0.05. Gene
set enrichment analysis (GSEA) was performed by uploading the pre-ranked gene list into GSEA
software. Bubble plots were generated using Cytoscape. All original RNA-seq data generated in
this study were deposited in the NCBI’s Gene Expression Omnibus (GEO) database (GEO

GSE207760).

In vivo tumorigenesis

10,000 GSCs transduced with sShCONT or shKLHDCS8A were intracranially injected into
the right cerebral cortex of NSG (NOD.Cg-Prkdc™® 112rg™Wil/SzJ; The Jackson Laboratory) mice
at a depth of 3.5 mm. All mouse experiments were performed under a University of California,
San Diego, Institutional Animal Care and Use Committee—approved protocol. At least 4 to 6 weeks
old, healthy, wild-type male or female NSG mice were randomly selected. All mice were

monitored every day until neurological signs, at which point they were sacrificed.

Statistics

For qPCR analysis, statistical significance between 2 groups was determined by Student’s
t-test. Two-way ANOVA followed by Dunnett multiple comparison were performed for statistical
analysis when appropriate. For mice survival analysis, the statistical significance between different
treatment groups was determined by using log-rank tests. For cell proliferation assays, two-way
ANOVA with Dunnett multiple hypothesis test correction were applied for statistical analysis. For
extreme limiting dilution assay, the 2 test was used for pairwise differences in evaluating stem

cell frequencies. All statistical analyses are provided in the figure legends.
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Study approval
All murine experiments were performed under an animal protocol (s17096) approved by
the Institutional Animal Care and Use Committee of the University of California, San Diego. This

work does not contain human subjects research.
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Table 4.1. Antibodies used in this study

All the antibodies used in this study are listed

Antigen Host Vendor Catalog# Dilution Dilution
(WB) (IF)

KLHDC8A Rabbit | Novus NBP1-31181 | 1:1000

PARP Rabbit | Cell signaling | 9532 1:1000

OLIG2 Mouse | Millipore MABNS50 1:1000

SOX2 Rabbit | AB5604 AB5603 1:1000

IFT88 Rabbit | Proteintech 13967-1-AP | 1:1000 1:200

ARLI13B Rabbit | Proteintech 17711-1-AP | 1:1000 1:200

Glil Rabbit | Cell signaling | 2534T 1:1000

SHH Rabbit | Proteintech 20697-1-AP | 1:1000

Acetylated- a - Mouse | Proteintech 66200-1-1g 1:1000 1:200

tubulin(Lys40

a -tubulin Mouse | Cell signaling | 3873S 1:5000

TCP1 Rabbit | Abcam Ab225702 1:1000

-actin Rabbit | Proteintech HRP-60008 [ 1:40000

GT335 Mouse | Adipogen AG-20B- 1:200
0020-C100

Phospho-Aurora A Rabbit | Cell signaling | 2914 1:500

(Thr288)/Aurora B

(Thr232)/Aurora C

(Thr198) (D13A11)

XP®

Aurora B/AIM1 Rabbit | Cell signaling | 3094T 1:1000

Antibody

GFAP Rabbit | Proteintech 16825-1-AP | 1:1000
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Table 4.2. DNA oligos used in this study

All the DNA oligos used in this study are listed

Primer oligos for quantifying gene expression

Target Strand | Sequence (5’->3’)

KLHDCS8A [ Forward | ATGGAGGTGCCTAACGTCAAG
Reverse | CCGTTGTCGTCACATCCCC

SOX2 Forward | GCCGAGTGGAAACTTTTGTCG
Reverse | GGCAGCGTGTACTTATCCTTCT

OLIG2 Forward | CCAGAGCCCGATGACCTTTTT
Reverse | CACTGCCTCCTAGCTTGTCC

GFAP Forward | CTGCGGCTCGATCAACTCA
Reverse | TCCAGCGACTCAATCTTCCTC

SHH Forward | CTCGCTGCTGGTATGCTCG
Reverse | ATCGCTCGGAGTTTCTGGAGA

GLI1 Forward | AGCGTGAGCCTGAATCTGTG
Reverse [ CAGCATGTACTGGGCTTTGAA

CCND1 Forward | GCTGCGAAGTGGAAACCATC
Reverse | CCTCCTTCTGCACACATTTGAA

CCND2 Forward | ACCTTCCGCAGTGCTCCTA
Reverse | CCCAGCCAAGAAACGGTCC

CCNEI1 Forward | AAGGAGCGGGACACCATGA
Reverse | ACGGTCACGTTTGCCTTCC

c-MYC Forward | GGCTCCTGGCAAAAGGTCA
Reverse | CTGCGTAGTTGTGCTGATGT

CXCR4 Forward | ACTACACCGAGGAAATGGGCT
Reverse | CCCACAATGCCAGTTAAGAAGA

FOXMI1 Forward | CGTCGGCCACTGATTCTCAAA
Reverse | GGCAGGGGATCTCTTAGGTTC

c-JUN Forward | TCCAAGTGCCGAAAAAGGAAG
Reverse | CGAGTTCTGAGCTTTCAAGGT

GAPDH Forward | GGAGCGAGATCCCTCCAAAAT
Reverse | GGCTGTTGTCATACTTCTCATGG

DNA oligos for shRNA

Target TRC number

KLHDCS8A [ TRCN0000138219
TRCN0000138761

ARLI13B TRCN0000381968
TRCN0000381442

SOX2 TRCN0000355694
TRCN0000355638

DNA oligos for CRISPR Cas9-KRAB gRNA
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Table 4.2. DNA oligos used in this study (Continued)

Target

Strand

Sequence (5’->3’)

Non-
targeting

Forward

CACCGCTCTGCTGCGGAAGGATTCG

Reverse

AAACCGAATCCTTCCGCAGCAGAGC

KLHDCSA
SE gRNAI1

Forward

CACCGCGCGGGGTGGCGATCAATGGAGG

Reverse

AAACCCTCCATTGATCGCCACCCCGCGC

KLHDC8A
SE gRNA2

Forward

CACCGGAACGCGGGGTGGCGATCAATGG

Reverse

AAACCCATTGATCGCCACCCCGCGTTCC

KLHDCS8A
SE gRNA3

Forward

CACCGGGCGATCAATGGAGGATTACCGG

Reverse

AAACCCGGTAATCCTCCATTGATCGCCC

KLHDCSA
SE gRNA4

Forward

CACCGTTGTTCCAGCCGAAATTAGCAGG

Reverse

AAACCCTGCTAATTTCGGCTGGAACAAC

KLHDC8A
SE gRNAS5

Forward

CACCGATTACCGGAAGATGTGCAAATGG

Reverse

AAACCCATTTGCACATCTTCCGGTAATC
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CHAPTER S

CONCLUSION

Glioblastoma is a devastating disease with a median survival of less than 15 months and
with limited therapeutic modalities. Despite intensive efforts in defining its molecular
characteristics, including its genetics and epigenetics, current knowledge has not been translated
into clinical practice due to high intra- and intertumoral heterogeneity within the tumors and
extensive cellular plasticity and enhanced invasiveness of glioblastoma stem cells. Furthermore,
the interactions between GSCs and differentiated progeny and between cancer cells and their
microenvironment, which includes the surrounding immune cells and vasculature, contribute to
the resistance and resilience of GSCs. Therefore, understanding the molecular processes that
support GSC growth will allow us to identify the core GSC regulators and potential therapeutic
vulnerabilities.

To interrogate the therapeutic vulnerabilities among GSCs, we leveraged superenhancer
screening approaches and identified KLHDCS8A, a protein with previously unknown function.
KLHDCSA is upregulated in GSCs at both mRNA and protein levels, and targeting KLHDCSA
reduced cell proliferation, induced apoptosis, and inhibited the in vivo tumor formation capacity
of multiple GSC lines, suggesting that KLHDC8A may be a universal molecular target for GSCs,
and that inhibiting KLHDCS8A and its downstream molecular pathways may offer therapeutic
benefits for targeting the heterogeneity of GSCs. Further investigation revealed that KLHDCSA
promotes ciliogenesis to support Hedgehog signaling. Hedgehog signaling has been identified as
a key signaling pathway that is critical in embryonic development, stem cell population
maintenance in adult tissues, and tumorigenesis of cancer cells. Several Hedgehog pathway

inhibitors have been developed to combat multiple cancers and their clinical efficacy is observed
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in multiple cancer types, but therapeutic resistance to these inhibitors has been reported, suggesting
that novel therapeutic strategies for targeting this pathway, including combinatorial treatments
with chemotherapy agents or inhibitors targeting other signaling pathways, should be considered.
Given that KLHDCS8A is undruggable based on its molecular structure, we leveraged the CTRP
dataset, which stores drug sensitivity and mRNA expression data of cancer cells and identified
Aurora B/C kinase inhibitor as a potential molecular target for GSCs. Unexpectedly, we found that
treating GSCs with Aurora B/C kinase inhibitor promoted ciliogenesis and Hedgehog signaling,
which has never been reported before. Dual targeting of Hedgehog signaling and Aurora B/C

kinases synergistically inhibited GSC growth, offering a novel paradigm for treating glioblastoma.

FUTURE DIRECTIONS
Aim 1. Determine the functional importance and frequency of primary cilia-positive cells in
GSCs and glioblastoma tissues.

In this report, we found that approximately 25-30% of GSCs display primary cilia and that
targeting critical primary cilia regulator ARL13B led to suppression of cell proliferation and
downregulation of Hedgehog signaling, suggesting that primary cilia play an essential role in
promoting GSC maintenance in a context-dependent manner. However, whether primary cilia are
preferentially found in stem-like populations, and the frequency of primary cilia-positive cells in
glioblastoma tissues and other GSCs, remain areas of investigation. It is also intriguing to ask
whether the presence of primary cilia is associated with a quiescent or proliferating cell state.
Furthermore, the staining of primary cilia in GSCs was done in 2D culture, with GSCs attached to
Matrigel-coated cell culture plates. However, GSCs exhibit anchorage-independent growth

capability and grow as spheres in serum-free media. It will also be interesting to see if GSCs still
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display primary cilia and if the frequency of ciliated GSCs is higher or lower in 3D culture systems,

such as organoids and mouse xenografts.

Experimental approaches

Determine the prevalence of primary cilia in other GSC lines and glioblastoma tissues.

To understand the percentage of ciliated cells in glioblastoma tissues and other GSC lines,
I will stain GSCs and glioblastoma tissues with two different combinations of antibodies, such as
anti-polyglutaminated tubulin and IFT88, ARL13B, and gamma-tubulin, to evaluate the structure
of primary cilia and perform immunofluorescence using confocal microscopy. The percentage of
ciliated cells will be counted and calculated with at least 300 cells per group. Furthermore, to
interrogate if primary cilia formation is associated with stemness and proliferation, I will stain
primary cilia in GSCs and glioblastoma tissues using anti-ployglutamylated tubulin and stemness

marker SOX2 or proliferation marker Ki67.

Interrogate the presence and the frequency of ciliated GSCs in 3D culture systems

To assess the primary cilia in 3D culture systems, we will use a 3D bioprinting technique
developed by our lab and others to generate 3D bioprinted organoids. These bioprinted organoids
derived by GSCs alone or with other cell types, such as astrocytes and macrophages, can
recapitulate glioblastoma transcriptional profiles, model complex cellular interactions and
migrations, and serve as a platform for high-throughput drug screening. Briefly, GSCs with or
without other cell types are dissociated into single cells. Cell suspensions are mixed with
photosensitive prepolymer solution containing 8% (w/v) GelMA, 0.5% (w/v) GMHA, and 0.6%

(w/v) lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate in a 1:1 ratio. The two-step bioprinting
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process is carried out first by loading the cell-material mixture onto the printing stage and then by
shining the laser onto the mixture. To assess the primary cilia in 3D bioprited samples, I will use
serial section electron tomography (SSET) to evaluate the structure of primary cilia and the
percentages of primary cilia-positive GSCs within the organoids. Additionally, laser scanning
confocal fluorescence microscopy will be utilized to interrogate the percentage of GSCs within
organoids displaying primary cilia. In addition to 3D bioprinted organoids, we will generate an
orthotopic xenograft mouse model by performing an intracranial injection of 10,000 GSCs into the
mouse brain. The tumors will be harvested and subjected to immunofluorescence staining using

anti-polyglutamylated tubulin and anti-ARL13 antibodies.

Aim 2. Determine the molecular mechanisms by which Aurora B/C kinases regulate

ciliogenesis.

In our previous work, we found that inhibition of Aurora B/C kinases led to a significant
increase in the frequency of ciliated cells. The role of Aurora kinase A in ciliogenesis has been
demonstrated by other groups, finding that Aurora kinase A activation induces primary cilia
disassembly via interacting and activating HDAC6, a deacetylase which catalyzes the
deacetylation of tubulins and triggers the reabsorption of primary cilia to ensure proper cell cycle
progression. However, the role of Aurora B/C kinases in ciliogenesis is still unclear. Aurora kinase
A and B have very distinct functions, with Aurora kinase A regulating centrosome dynamic and
spindle assembly, and Aurora kinase B involved in proper chromosome segregation and cell cycle
progression in mitosis. However, recent studies have demonstrated that Aurora kinase A and B
share similar functions in regulating spindle formation and chromosome segregation. Inactivation

of both Aurora kinase A and B completely abrogated chromosome segregation, suggesting an
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overlapping function of Aurora kinase A and B in mitosis. Based on this finding, it is possible that
Aurora kinase B also regulates primary cilia, similar to Aurora kinase A. To identify the potential
molecular mechanism of how Aurora kinase B regulates ciliogenesis, we interrogated the
BIOGRID dataset, which has the protein-protein interaction data of more than 20,000 proteins,
and found that Aurora kinase B interacts with NEK2 and family members of the ciliary
disassembly complex (CDC) (Figure 5.1A). Additionally, Aurora kinase B expression is positively
correlated to the expression of NEK2 and CDC20 (Figure 5.1B), suggesting that the Aurora kinase
B may interact and promote the activation of NEK2 and CDC, which then trigger primary cilia

disassembly, before entering mitosis.

Experimental approaches

As a proof-of-principle rescue experiment, I will first interrogate if there is an interaction
between Aurora kinase B, NEK2, and CDC20 in GSCs. I will perform a co-immunoprecipitation
(Co-IP) assay using anti-Aurora kinase B antibody and then blot the membrane with anti-NEK2
and anti-CDC20 antibodies. Additionally, I will also probe the membrane with anti-p-Aurora
kinase B to see if the activation of Aurora kinase B is required for interacting with NEK2 and
CDC20. Additionally, I will perform reciprocal pulldown using anti-NEK2 or anti-CDC20
antibody and the subsequent immunoblot experiment. To assess if the increased frequency of
ciliated cells after Aurora B/C kinase inhibition is mediated by NEK2, we will treat GSCs first
with NEK2 inhibitor JH295 and then add Aurora B/C kinases inhibitor GSK1070916. The
presence and structure of primary cilia will be validated by confocal microscopy. These
experiments will allow us to understand the molecular mechanisms of how Aurora B/C kinases

regulate primary cilia formation.
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Aim 3. Evaluate the combinatorial efficacy of epigenetic inhibitors, Hedgehog inhibitors, and
Aurora B/C kinase inhibitors

Our study demonstrated that superenhancer-activation of KLHDC8A promotes
ciliogenesis to support Hedgehog signaling, and that targeting Aurora B/C kinases in GSCs is a
novel KLHDC8A-based therapeutic dependency. Dual inhibition of Aurora B/C kinases and
Hedgehog signaling synergistically inhibited GSC growth in vitro. However, this novel
combination treatment has not yet been tested in preclinical models. Moreover, treating GSCs with
the epigenetic inhibitor GSK620, which preferentially inhibits the expression of superenhancer-
associated genes, led to downregulation of KLHDCS8A expression and reduced cell proliferation.
Given the role of KLHDC8A in promoting ciliogenesis, we hypothesize that targeting
superenhancers with small molecule inhibitors in combination with Aurora B/C kinase inhibitor

or Hedgehog inhibitor may serve as a novel therapeutic strategy for killing GSCs.

Experimental Approaches

Determine the efficacy of dual targeting Aurora B/C kinase and Hedgehog signaling in vivo

To assess the efficacy of this combination treatment, we will perform an intracranial
injection of 1,000 GSCs into the right cerebral cortex of NSG mice (NOD.Cg-Prkdescid
[12rgtm1Wj1/SzJ). After 7 days of recovery, mice are given either 50 mg/kg of the Aurora kinase
B inhibitor Barasertib, 50 mg/kg of the Hedgehog inhibitor Sonidegib, or a pre-mixed combination
of 50 mg/kg of both inhibitors daily with intraperitoneal injection. Mice are monitored for tumor
volume and overall survival until neurological signs are observed. The mouse brains will be

harvested, and hematoxylin and eosin (H&E) staining will be performed for histological analysis.
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Evaluate the combinatorial effect of epigenetic inhibitors with Aurora B/C kinase inhibitors
or Hedgehog inhibitors in vitro and in vivo

Bromo- and extra-terminal domain (BET) family members promote tumorigenesis by
altering chromatin modification in various cancers. Recent efforts devoted to the development of
BET inhibitors have achieved clinical success (173). However, BET proteins are critical for the
expression of genes that control a wide range of important cellular processes, and high
concentrations of BET inhibitors may lead to systemic toxicities. Therefore, alternative approaches,
such as low concentration of BET inhibitors in combination with other pathway inhibitors, will be
essential for overcoming these toxicities.

To evaluate the combination treatment of epigenetic inhibitors with Aurora kinase B or
Hedgehog inhibitors, we will first perform an intracranial injection of 5,000 GSCs into NSG mice,
as described above. After 7 days of injection, mice will be treated daily with Aurora kinase B
inhibitor Barasertib (50mg/kg) or Hedgehog inhibitor Sonidegib (50mg/kg), alone or in
combination with the pan-bromodomain 2 inhibitor GSK620 (50 mg/kg), a potent and orally active
inhibitior with good pharmacokinetics and low side effects. The overall survival of mice will be

monitored every day until neurological signs are observed.
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Figure 5.1. Aurora kinase B is associated with primary cilia-disassociation related genes.
(A) Interaction network analysis of Aurora kinase B and Aurora kinase B binding proteins. The
node in red (circle) represents Aurora kinase B and the other nodes represent Aurora kinase B
binding partners. (B) Correlation of mRNA expression between Aurora kinase B, NEK2, and
CDC20 in the TCGA glioblastoma dataset. Numbers indicate the R-value of Spearman correlation.
**k P <0.001.
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DISCUSSION

Glioblastoma is a deadly disease with limited therapeutic modalities. Our investigation of
the superenhancer landscape in GSCs and glioblastoma tissues has uncovered GSC-specific
vulnerabilities. Superenhancers drive the expression of genes that define the cell state and regulate
cell-type-dependent transcriptional networks. Targeting superenhancer and superenhancer-
associated genes using Bromodomain inhibitors led to downregulation of superenhancer-
associated genes and stemness markers, including OLIG2 and SOX2, suggesting that targeting
superenhancers may provide a novel therapeutic strategy for glioblastoma. Furthermore, dual
targeting Aurora B/C kinases and hedgehog signaling exerted a synergistic effect on killing GSCs,
suggesting that this treatment may eliminate the GSCs in glioblastoma tissues, inhibit tumor
regeneration, and completely eradicate tumors with the combination of standard therapy. However,
there are still limitations in the GSC models and intracranial xenograft models. GSCs have high
intra- and inter- heterogeneity and display plasticity when they interact with other cell types and
receive environmental cues. To recapitulate rapid disease progression and complex tumor
ecosystems, we need better patient-derived GSC and glioblastoma tissue models that preserve
heterogeneity. Technological advances in organoids, such as 3D biopriting models, have allowed
us to model and recapitulate cellular interactions, such as with macrophages and pericytes.
Furthermore, maintaining patient-derived glioblastoma tissues in mice can preserve the
heterogeneity of GSCs, DGCs, immune cells, and endothelial cell lineages. Nevertheless, this
study has advanced our understanding of GSC biology and its therapeutic dependencies, which
contributes to the development of therapeutics and improves the lives of glioblastoma patients in

the future.
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