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ABSTRACT 

Glioblastoma multiforme (GBM) is the most prevalent and aggressive adult primary cancer in the 

central nervous system (CNS). Current standard treatment for glioblastoma includes surgical 

resection and adjuvant radio- or chemotherapy. Other alternative therapeutic approaches are also 

under intense investigation, such as the emerging immunotherapy. Studies of glioblastoma 

biology using experimental models, next generation sequencing and other techniques not only 

enhanced our understanding but also revealed the complexity of this disease. However, with all 

these advances, marginal progress has been made in glioblastoma treatment over the recent years 

mainly due to its heterogeneity and highly invasive nature, asking for new interventions in this 

malicious disease. 

Considering that neuronal transcription factors are instrumental in nervous system 

development and in particular neuronal differentiation accompanied by the cell cycle exit, here I 

propose a potential therapeutic strategy through reprogramming malignant glioblastoma cells to 

non-proliferative mature neurons using neuronal transcription factors. With an efficient retroviral 

transduction system, neuronal conversion of U251 human glioblastoma cells was achieved by the 

overexpression of single neuronal transcription factor Neurogenic differentiation factor 1 

(NeuroD1), Neurogenin-2 (Neurog2) or Achaete-scute homolog 1 (Ascl1). Additionally, it was 

found that majority of the Neurog2- and NeuroD1-converted neurons were glutamatergic, while 

Ascl1 favored GABAergic neuron generation, suggesting that transcription factors could affect 

the neuron subtype determination. Functionality of the converted neurons was further confirmed 

by neuron-specific electrophysiological activities. More importantly, consistent with our 

hypothesis, the neuronal reprogramming induced by Neurog2 and NeuroD1 led to significant cell 

proliferation arrest in cultured glioblastoma cells, indicating the dual effects of neuronal 

transcription factors in neuronal fate decision and proliferation inhibition. 

To trace the transcriptomic changes and understand the underlying molecular 
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mechanisms, we performed RNA-sequencing (RNA-seq) on human glioblastoma cells with 

neuronal transcription factor overexpression. It was found that Neurog2 and Ascl1 

overexpression triggered distinct transcriptomic responses in U251 human glioblastoma cells. 

Neurog2 activated a rapid and specific neuronal differentiation program via upregulating the 

genes encoding for neuron-specific proteins, many of which were neuronal transcription factors. 

In contrast, Ascl1 drove a broad differentiation program and mainly targeted cell adhesion 

molecules. Activation of different signaling pathways was also observed upon Neruog2 and 

Ascl1 overexpression in human glioblastoma cells, suggesting divergent roles of the neuronal 

transcription factors in the context of glioblastoma. 

I next examined the feasibility of in vivo neuronal conversion through a xenograft mouse 

model. U251 human glioblastoma cells and Neurog2 retroviruses were intracranially transplanted 

in the striatum of Rag1-/- immunodeficient mice. Consistent with the results in cultured cells, 

efficient neuronal conversion of the transplanted glioblastoma cells was also observed with 

Neurog2 overexpression. In addition, the in vivo neuronal conversion of glioblastoma cells led to 

significant reduction of tumor cell proliferation and astrogliosis, reflecting the potential benefits 

when applying this technology in vivo. 

In summary, this study demonstrated that overexpression of neuronal transcription factor 

Neurog2, NeuroD1, or Ascl1 was capable to reprogram human glioblastoma cells to functional 

neurons. The proliferation arrest and other benefits during neuronal reprogramming in vitro and 

in vivo suggested that neuronal transdifferentiation might serve as an innovative strategy to 

impede brain tumor progression. 
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CHAPTER 1 

Introduction  

 

My dissertation mainly focuses on the neuronal conversion of human glioblastoma cells induced 

by neuronal transcription factors (Neurog2, NeuroD1, and Ascl1).  In this chapter, earlier 

research and background information related with this topic will be introduced, including current 

understanding of glioblastoma biology, functions of neuronal transcription factors during nervous 

system development, direct astrocyte-to-neuron conversion, and transdifferentiation in cancer 

therapeutics. The significance and open questions of the current research will be discussed as 

well. 
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1.1 Glioblastoma multiforme: disease and treatment  

 

Glioblastoma multiforme (GBM, glioblastoma) is a type of tumor that arises from unchecked 

proliferation of glial cells, a type of supportive cells in the brain and spinal cord (Louis et al. 

2007). It is the most prevalent and invasive primary malignant brain cancer in adult (Bleeker, 

Molenaar, and Leenstra 2012), classified as grade IV astrocytoma among all types of gliomas 

(astrocytoma, oligodendroglioma and ependymoma). The American Brain Tumor Association 

(ABTA) estimated that there were 24,790 new cases of primary malignant brain tumors in the 

United States in 2016 (Burger et al. 1985). Roughly half of those cases were glioblastoma with a 

5.5% five-year relative survival rate and one-year median survival time (ñTumors Understanding 

Brain,ò n.d.). In 2019, estimated 23,820 new cases and 17,760 deaths from nervous system 

tumors are expected in the United States (Siegel, Miller, and Jemal 2019; Mehta et al., n.d.), 

reflecting the poor prognosis quo of these malignancies and asking for new interventions. 

Development of efficient treatments against glioblastoma requires a comprehensive 

understanding of its biology. Indeed, earlier and ongoing investigations about glioblastoma 

initiation, progression and relapse have not only unveiled the complexity of this disease but also 

provided potential therapeutic targets for glioblastoma treatment. 

 

1.1.1 Genetics, classification and biomarkers of primary glioblastoma 

 

Genetic and epigenetic alterations have been recognized as intrinsic molecular drivers of 

glioblastoma progression and also serve as biomarkers for its diagnosis and classification. 

Common alternations in primary glioblastoma have been unveiled in earlier studies and 

summarized by the ABTA (CW et al. 2013; Cancer Genome Atlas Research Network, 2015; 

McLendon et al. 2008; Verhaak et al. 2010; Eckel-Passow et al. 2015). Majority of these 
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aberrations are associated with essential biologic pathways governing proliferation, apoptosis, 

necrosis and angiogenesis that contribute to the hallmarks of glioblastoma (McLendon et al. 

2008; Furnari et al. 2007). The most common genetic aberration (60%-90% of glioblastoma 

cases) in primary glioblastoma is the loss of heterozygosity (LOH) on chromosome 10q, which 

affects several oncogenes and tumor suppressor genes in this region, such as PTEN, FGFR2, and 

MKI67 (Alekseeva et al. 2018). Other frequent observations include genetic mutations in the p53 

and retinoblastoma (Rb) cell cycle regulatory pathways, inhibition of receptor tyrosine kinase 

(RTK) genes, mutational activation of the PI3K/PTEN/AKT signaling pathway, and constitutive 

activation of tumorigenic EGFR or PDGFR mutants (Rasras et al. 2018; Furnari et al. 2007). 

Moreover, crosstalk among signaling pathways and cooperative hotspot mutations during 

glioblastoma progression and treatment are the main reasons for drug resistance and relapse of 

this disease, making glioblastoma therapeutics (Furnari et al. 2007). 

Based on bulk expression landscapes together with clinical and histological profiles, 

glioblastoma is generally classified into proneural, classical and mesenchymal subtypes, each 

with their own genetic aberration signatures. The proneural glioblastoma is further divided into 

two sub-categories: PDGFR overexpression/p53 mutation, and isocitrate dehydrogenase (IDH) 

mutation. The classical subtype is identified by EGFR overexpression, while the mesenchymal 

subtype is closely related with NF1 tumor suppressor aberrations (Verhaak et al. 2010). Other 

classifications of glioblastoma have also been proposed based on different criteria. For example, 

a comprehensive single cell RNA-sequencing (scRNA-seq) analysis of glioblastoma cells 

showed four cellular states with distinct genetic features (OPC-like, NPC-like, AC-like and 

MES-like) and also some common ñhybridò states (AC-like/MES-like, NPC-like/OPC-like, and 

AC- like/OPC-like) (Maestre 2019; Neftel et al. 2019). 

In addition to genetic mutations, certain epigenetic changes are also found to be 

associated with glioblastoma prognosis, especially those involved in key regulatory pathways, 
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such as LINE-1 methylation (Ohka et al. 2011), and O6-methylguanine-DNA methyltransferase 

(MGMT) promoter methylation. The latter has been recognized as a predicative biomarker for 

alkylating agent therapy in glioblastoma (Verhaak et al. 2010; Donson et al. 2007). Additional 

epigenetic signatures have also been identified by several integrated genomic studies, further 

refining glioblastoma classification and diagnostic precision (Capper et al. 2018; Wesseling and 

Capper 2018; Parsons et al. 2008; Pangeni et al. 2018; Gusyatiner and Hegi 2018; Verhaak et al. 

2010; Noushmehr et al. 2010). 

The common genetic and epigenetic alterations mentioned above also serve as 

biomarkers in glioblastoma, such as EGFR, PDGFR, p53, and PTEN. Other additional potential 

markers in glioblastoma have also been identified in previous studies. For example, interleukin 

13 receptor subunit alpha 2 (IL13Ra2) is a receptor highly and specifically expressed in 

glioblastoma cells for unconventional binding of immune cytokine interleukin 13 (IL13) and has 

been recognized as a potential marker and therapeutic target in glioblastoma (Debinski and Gibo 

2000). A recent ribosome-profiling analysis between neural stem cells and glioma cells revealed 

that glycerol-3- phosphate dehydrogenase 1 (GPD1) as a reliable biomarker for identifying 

resident dormant brain tumor cells (Rusu et al. 2019). In additional to protein markers, long 

noncoding RNAs (lncRNAs) have also been found to participate in glioma progression 

(Rynkeviciene et al. 2019; J. Li et al. 2018), such as MALAT1, CCAT1/2, HOTAIR, H19 and so 

on. Potential therapeutic strategies targeting these biomarkers are under vigorous study, although 

not much survival benefits in clinical trials have been reported yet (Jarboe et al. 2007; 

Kawakami, Kawakami, and Puri 2002; Sattiraju et al. 2017; Reardon et al. 2017; Stupp et al. 

2009). Some of the markers mentioned were also examined in this dissertation to evaluate the 

potential effects caused by the overexpression of neuronal transcription factors. 

Overall, genetic and epigenetic changes largely explain glioblastoma progression, 

resistance and recurrence as internal driving forces. Detailed dissection of these molecular 
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drivers not only helps us to understand this disease, establish reliable glioblastoma models but 

also provides promising therapeutic targets. The heterogeneity of glioblastoma uncovered in 

these studies suggests that it may be difficult to find a unified strategy for glioblastoma 

treatment. Further studies regarding the integrated treatments in different glioblastoma subtypes 

remain to be conducted. 

 

1.1.2 Models depicting glioblastoma progression 

 

To decipher glioblastoma biology, various biological models from cell cultures to animal models 

have been established using different methods, such as genetic manipulation, lineage tracing, and 

high-throughput sequencing technology. The advantages and limitations of these glioblastoma 

models will be illustrated as follows. 

First of all, cell cultures using either the established stable cell lines or primary cells 

from human patients or animals provide convenient and powerful tools in basic and translational 

research. In glioblastoma research, cell cultures are widely used for cellular mechanism 

investigation and high-throughput drug screening. Moreover, inventions and updates of in vitro 

systems are also in progress aiming to maximally retain the genetic and expression profiles of 

human glioblastoma in situ. For example, human cerebral organoids were proposed as a powerful 

in vitro system to maintain the parental tumor cellular heterogeneity and exhibit invasive 

infiltration after transplantation (Gomez et al. 2019; Bian et al. n.d.; Ogawa et al. 2018; Jacob et 

al. 2020). 

As cultured cells might not fully represent the behaviors of in vivo tumor cells, animal 

models therefore provide an essential complement to biological studies of glioblastoma. Animal 

models are mainly used to validate the genetic and epigenetic signatures in human patients and 

further probe the underlying etiological cause and progression of human glioblastoma. They are 

also essential in preclinical studies to test novel therapeutic agents or other strategies. Among all 
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model organisms in brain cancer research, mice are the most commonly used one due to the 

evolutionary similarities, well-studied biology and a short generation interval. Predominantly, 

there are two strategies to study human glioblastoma in mice: genetic engineering and human 

glioblastoma cell transplantation (Liang et al. 2015; Lenting et al. 2017). 

Genetically engineered mouse models (GEMMs) are predominant experimental tools for 

genetic-defined human diseases in a natural immune-proficient environment. They play an 

important role in revealing the potential molecular divers and cell-of-origin of glioblastoma. 

Multiple genetic mutations and mutation combinations driving in situ glioblastoma tumorigenesis 

have been identified using GEMMs, corresponding the findings in human glioblastoma, such as 

the triple mutations of PTEN, p53, and RB, PDGF expression together with mutant p53, PTEN 

and ARF loss, EGFR activation together with INK4a and PTEN loss (Szerlip et al. 2012; Y. 

Wang et al. 2009; Kwon et al. 2008, Chow 2011; Zhu 2009, Hambardzumyan 2009). Other 

mutations associated with glioblastoma aggressiveness were also uncovered by GEMMs. For 

example, the GEMM with dual PTEN and RB pathway inactivation was found to have enhanced 

angiogenesis and astrocytoma invasiveness (Xiao et al. 2005). GEMMs also help trace the cell-

of-origin of glioblastoma with temporal and spatial controlled genetic modifications. For 

example, a study using the INK4a-ARF deletion and Ras/AKT activation-induced glioma 

GEMM suggested that glioblastoma might originate from differentiated astrocytes and neural 

progenitors (Uhrbom et al. 2002). Several other groups have also reported that glioblastoma 

might result from neural stem/precursor cell transformation (Jacques 2010; Alcantara Llaguno et 

al. 2009), oligodendrocyte progenitor cells (OPCs) (Lindberg 2009; Liu 2011) or 

dedifferentiation of mature neurons or astrocytes in the CNS (Friedmann-Morvinski et al. 2012). 

In addition to mice, other marine animals are also under study to reveal conserved molecular 

divers in glioblastoma development, such as canine and monkeys (ref, Samirkumar B. Amin, 

2020 cancer cell). With a closer evolutionary relationship with human, these marine models may 
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provide additional information about the progression and treatment of glioblastoma compared 

with mice. 

GEMMs play an important role to enhance our understanding of glioblastoma biology 

and facilitate the drug discovery for potential therapeutic treatment; however, they may not fully 

recapitulate de novo human glioblastoma, especially those with uncertain etiology (Qazi et al. 

2017). Therefore, cellular responses and behaviors found in GEMMs might differ from that in 

human patients. It also takes time to establish and maintain most of the GEMMs. To overcome 

these limitations, xenograft mouse models directly hosting the human tumor cells or tissues 

provide a convenient in vivo platform for research and preclinical studies. In xenograft mouse 

models, human glioblastoma cells or tissues are transplanted in the immunocompromised mice. It 

has been shown that different transplantation sites matter. For example, compared with 

subcutaneous transplantation, intracranial transplantation showed a closer resemblance to human 

glioblastoma with patient-representative genetic profiles and similar histopathological features, 

such as positive immunohistochemical glioblastoma markers and invasive behavior 

(Camphausen et al. 2005; Jacobs et al. 2011). 

In addition to experimental models, the emerging whole-genome sequencing 

technologies also provide us a better resolution of glioblastoma research, especially in 

elucidating the complexity of the evolutionary trajectory of glioblastoma progression and 

recurrence. For example, it was found that the therapy itself might exert selection pressure to 

drive resistant glioblastoma subclones (Johnson et al. 2014). Also, several sequencing studies 

revealed the complexity of glioblastoma by demonstrating that the relapsed glioblastoma contain 

both linear and branched divergent subclones (H. Kim et al. 2015; Qazi et al. 2017; Mazor et al. 

2015; Liang et al. 2015). 

In all, with the development of various glioblastoma models, the mechanisms of 

glioblastoma progression, recurrence and resistance are coming to light. However, there are still 
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questions remaining to be answered. Further explorations using diverse methodologies are 

required to broaden our knowledge of glioblastoma biology and improve its treatment. 

 

1.1.3 Alternative therapeutic approaches for glioblastoma 

 

Current standard multidisciplinary treatment for glioblastoma includes tumor resection, followed 

by post-surgical external-beam radiation, and temozolomide (TMZ) chemotherapy (Stupp et al. 

2009). Despite the standard treatment, most glioblastoma patients suffer from tumor recurrence 

or progression with roughly one-year median survival time (Stupp et al. 2009). Despite advances 

in the treatment aiming at killing or removing glioma cells, survival rates of glioblastoma 

patients have not significantly changed over the recent years because of the active glioblastoma 

cell proliferation, its invasive nature, and genomic/epigenetic heterogeneity (R. Chen, Cohen, 

and Colman 2016; McLendon et al. 2008; Brennan et al. 2013). Treatment alternatives for 

glioblastoma are also under intense investigation and will be discussed as follows. 

The emerging immunotherapy, which harnesses immune system to target tumor growth, 

has made remarkable breakthroughs in several cancers. Potential targets and modulators of 

immune responses in glioblastoma are also under study (Bleeker, Molenaar, and Leenstra 2012; 

Caccese et al. 2019; X. Wang et al. 2019; Filley, Henriquez, and Dey 2017). Several 

immunotherapy strategies in glioblastoma have been raised, including inhibitors against immune 

system modulators such as PD-1, PD-L1, or CTLA4, tumor vaccines, and T-cell therapies. 

However, the unique tumor microenvironment of glioblastoma and the comprehensive immune 

regulation inside the nervous system are still under study and challenging for immunotherapy. So 

far, the completed phase III clinical trials harnessing either EGFRvIII -targeted vaccines or 

immune checkpoint inhibitors have not shown survival benefits in glioblastoma treatment (D. A. 

Reardon et al. 2017; Stupp et al. 2009), therefore, new avenues to enhance immunotherapy 

efficacy and other combination therapies against glioblastoma are still worth to study. 
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Other strategies proposed in preclinical studies to treat glioblastoma, such as genetically 

engineered oncolytic viruses (OVs) (Wollmann, Ozduman, and Van Den Pol 2012; Pearl et al. 

2019), restraining tumor vasculature using VEGF inhibitors (David A. Reardon et al. 2011), pan- 

cyclin dependent kinase (CDK) inhibitors (Hayashi et al. 2013), and tyrosine kinase inhibitors 

targeting EGFR or PDGFR (Pearson and Regad 2017; Taylor, Furnari, and Cavenee 2012b). 

Multiple clinical trials testing these strategies or combination therapies are ongoing in early 

phases (Sathornsumetee and Reardon 2009; Clark et al. 2012). The outcomes reflect some 

potential limitations of these strategies, such as lack of specificity, blood-brain-barrier restriction, 

and tumor relapse after treatment due to the intratumor and intertumor heterogeneity. 

Collectively, as the marginal improvement of targeted therapies and the highly resistant 

nature of glioblastoma, the research community should keep exploring new interventions in this 

malicious disease. 

 

1.2 Neuronal transcription factors 

 

1.2.1 Regulation of nervous system development via neuronal transcription factors 

 

Neurons are an essential cellular component in the nervous system with specialized structure in 

electrical transmission, making them the fundamental units for all important brain activities, such 

as learning, memory and cognition. Neurogenesis is the developmental process to produce fully 

differentiated functional neurons from neural stem cells, which is a critical part during nervous 

system development. Neurogenesis is under the regulation of various factors, such as proteins, 

RNA regulators and external signals from the local environment (Shi et al. 2010). Among these, 

neuronal transcription factors are recognized as the key intrinsic molecules for guiding the 

nervous system development. Most of the neuronal transcription factors are proteins of the bHLH 

(basic helix-loop-helix) family with conserved instrumental roles in nervous system 
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development. The bHLH family gets its name by the shared bHLH domain, whose dimerization 

leads to DNA binding and downstream transcriptional regulation. The identification of neuronal 

transcription factors was traced back to genetic studies in flies (Villares and Cabrera 1987; 

González et al. 1989; García-Bellido 1979; Ghysen and Dambly-Chaudiere 1988), where their 

encoding genes were found correlated with loss of external organs and dysfunction of nervous 

system development. Though most of the bHLH genes are conserved in both invertebrates and 

vertebrates, some are shown to be newly emerged in vertebrates, such as NeuroD, Oligo, and 

Nscl (Bertrand, Castro, and Guillemot 2002). This might reflect the additional functions of these 

genes given the complex nervous system regulation in vertebrates. The genes encoding neuronal 

transcription factors are further classified into proneural genes and differentiation genes (Dennis, 

Han, and Schuurmans 2019). The former one is defined as both necessary and sufficient to induce 

neurogenesis, such as Neurog1, Neurog2, Ascl1, and Neurod4; the latter functions in later stages 

of neurogenesis to help with neuronal maturation, such as NeuroD, Nscl and Olig families. 

The delicate regulation of nervous system by cassette expression of neuronal 

transcription factors have been demonstrated in several CNS domains. In the dorsal 

telencephalon, which is the embryonic anlage of neocortex, neocortex neurons are generated 

from the ventricular zone (VZ) and the subventricular zone (SVZ). Ajal-Retzius neurons and 

subplate neurons are generated in the early phase of dorsal telencephalon development. Later 

neurons in different layers are generated and migrate in an inside-out manner. During this 

process, Neurog1/2 are required for Ajal-Retzius and subplate neuron generation. Earlier studies 

also showed that Neurog2 and Ascl1 acted antagonistically during the development of dorsal 

telencephalon. Specifically, in Neurog2 knockout cortex, Ascl1 was upregulated. This led to a 

misspecification of newborn neurons and GABAergic neuron generation (Schuurmans et al. 

2004). In addition, Neurog1/2 are required for cortical neuron migration and axonal projection 

(Schuurmans et al. 2004; Hand and Polleux 2011). In ventral telencephalon, which is composed 
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of lateral, medial and caudal ganglionic eminences, Ascl1 is expressed in the VZ and SVZ of all 

three regions. Knockout of Ascl1 led to a reduction of cell proliferation and MGE size. Ascl1 is 

also shown to promote the progenitor proliferation in ventral telencephalon (Castro et al. 2011a). 

Moreover, Ascl1, together with Olig1/2 works to specify OPC fate in ventral telencephalon 

development. In the spinal cord, Neurog2 promotes ventral motor neuron generation together 

with Olig2, while Ascl1 is required for interneuron and spinal OPC generation. In retinal 

development, subtle changes were observed in the knockout studies of single bHLH factor, 

however, triple knockout of bHLH factors led to loss of bipolar and horizontal neurons, 

reflecting the redundancy of bHLH factors during retinal development (Akagi et al. 2004). 

Moreover, NeuroD1 was shown to have multiple functions in retina, such as repressing glial fate 

and enhance the survival of a subset of photoreceptor cells (Zimmerman et al. 1993). 

 

1.2.2 Neuronal transcription factors and cell cycle 

 

In addition to neuron fate commitment, neuronal transcription factors also play roles in cell cycle 

regulation during the nervous system development. It is known that cell cycle exit accompanies 

the differentiation of post-mitotic neurons. During this transition, neuronal transcription factors 

are found to play important roles through multiple mechanisms. For example, Neurog2 was 

found to drive cell cycle withdrawal by repressing a subset of cyclins and preventing S phase 

entry in neuronal progenitors (Lacomme et al. 2012a). NeuroD1 was reported to function in cell 

cycle withdrawal through upregulating the cell cycle inhibitor p21 (Mutoh et al. 1998). Ascl1, 

however, has contradictory functions in proliferation given by different cellular context. One 

hypothesis about this paradox is that Ascl1 might conduct different roles in a phosphorylation-

depend manner. Studies using phosphomutant Ascl1 have shown that dephosphorylation of 

Asc1l drive cell cycle exit and promote neuronal differentiation while phosphorylated Ascl1 

promote proliferation (Ali et al. 2014), suggesting a fine turning mechanism via the post-
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translational modifications. 

Conversely, cell cycle regulators also influence the expression and modifications of 

neuronal transcription factors. For example, earlier studies have shown that cyclin dependent 

kinases could regulate neuronal transcription factors via multi-site phosphorylation, thus 

affecting its dimerization and DNA binding affinity, leading to differentiation repression and 

progenitor expansion (Hardwick and Philpott 2018). 

In all, the interplay between cell cycle regulators and neuronal transcription factors 

reflects the complexity of nervous system development. Additional mechanisms about the 

precise regulation of cell cycle during neurogenesis remain to be investigated. 

 

1.2.3 Neuronal transcription factors induce direct neuronal conversion 

 

As neuronal transcription factors are particularly instrumental in neuronal differentiation and 

proliferation control, they might drive malignant glioblastoma cells to non-proliferative mature 

neurons and raise a potential therapeutic strategy. To test the hypothesis that malignant 

glioblastoma cells can be converted to neurons and find the optimal conversion strategy, I 

referred to previous studies of astrocyte-to-neuron conversion, which has been demonstrated by 

several research groups including our own lab (Table 1-1). 

As an emerging new technology, in vivo neuronal reprogramming holds promise in 

treating CNS diseases with neuronal loss, such as stroke, Alzheimer's disease (AD), Parkinsonôs 

disease (PD), and spinal cord injury (Rivetti Di Val Cervo et al. 2017; Y.-C. Chen et al. 2019; Z. 

Guo et al. 2014). Compared with neuronal differentiation from iPSCs or stem cells, direct 

neuronal conversion from somatic cells requires more simplified protocols, takes less time, has 

higher efficiency and fewer safety concerns of tumorigenesis. Neuronal conversion has been 

achieved in a variety of somatic cells from different lineages, such as fibroblasts, hepatocytes, 

and microglia (Vierbuchen et al. 2010; Marro et al. 2011; Matsuda et al. 2019). Among these 
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candidates for direct neuronal conversion, resident astrocytes in CNS are considered ideal 

because of its close lineage and abundance in CNS, especially for in situ neuronal 

reprogramming in CNS diseases. 

Previous studies showed that neuronal conversion of astrocytes could be achieved in 

vitro and in vivo by overexpression of neuronal transcription factors (Table 1-1; Berninger et al. 

2007; Guo et al. 2014; Grande et al. 2013; Gascón et al. 2016; Heinrich et al. 2011; Liu et al. 

2015; Su et al. 2014; Torper et al. 2013), which were both necessary and sufficient in neuronal 

lineage initiation, progenitor generation as well as neuronal-subtype specification (Bertrand, 

Castro, and Guillemot 2002). As for neuronal subtypes, most neurons converted from cortical 

astrocytes are glutamatergic (Gascón et al. 2016; Grande et al. 2013; Z. Guo et al. 2014; Heinrich 

et al. 2011). However, GABAergic neurons could be generated from striatum astrocytes (Grande 

et al. 2013) or by specific transcription factors associated with GABAergic neuron development, 

such as Dlx2 or Ascl1 (Heinrich et al. 2011; Liu et al. 2015). These observations suggest that the 

subtype of the converted neurons is collectively affected by both internal and external factors. 

Compared with ectopic gene manipulation via complex delivery procedures, small 

molecules appear to be a safer and convenient strategy to convert astrocytes to neurons (Table 1- 

1; Zhang et al. 2015; Yin et al. 2019; Cheng et al. 2015; Gao et al. 2017). Our lab has identified a 

nine-molecule combination (MCM, master conversion molecules) that reprograms cultured 

human fetal astrocytes to functional neurons (L. Zhang et al. 2015). Optimized from this 

formulation, a four-molecule combination (core drugs) with a much higher conversion efficiency 

was discovered (J.-C. Yin et al. 2019). RNA-seq analysis of the drug-treated cells revealed the 

gene regulatory network orchestrating the neuronal conversion in a well-ordered manner (Ma, 

Yin, and Chen 2019). Moreover, their synergistic effect in promoting neuronal conversion was 

also confirmed in human glioblastoma cells in this dissertation. Other formulas that induce in 

vitro neuronal conversion of mouse astrocytes or human adult astrocytes were also summarized 
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in table 1-1 (Gao et al. 2017; L. Cheng et al. 2015). 

 

1.3 Differentiation therapy targeting cancer cell plasticity  

 

Cellular differentiation is a process where a less specialized cell develops to a more specialized 

type. It is one of the key processes to produce diverse cell types from a single-cell zygote in 

multicellular organisms. During development, the post-mitotic differentiated cells commit to 

their fate irreversibly determined by internal and external stimuli (Slack 2007). However, cellular 

plasticity of differentiated cells, which is defined as the adaptive capacity of cells when exposed 

to external stimuli (Carter, Cook, and Vanderhyden 2019), can be triggered in some 

circumstances, such as injury or inflammation, thus undergoing dedifferentiation to a progenitor 

or stem cell-like state (Gabel et al. 2016; B. Lin et al. 2017). 

The relationship between cellular differentiation and cancer has been revealed by a 

systematic transcriptome analysis showing that downregulation of genes involved in cellular 

differentiation was correlated with a shorter patient survival time in various cancer types (Uhlen 

et al. 2017). Dedifferentiation of cancer cells was also observed in several studies and found to 

be associated with cancer invasion and metastasis (Tam and Weinberg 2013; Massagué and 

Obenauf 2016; Lawson et al. 2015; Oshimori, Oristian, and Fuchs 2015), suggesting that cell 

plasticity plays a pivotal role in cancer progression. A well-studied example about cancer 

dedifferentiation is the reversible phenotypic progression of melanoma, in which 

dedifferentiation of melanoma cells towards the neural crest origin was accompanied by their 

increased invasion and migratory capacity (Hoek et al. 2008; Quintana et al. 2010; Hoek and 

Goding 2010). Differentiation therapy by targeting cancer plasticity and driving cancer cells to a 

terminally differentiated stage therefore remains an appealing strategy in cancer therapy 

(Tallman et al. 1997; Warrell et al. 1991; Prost et al. 2015). 
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Several studies have demonstrated the feasibility and effectiveness of differentiation 

therapy in cancer by targeting cell plasticity and turning the proliferating cancer cells to 

terminally differentiated cells (Tallman et al. 1997; Warrell et al. 1991; Prost et al. 2015). One of 

the earliest successful attempts to target cancer cell plasticity is all-trans retinoid acid (ATRA) 

therapy for acute promyelocytic leukemia (Warrell et al. 1991; Tallman et al. 1997; Guichet et al. 

2013). ATRA treatment leads to disease remission via differentiating malignant immature 

promyelocytes, which are the cause of acute promyelocytic leukemia (Cingam and Koshy 2019; 

Guzman and Jordan n.d.). In another study, it was found that converting dedifferentiated 

carcinoma cells to normal epithelial cells reduced cancer cell invasion and increased 

chemotherapy sensitivity (Wielenga et al. 2015; Eberhardt et al. 1998; Girnun et al. 2007). There 

were also attempts to forcibly transdifferentiate cancer cells to post-mitotic cells of another 

lineage. A recent study has proved that forced adipogenesis of breast cancer cells could inhibit 

primary tumor metastasis and invasion (Ishay-Ronen et al. 2019). In addition to adipogenesis, 

neuronal differentiation is also an attractive transdifferentiation strategy for cancer therapeutics 

especially for CNS tumors considering the in-situ effect and the close lineage (Fang et al. 2001). 

Considering the dedifferentiation process during gliomagenesis (Uhrbom et al. 2002; Alcantara 

Llaguno et al. 2009; Friedmann-Morvinski et al. 2012), transdifferentiating glioblastoma cells to 

non-proliferative neurons could be a potential therapeutic strategy. In addition, epigenetic 

modulations also influence the cancer cell differentiation and plasticity via different mechanisms. 

For example, histone deacetylases (HDACs) inhibition was found to reactivate the genes related 

with cell differentiation in breast cancer cells and endometrial cancer cells (Pattabiraman, 

discovery, and 2014 n.d.). Earlier preclinical studies also indicated that inhibition of histone 

methyltransferases could reverse the epithelial-to-mesenchymal transition (EMT) process and 

restore the epithelia phenotypes in breast cancer cells (Y. Su et al. 2018). 

In summary, considering the close relationship between cellular differentiation and 
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cancer progression, targeting cancer cell plasticity via differentiation or transdifferentiation might 

provide a unique alternative therapeutic strategy. 

 

1.4 Neuronal conversion of glioblastoma cells: attempts and open questions 

 

Attempts have been made to convert glioblastoma cells to neurons or neuron-like cells using 

divergent combinations of neuronal transcription factors or small molecules. Those studies 

implied that neuronal differentiation could serve as an alternative therapeutic strategy to at least 

control glioblastoma cell proliferation. Several groups have demonstrated that transcription 

factors (Neurog1/2, NeuroD1, Ascl1, Sox11) or factor combinations (Ascl1, Brn2 and Neurog2; 

Neurog2 and Sox11) could convert malignant glioblastoma cells to non-proliferating neuron-like 

cells or induce apoptosis (Table 1-1; Hide et al. 2009; Zhao et al. 2012; Guichet et al. 2013; Z. Su 

et al. 2014; Park et al. 2017; X. Cheng et al. 2019). These are consistent with the fact that 

neuronal transcription factors, also known as proneural proteins, play vital important roles in not 

only neuron subtype specification but also cell cycle arrest during neurogenesis (Guillemot 

2007). In addition to transcription factors, other regulatory proteins or small molecules were also 

reported to enhance the neuronal differentiation and growth arrest of human glioblastoma cells 

(Table 1-1; Piccirillo et al. 2006; Gao et al. 2019). 

Though good progress has been made in neuronal conversion of glioblastoma cells, 

many challenges still need to be overcome. The first hurdle ahead is the inefficiency of 

transduction and conversion. Previous studies have shown that glioblastoma cells could be 

reprogrammed and arrested by neuronal conversion, but only a small subset has been transduced 

and converted to neurons so far. Tumors are likely to recur if there is a remaining fraction of 

residual proliferating cancer cells that were not transduced or fully converted by the treatment. 

Second, various conversion strategies were presented in different glioblastoma cell lines or 
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patient samples with rare cases in in vivo models. As the culture system might not fully represent 

the behaviors of in vivo tumor cells, it would be better to examine the conversion strategies using 

different models especially in vivo models under pathological conditions. Moreover, different 

mechanisms might exist for different conversion strategies in different situations. Just like 

personalized medicine, neuronal reprogramming of glioblastoma cells might also be cell 

dependent. These potential divergences ask for comprehensive comparisons among different 

situations. Third, changes of the cancer-related phenotypes during the neuronal conversion have 

not been fully studied. Although proliferation is one of the hallmarks of glioblastoma, other 

phenotypes such as glioblastoma specific markers and signaling pathways related with tumor 

progression are also worth investigation during conversion. Fourth, defined formulas were used 

to generate GABAergic neurons from glioblastoma cells in previous studies (J. Zhao et al. 2012; 

Z. Su et al. 2014), however, no attempts were made to quantify the ratio of GABAergic versus 

glutamatergic neurons. In healthy human neocortex, excitatory/inhibitory balance is achieved by 

a specific ratio of GABAergic versus glutamatergic neurons, where roughly one fifth of neurons 

are GABAergic (Sahara et al. 2012). Therefore, for practical therapeutic purposes, it would be 

better to generate both GABAergic and glutamatergic neurons in order to keep the 

excitatory/inhibitory balance. Whatôs more, a recent study has revealed that local GABA 

signaling might suppress glioma growth (Blanchart et al. 2017), making GABAergic neurons an 

attractive target for neuronal reprogramming of glioblastoma cells. Fifth, the long-term survival 

of the converted neurons and their integration into the existing circuitry need to be further 

examined using in vivo glioblastoma models. Last but not least, the practical methods to express 

neuronal transcription factors and conduct the in vivo neuronal conversion require further 

investigation. The ideal delivery method should be non-invasive, glioma-targeted, easy and 

economical. It is worth to mention that as a more ñclinically friendlyò system, small molecules 

represent an attractive method for neuronal conversion of glioblastoma cells. 
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1.5 Summary 

 

Glioblastoma is a highly aggressive CNS cancer known for its heterogeneity and resistance. Our 

lab has pioneered in in vivo glia-to-neuron conversion technology to convert glial cells directly to 

neurons. In this study, I took advantage of the cell cycle exit accompanied with neuronal 

differentiation and converted human glioblastoma cells to terminal differentiated neurons 

through overexpressing single neuronal transcription factor Neurog2, NeuroD1, or Ascl1. The 

neuronal conversion of human glioblastoma cells will be illustrated with the following major 

topics: 

1. Detailed sketch of the neuronal conversion process in human glioblastoma cells, 

including expression of neuronal markers, changes in the cytoskeleton and organelle 

distribution, electrophysiological activity, cell proliferation and markers associated with 

cancer progression; 

2. Transcriptome changes induced by neuronal transcription factors in human glioblastoma 

cells; 

3. In vivo neuronal conversion of human glioblastoma cells using a xenograft mouse model 
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Table 1-1 Summary of neuronal conversion of astrocytes or glioblastoma cells 

Source Location Methods Target iN Reference 

Astrocytes 

Cortex NeuroD1 glutamatergic Ziyuan et al., 2018 

Cortex Neurog2 glutamatergic Gascon et al., 2016 

Midbrain Ascl1 
glutamatergic 

/GABAergic 
Liu et al., 2015 

Striatum Neurog2 GABAergic Grande et al., 2013 

Striatum Ascl1, Brn2 and Myt1l NA Torper et al., 2013 

in vivo 

Neurog2 glutamatergic Heinrich et al., 2010 

Dlx2 GABAergic Heinrich et al., 2010 

Neurog2 /Ascl1 Immature Berninger et al., 2007 

9 molecules glutamatergic Lei et al., 2015 

4 molecules glutamatergic Jiuchao et al., 2018 

VCR 
glutamatergic 

/GABAergic 
Cheng et al., 2015 

VCRFBI glutamatergic Gao et al., 2017 

GBM cells in vitro 

Sox11 NA Hide et al., 2009 

Ascl1, Brn2 and 

Neurog2 
Immature 

Junli Zhao et al., 

2012 

Neurog1/2, NeuroD1 NA Guichet PO et al., 2013 

Neurog2 and Sox11 
glutamatergic 

/GABAergic 
Zhida Su et al., 2014 

Ascl1 
glutamatergic 

/GABAergic 
Park et al., 2017 

Ascl1 
glutamatergic 

/GABAergic 
Cheng et al., 2019 

BMPs Immature Piccirillo SG et al., 2006 

CHIR99021, forskolin Immature Jinsoo O et al., 2017 
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CHAPTER 2 

Direct neuronal conversion of human glioblastoma cells using single neuronal 

transcription factor Neurog2, NeuroD1 or Ascl1 

 

In this chapter, changes in cultured human glioblastoma cells induced by Neurog2, NeuroD1, or 

Ascl1 overexpression will be illustrated. Majority of the data in this chapter was included in a 

manuscript prepared in conjunction with my adviser Dr. Gong Chen. I designed and conducted 

the experiments, prepared the figures and wrote part of the manuscript under the guidance of Dr. 

Chen. Aasma Hossein helped with the double-blind quantifications. The full list of authors is as 

follows: Xin Wang, Zifei Pei, Aasma Hossein, Yuting Bai, and Gong Chen. 
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2.1 Characterization of human glioblastoma cell lines 

 

Three different human glioblastoma cell lines (U251, Sigma; U118 and U87, ATCC) were used 

in this study (Figure 2-1) to test the feasibility of neuronal conversion in vitro. First of all, to rule 

out the possibility that the induced neurons came from the differentiation of any neural 

progenitor or stem cells, I characterized these three cell lines via an immunohistochemistry 

screening of markers for major CNS cell types (Figure 2-1). It turned out that most of the cells in 

these cell lines were astrocytes, indicated by the expression of S100ɓ, which was a glial-specific 

Ca2+- binding protein and primarily expressed by mature astrocytes. In addition, cells in all three 

lines were immunopositive for stem cell marker Sox2, which was essential in maintaining self-

renewal and pluripotency, together with proliferation marker antigen KI-67 (Ki67, MKI67), 

indicating the highly proliferative dedifferentiated status of glioblastoma cells. There were also 

unique characteristics possessed by each cell line. For example, the reactive astrocyte marker 

glial fibrillary acidic protein (GFAP), which was an intermediate filament protein and highly 

expressed by astrocytes under certain stimuli, was highly expressed in U251 cells. In contrast, 

U87 cells expressed a decent level of Tuj1, which was a neuron-specific tubulin protein and 

commonly used immature neuronal marker. In addition to cell lineage markers, I also examined 

potential cancer markers. For example, EGFR has been identified as a general cancer maker and 

found to be overexpressed in a variety of cancers including glioma (Stea et al. 2003). Consistent 

with these findings, it was found that EGFR was expressed in U251 and U87 cell lines with a 

higher level in the latter (Binder et al. 2018). However, none of them expressed neuronal marker 

doublecortin (DCX, a microtubule-associated protein expressed by immature neurons), 

oligodendrocyte marker Olig2 (bHLH protein in inducing oligodendrocyte differentiation), or 

neural progenitor marker Nestin (a type IV intermediate filament protein and highly expressed in 
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neural stem cells and progenitors), suggesting a homogeneous astrocyte component without 

contamination of neural progenitor or stem cells. In addition, the culture medium of human 

glioblastoma cells all contains 10% fetal bovine serum (FBS), which also stimulus the 

differentiation of progenitor or stem cells if they exist. 

 

Figure 2-1. Characterization of human glioblastoma cell lines 

Representative images showing the immunohistochemistry screening results (red) in U251, 

U118, and U87 human glioblastoma cells (DAPI, blue). Red boxes indicate positive signals. 

GFAP, reactive astroglia marker; S100ɓ, astroglia marker; Tuj1, DCX, immature neuronal 

markers; Sox2, stem cell marker; Nestin, stem/progenitor cell marker; Olig2, oligodendrocyte 

marker; Ki67, proliferation marker; EGFR, cancer marker. Scale bars represent 50 ɛm. 

 

2.2 Neuronal conversion of human glioblastoma cells by Neurog2, NeuroD1, or Ascl1 

 

To test the hypothesis that neuronal transcription factors can convert human malignant 

glioblastoma cells to neurons, I chose NeuroD1 as one of the top candidates considering its 

important roles in our recent series of studies about astrocyte-to-neuron conversion as well as 

other groupsô studies (Y. Chen et al. 2018; Z. Guo et al. 2014; Boutin et al. 2010; Matsuda et al. 
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2019; M.-H. Liu et al. 2020). Neurog2 and Ascl1 were also tested for systematic comparisons 

among the bHLH neuronal transcription factors, which are essential regulators in neurogenesis 

and neuronal reprogramming (Yang et al. 2017a; Rivetti Di Val Cervo et al. 2017; Heinrich et al. 

2011; Peltopuro, Kala, and Partanen 2010; Lu et al. 2019; Lacomme et al. 2012a). 

I next checked the relationship between these neuronal transcription factors and glioma 

patient survival in the human protein atlas (https://www.proteinatlas.org/). NeuroD1 was 

recognized as a prognostic maker in glioma. In another word, a high expression level of NeuroD1 

in glioma indicated a larger chance to survive (Figure 2-2 A). Ascl1 and Neurog2 expression also 

exhibited a trend of positively affecting the glioma patient survival (Figure 2-2 B-C). In all, these 

positive correlations suggested potential benefits of applying neuronal transcription factors in 

glioma treatment. 

 

Figure 2-2. Survival analysis in glioma from PATHOLOGY ATLAS  

A-C, Survival probability of glioma patients based on NeuroD1 (A), Neurog2 (B), or Ascl1 (C) 

expression level (Source https://www.proteinatlas.org/) 

 

As retroviruses yielded high infection efficiency in fast-proliferating cultured cells, I employed 

retroviruses to overexpress Neurog2 (CAG::Neurog2-P2A-eGFP), NeuroD1 (CAG::NeuroD1-

P2A-eGFP) or Ascl1 (CAG::Ascl1-P2A-eGFP). U251 human glioblastoma cells were 

http://www.proteinatlas.org/)
http://www.proteinatlas.org/)
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maintained in glioma culture medium and seeded one day ahead of infection in 24-well plates 

with poly-D-lysine (PDL) coated coverslips with a density of 10,000 cells per coverslip. Roughly 

500 ul GFP, 5 ul Neurog2, 10 ul NeuroD1, 5 ul Ascl1 virus-containing medium was added to 

each well to achieve comparable titer. After twelve-hour incubation with virus in U251 

glioblastoma cells, culture medium was changed to neuronal differentiation medium with 

neurotrophins to help neuronal maturation. Other detailed procedures were described in chapter 

6. 

Overexpression of Neurog2, NeuroD1 or Ascl1 was confirmed by 

immunohistochemistry (IHC) (Figure 2-3 A) and real-time quantitative PCR (RT-qPCR) analysis 

(Figure 2-3 B). Together with this, significant downregulation of GFPA was also observed 

(Figure 2-3 A), reflecting the fate change induced by neuronal transcription factors. In addition, 

RT-qPCR analysis uncovered the interplay among neuronal transcription factors, such as 

transcriptional activation of DLX2 by Ascl1, and transcriptional activation of NEUROD1 and 

NEUROD2 by Neurog2 (Figure 2-3 B). 

A few days after transduction, glioblastoma cells began to adopt neuronal morphology 

with after expressing neuronal transcriptions factors (Figure 2-3 A, green cells in the 3 rows of 

Neurog2, NeuroD1, and Ascl1), but not the control cells expressing GFP alone (Figure 2-3 A, top 

row). A series of pan-neuronal markers were employed to examine possible neuronal conversion 

from human glioblastoma cells. Immature neuronal markers DCX and Tuj1 could be detected as 

early as 6 days post viral infection (Figure 2-4 A-C). By roughly 20-30 days post infection (DPI), 

mature neuronal makers MAP2 and NeuN were detected (Figure 2-5 B). More importantly, the 

conversion efficiency was high for all three factors, especially Neurog2 and NeuroD1 with more 

than 90 percentage at 30 DPI (Figure 2-5 A, quantified in Figure 2-5 C: Neurog2, 98.2% ± 0.3%, 

NeuroD1, 88.7% ± 5.2%, Ascl1, 24.6% ± 4.0%, DCX+ neurons/total infected cells at 20 DPI; 

Figure 2-5 B, quantified in Figure 2-5 D: Neruog2, 93.2% ± 1.2%, NeuroD1, 91.2% ± 1.1%, 



  

 
25 

Ascl1, 62.1% ± 5.9%, MAP2+ neurons/total infected cells at 30 DPI). The neuronal conversion 

was also confirmed by RT-qPCR showing the transcriptional activation of DCX upon Neurog2, 

NeuroD1 or Ascl1 overexpression in U251 cells (Figure 2-5 E).  

In all, through examinations of pan-neuronal markers, I confirmed that single neuronal 

transcription factor Neurog2, NeuroD1, or Ascl1 could convert human glioblastoma cells to 

neurons with remarkable efficiency. 

 

 

Figure 2-3. Overexpression of neuronal transcription factor Neurog2, NeuroD1 or Ascl1 in 

human glioblastoma cells 

A, Representative images showing the overexpression of Neurog2 (magenta, second panel), 

NeuroD1 (magenta, third panel), Ascl1 (magenta, fourth panel) and downregulation of GFAP 

(red) in U251 human glioblastoma cells infected by Neurog2-GFP, NeuroD1-GFP or Ascl1-GFP 

retrovirus. Scale bars represent 20 ɛm. 

B, Hierarchical clustering and heat map of real-time qPCR data showing the transcriptional 

changes of different neuronal transcription factors in U251 cells with Neurog2, NeuroD1 or Ascl1 

overexpression. Data were normalized to GFP control virus infected U251 cells and represented 

as mean. 

Samples were collected at 20 days post infection. n = 3 batches. 
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Figure 2-4. Rapid induction of neuron-like cells from human glioblastoma cells by single 

neuronal transcription factor  

A, Immunostaining of immature neuronal markers Doublecortin (DCX, red) and ɓ3-tubulin 

(Tuj1, magenta) at 6 days post infection. U251 human glioblastoma cells were infected by 

Neurog2-GFP, NeuroD1-GFP or Ascl1-GFP retrovirus. Scale bars represent 50 ɛm. 

B-C, Quantitative analyses of conversion efficiency at 6 days post infection revealed by the 

percentage of DCX+ cells over the total infected cells labeled by GFP (GFP, 0; Neurog2, 12.6% 

± 2.0%; NeuroD1, 1.6% ± 0.4%; Ascl1, 0; B) and Tuj1+ cells over the total infected cells (GFP, 

0; Neurog2, 46.1% ± 3.2%; NeuroD1, 20.5% ± 4.9%; Ascl1, 2.6% ± 0.7%; C). 

Data are represented as mean ± SEM and were analyzed by one-way ANOVA followed with 

Dunnettôs test. **, p < 0.01; ***, p < 0.001; n > 200 from triplicate samples. 

 



  

 
27 

 

Figure 2-5. Single neuronal transcription factor Neurog2, NeuroD1 or Ascl1 converts 

human glioblastoma cells to neurons 

A-B, Retroviral expression of Neurog2-GFP, NeuroD1-GFP or Ascl1-GFP in U251 human 

glioblastoma cells led to a large number of neuronal cells compared with GFP alone (top row). 

Neurog2-, NeuroD1- or Ascl1-converted cells were immunopositive for immature neuronal 

markers (DCX, red; Tuj1, magenta; A) at 20 days post infection and mature neuronal markers 

(MAP2, red; NeuN, magenta; B) at 30 days post infection. Scale bars represent 50 ɛm. 

C-D, Quantitative analyses of conversion efficiency at 20 days post infection (GFP, 0; Neurog2, 

98.2% ± 0.3%; NeuroD1, 88.7% ± 5.2%; Ascl1, 24.6% ± 4.0%; DCX+ neurons/total infected 

cells labeled by GFP; C) and 30 days post infection (GFP, 0; Neurog2, 93.2% ± 1.2%; NeuroD1, 

91.2% ± 1.1%; Ascl1, 62.1% ± 5.9%; MAP2+ neurons/total infected cells labeled by GFP; D). 
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**, p < 0.01; ***, p < 0.001; one-way ANOVA followed with Dunnettôs test; n > 250 cells from 

triplicate samples 

E, Time course of DCX transcriptional activation with Neurog2, NeuroD1 or Ascl1 

overexpression in U251 cells revealed by real-time qPCR. Data were normalized to GFP control. 

n = 3 batches 

Data are represented as mean ± SEM. 

 

2.3 U118 human glioblastoma cells were converted to immature neurons by Neurog2 

together with small molecules 

 

To test whether the neuronal conversion was limited to U251 cells, other human glioblastoma 

cell lines (U118 and U87) were further examined following similar protocols. Though efficient 

retroviral infection was achieved in those cell lines as well, I did not observe significantly 

upregulated expression of neuronal markers.  

As our lab has recently identified a combination of small molecules that could reprogram 

cultured human astrocytes into neurons with great efficiency (J.-C. Yin et al. 2019), I next 

applied this formula together with neuronal transcription factors in cultured glioblastoma cells. 

After retroviral infection, glioblastoma cells were cultured in neuronal differentiation medium 

with small molecules (5 ɛM DAPT, 1.5 ɛM CHIR99021, 5 ɛM SB431542, 0.25 ɛM 

LDN193189) for 12 days. After that, the medium was changed to neuronal differentiation 

medium without small molecules for additional 6 days. At 18 days post infection with 12-day 

small molecule treatment, a few U118 cells began expressing neuronal marker DCX (Figure 2-6 

D), but small molecules or Neurog2 alone could not convert U118 cells to neurons (Figure 2-6 B 

and C).  

In sum, different glioblastoma cells responded differently to the overexpression of 

neuronal transcription factors. U118 cells could be reprogrammed to immature DCX+ neuron-like 
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cells under the synergistic effect of small molecules and neuronal transcription factors, although 

the conversion efficiency was much lower than that in U251 cells. More cell lines and primary 

cells from glioblastoma patients were required to draw a solid conclusion. 

Figure 2-6. Induction of neuron-like cells in U118 human glioblastoma cells via Neurog2 

overexpression together with a small molecule combination 

A-D, U118 cells were converted to neuron-like cells (DCX, cyan) via Neurog2 overexpression 

together with small molecules (Core: 5 ɛM DAPT, 1.5 ɛM CHIR99021, 5 ɛM SB431542, 0.25 

ɛM LDN193189). Samples were collected at 18 days post infection with 12-day drug treatment. 
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2.4 Characterization of the converted neurons from human glioblastoma cells 

 

The subtype of the converted neurons is a routine examination in reprogramming studies because 

an appropriate subtype composition is critical for proper integration into the local brain 

environment. I therefore characterized the converted neurons from U251 human glioblastoma 

cells with a series of neuronal markers in different brain regions. I found that majority of the 

converted cells were immunopositive for hippocampal granule neuron marker Prox1 (Figure 2-7 

A; quantified in Figure 2-7 E: Neurog2, 90.4% ± 1.9%; NeuroD1, 89.9% ± 1.2%; Ascl1, 83.0% 

± 1.4%; Prox1+/DCX+ cells), and forebrain marker FoxG1 (Figure 2-7 B; quantified in Figure 2-7 

F: Neurog2, 99.2% ± 0.8%; NeuroD1, 87.9% ± 4.8%; Ascl1, 81.3% ± 3.6%; FoxG1+/MAP2+ 

cells). In contrast to our previous findings in cultured human fetal astrocytes (Z. Guo et al. 2014; 

Yu Liu et al. 2014), few neurons converted from glioblastoma cells expressed cortical lineage 

neuronal marker Ctip2 or Tbr1 (Figure 2-8 A and B). These results might reflect the intrinsic 

genetic imprinting of the cells used for reprogramming. To test this hypothesis directly, I 

performed a side-by-side comparison between the neurons converted from human astrocytes 

(HA1800, ScienCell, San Diego, USA) and that from U251 glioblastoma cells. Majority of the 

Neurog2-, NeuroD1- or Ascl1-converted neurons from human astrocytes were positive for 

FoxG1 and Prox1, with a significant proportion also immunopositive for Ctip2 (Figure 2-9 A and 

B). These results further confirmed that the cell-of-origin used for reprogramming indeed 

affected the neural fate decision and neural subtypes during conversion. 

In addition to markers in different brain regions, I further examined the neurotransmitters 

from these U251-converted neurons. It is known that glutamatergic and GABAergic neurons are 

the principal excitatory and inhibitory neurons in the brain respectively, and the 

excitatory/inhibitory balance maintained by these two neuron types are critical for brain 
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homeostasis (Fritschy 2008). In this assay, I found that most of the Neurog2-, NeuroD1-, and 

Ascl1-converted cells were immunopositive for glutamatergic neuron marker VGluT1 (Figure 2-

7 C; quantified in Figure 2-7 G: Neurog2, 92.8% ± 0.7%; NeurD1, 86.9% ± 2.7%; Ascl1, 80.6% 

± 2.1%; VGluT1+/DCX+ cells). The majority of Neurog2- and NeuroD1-converted cells were 

immunonegative for GABA (Figure 2-7 D; quantified in Figure 2-7 H: Neurog2, 11.1% ± 3.8%; 

NeuroD1, 8.6% ± 2.5%; GABA+/DCX+ cells). In contrast, half of the Ascl1-converted cells were 

GABA-positive neurons (Figure 2-7 D; quantified in Figure 2-7 H: Ascl1, 49.3% ± 6.4%, 

GABA+/DCX+ cells), suggesting that transcription factors could affect the neuron subtype 

determination as well. 

 

Figure 2-7. Characterization of the converted neurons from human glioblastoma cells 

A-D, Representative images showing the immunostaining of neuron subtype markers. Most of 
























































































































































