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ABSTRACT 

 

The homeodomain-containing transcription factor Emx2 encodes for a homeobox protein 

essential for territorial specification of rostral CNS as well as for proper spatio-temporal 

tuning of neural cell growth and differentiation (Gangemi et al. 2006).  

Previous experiments done in my laboratory demonstrated its role in inhibiting cortico-

cerebral astrogenesis, limiting proliferation of astrocytes-committed progenitors upon its 

overexpression in neural stem cells. This control takes place via a functional cascade, which 

includes stimulation of Bmp signaling and Sox2 repression, through the downregulation of 

Egfr and Fgf9 (Falcone et al., 2015). Meanwhile, studies by other labs also reported an 

inverse correlation between Emx2 expression levels and aggressiveness of several human 

cancers, including lung, endometrial and gastric tumours (Okamoto et al. 2010) (Li et al. 

2012). 

Inspired by these findings, we activated a research program aimed at exploring the 

possibility to use Emx2 in therapy of glioblastoma multiforme. This neoplasm is the most 

common and aggressive malignant primary tumor of the CNS, responsible of 4% of all tumor 

death in humans. Conventional therapeutic options for it are unfortunately limited: after 

surgical resection, GBM-affected patients routinely undergo radiotherapy and adjuvant 

chemotherapy (temozolomide, TMZ); nevertheless, their median survival is no longer than 

14 months.  

In 2016, Carmen Falcone demonstrated that Emx2 overexpression suppresses a number of 

different glioblastomas in vitro, within 7-10 days, by inducing cell death and inhibiting cell 

proliferation. Molecular mechanisms underlying this phenomenon resulted to be highly 

pleiotropic, indeed Emx2 affects different pathways and genes, including RTK cascades, cell 

cycle control circuitries and other malignancy-related processes (Falcone et al. 2016).  

Then, given limits of conventional therapies, we decided to score the actual benefit of 

experimental Emx2 gene therapy, evaluate its possible interaction with standard chemo- 

and radiotherapy, and explore novel routes for its delivery. These issues were investigated 

under the framework of this thesis. Results were as follows. 
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First, Emx2 displayed a therapeutically appealing, anti-oncogenic activity in vivo. Indeed the 

median survival time of mice transplanted with Emx2-GOF tumour cells was twenty days 

longer compared to the control group (i.e. 35 days), outperforming TMZ. 

Next, these results were confirmed by in vitro kinetic assays. Here we observed at least an 

additive effect between TMZ and Emx2-GOF treatments; specifically, in case of the U87 line, 

Emx2 sensitized GBM cells to chemotherapy.  

As for X-rays, we found that their association to Emx2 overexpression resulted in an 

enhanced anti-oncogenic effect. By means of ad hoc calibrated, in vitro kinetic assays, we 

discovered that Emx2 sensitized GBM cells to radiation. This was predominantly due to an 

inhibition of homologous recombination-based DNA-repair, likely leading to GBM cell 

suicide. A pronounced downregulation of SOX2 and FOXG1, two key drivers of GBM 

malignity, was instrumental to that.  

Finally, interested in developing new effective and biosafe strategies for in vivo delivery of 

the therapeutic Emx2 transgene, we collected preliminary proofs of principle, supporting 

the feasibility of a novel design based on combined use of HSV-1-derived, oncolytic viruses 

and amplicon vectors.  
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1. INTRODUCTION 

 

1.1. Gliomas 

1.1.1. Epidemiology, classification and grading 

Gliomas are the most frequent primary tumours of the central nervous system that display 

histologic features of glial cells (ie, astrocytes, oligodendrocytes, and ependymal cells); 

among these tumours, the most frequent and malignant histological type is glioblastoma 

multiforme (GBM).  

In the past, the classification of brain tumours was controversial and very hard, and tumours 

of the central nervous system were classified by considering their histological features, 

immunohistochemical patterns, ultrastructural characterisation and genetic profiles. In 

2016, the World Health Organisation (WHO) published a new summary on brain tumour 

classification, introducing for the first-time molecular parameters, in addition to histology, 

to define many tumour entities and deleting some variants and patterns that no longer have 

diagnostic or biological relevance. Therefore, brain tumour diagnosis is based on phenotypic 

and genotypic parameters and nomenclature should consist of a histopathological name 

followed by genetic features; for some tumour types, lacking any molecular diagnostic test 

information, a NOS (not otherwise specified) designation is needed; this means that there 

are insufficient information to assign a more specific code.  

According to their degree of malignancy, determined by their histopathological 

characteristics, such as cytological atypia, anaplasia, mitotic activity, microvascular 

proliferation, and necrosis, gliomas are also graded on a scale I to IV (Louis et al. 2016): in 

particular grade I and II belong to low grade gliomas, whereas grade III and IV are considered 

high grade gliomas. Specifically, grade I tumours are biologically benign, can be surgically 

resected and finally cured; grade II tumours may follow long clinical courses, but early diffuse 

infiltration of the surrounding brain renders them incurable by surgery; grade III tumours 

are characterized by increased anaplasia and proliferation over grade II and are more rapidly 

fatal; grade IV tumours exhibit more advanced features of malignancy, including neo-

angiogenesis and necrosis, are resistance to chemo and radiotherapy and are generally 

lethal within 12-14 months (Furnari et al. 2007).  
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Gliomas affecting adult cerebral hemispheres are called “diffuse gliomas”, due to their 

tendency to infiltrate throughout the brain. Based on the resemblance of the tumour cells 

with non-neoplastic glial cells (i.e. astrocytes or oligodendroglial cells), most diffuse gliomas 

can be typed as astrocytomas, oligodendrogliomas or mixed oligo-astrocytomas. More in 

detail, in this new classification, diffuse gliomas include the WHO grade II and grade III 

astrocytic tumours, the grade II and grade III oligodendrogliomas, the grade IV 

glioblastomas, as well as the related diffuse gliomas of childhood.  

Astrocytic tumour cells, which include fibrillary astrocytoma, protoplasmic astrocytoma and 

gemistocytic astrocytoma, display nuclear atypia, mitotic activity and diffuse infiltration; 

oligodendrogliomas are characterized by cells with a round nucleus surrounded by a 

perinuclear halo and presence of branching network of capillaries called ‘chickenwire 

pattern’ and extensive calcification within the tumour. Finally, the key criterion for the 

diagnosis of mixed oligoastrocytomas is the presence of neoplastic glial cells with 

morphological characteristics of both astrocytes and oligodendrocytes. 

Incidence rates of glioma differ significantly by histologic type, age at diagnosis, gender, race, 

and country; overall age-adjusted incidence rates for all gliomas range from 4.67 to 5.73 per 

100.000 persons. Age-adjusted incidence of glioblastoma, the most common and most 

deadly glioma subtype in adults, ranges from 0.59 to 3.69 per 100.000 persons (Ostrom et 

al. 2014). Anaplastic astrocytoma and glioblastoma increase in incidence with age, peaking 

in the 75 – 84 age group. Oligodendrogliomas and oligoastrocytomas are most common in 

the 35 – 44 age group. In general, gliomas are more common in men than women, except 

for pilocytic astrocytoma, which occurs similarly in both genders(Ostrom et al. 2014).  

Patients with low-grade gliomas have a better prognosis, with median survival times ranging 

between 4.6 to 6.5 years and median time to malignant progression of 8.8 to 11.4 years 

when the extent of resection is greater than 90 % (Hervey-Jumper and Berger 2014). Even 

so, 50–75 % of patients with low-grade gliomas will finally recover from their disease. 

Differently, patients affected by glioblastoma multiforme have a median survival time from 

12.2 to 18.2 months, whereas anaplastic astrocytomas (WHO grade III) have a 41-month 

median survival.  

 

 

 



8 
 

1.2. Glioblastoma multiforme 

1.2.1. Epidemiology and classification 

Glioblastoma multiforme is the most aggressive, invasive and frequent type of primary 

astrocytomas and accounts for more than 60% of all brain tumours in adults. Despite new 

therapeutic advances have been developed, it remains a deadly disease with extremely poor 

prognosis. Patients affected by this tumour usually have a median survival of approximately 

14 to 15 months from the diagnosis. It has an incidence of 5 per 100.000 persons, it’s more 

frequent in men than women and it increases with age; it’s very rare in children, while the 

average age of diagnosis is around 64 years old (Hanif et al. 2017).  

Grade IV astrocytoma, also called glioblastoma multiforme due to its heterogenous 

histologic appearance and proliferation of multiple cell types, is defined by the hallmark 

features of high malignancy, in particular high cellularity and pleomorphism, nuclear atypia, 

rapid and uncontrolled cellular proliferation, diffuse infiltration, propensity for necrosis, 

robust neo-angiogenesis, intense resistance to apoptosis, and a huge genomic instability. 

Furthermore, it is characterised by a significant intertumoral and intra-tumoral 

heterogeneity on the cytopathological, transcriptional and genomic levels, making this 

cancer one of the most difficult to understand and to treat. 

Morphologically, there are several phenotypical variants of glioblastoma multiforme: the 

giant cell glioblastoma which is the most frequent and is characterised by multinucleated, 

giant tumour cells, the small cell glioblastoma with a predominance of small, relatively 

monomorphous tumour cells with a small cytoplasm and the gliosarcoma variant with an 

extensive presence of a sarcomatoid phenotype. The identification of these variants is 

important because of the differential diagnosis with other brain tumours that requires 

different treatments (Wesseling, Kros, and Jeuken 2011).  

The 90% of diagnosed glioblastoma are de novo primary tumours that develop rapidly in 

elderly patients, without clinical or histologic evidence of a less malignant precursor lesion. 

They differ from secondary glioblastoma, which develop from low-grade diffuse 

astrocytoma or anaplastic astrocytoma in younger patients, have a less degree of necrosis, 

are preferentially located in the frontal lobe, and carry a significantly better prognosis.  

Primary and secondary glioblastomas are indistinguishable from the histological point of 

view, but they differ in their genetic and epigenetic profiles. Primary GBM are characterized 

by loss of heterozygosity (LOH) 10q (70% of cases), EGFR amplification (36%), p16INK4a 
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deletion (31%), and PTEN mutations (25%). 19q loss and TP53 mutations are the most 

frequent and earliest detectable genetic alterations in secondary glioblastoma and are 

mutations that are already present in 60% of precursor low-grade astrocytomas. Only 1 out 

of 49 glioblastomas shares both TP53 mutation and EGFR overexpression, indicating that 

these alterations are mutually exclusive events, belonging to two different genetic pathways 

in the evolution of glioblastoma (Watanabe et al. 1996).  

In 2008 Parsons and colleagues reported that IDH1 mutations occur in a large fraction of 

young patients and in most patients with secondary glioblastoma (Parsons et al. 2008); 

furthermore, they are still present in the 80% of diffuse astrocytoma (WHO grade II) and 

anaplastic astrocytoma (WHO grade III), that are the precursor lesions of secondary GBM. 

Nowadays, it is considered a definitive diagnostic molecular marker of secondary 

glioblastoma and is associated with an increased overall survival.  

Figure 1. Genetic pathways to primary and secondary glioblastomas (Ohgaki and Kleihues 2013). 

 

On the basis of genomic, epigenomic and transcriptomic expression profiles, GBM were 

classified in four distinct subtypes named proneural (PN), neural, (NE), mesenchymal (MES), 

and classical (CL) (Verhaak et al. 2010).  
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Two major characteristics of the proneural class were alterations of PDGFRA and point 

mutations in IDH1. Focal amplifications of the locus at 4q12 harboring PDGFRA were seen in 

all subtypes of GBM, but at a much higher rate in proneural samples; furthermore, there are 

also present IDH1 and TP53 mutations, all of which have previously been associated with 

secondary GBM; this is why most known secondary GBMs were classified as proneural. It is 

also associated with younger age. The neural subtype is characterised by the expression of 

neuron markers such as NEFL, GABRA1, SYT1 and SLC12A5. The identity of the classical 

subtype is defined by a huge number of genomic aberrations, with 93% of samples 

harbouring chromosome 7 amplifications and 10 deletions, 95% showing EGFR amplification 

and 95% showing homozygous deletion spanning the Ink4a/ARF locus. This class also shows 

a distinct lack of additional abnormalities in TP53, NF1, PDGFRA or IDH1. Finally, the 

mesenchymal class is defined by an elevated expression of CHI3L1 and MET (Phillips et al. 

2006); there is also a strong association with the high frequency of NF1 mutation/deletion. 

Glioblastoma multiforme is localized mainly in the cerebral hemispheres, in particular the 

95% of these tumours arise in supratentorial region, while only few percent of tumours 

occur in cerebellum, brainstem and spinal cord (Nakada et al. 2011). 

 

1.2.2. Etiology and Pathogenesis  

Little is known about the etiology of brain neoplasms which are usually highly incurable; to 

date the only confirmed risk factor is associated to high dose ionizing radiation exposure 

(Ohgaki 2009); other studies reported an estimated overall risk of developing GBM following 

radiotherapy of 2.5% (Salvati et al. 2003); furthermore, it has been shown that patients 

treated for acute lymphoid leukemia are more prone to develop GBM, due to tumour 

complications and the chemotherapeutic agents used (Salvati et al. 2003). Moreover, there 

is no evidence of a possible correlation between GBM growth and environmental factors 

such as smoking, dietary risk factors, cell phones or electromagnetic field, severe head 

injury, occupational risk factors and pesticide exposure (Ohgaki 2009); (Agnihotri et al. 

2013). Only 5-10% of GBM tumours are associated to genetic predisposition (Fisher et al. 

2007).  

Understanding the molecular, cellular and genetic mechanisms of GBM pathogenesis is very 

intricate and complex; at the cellular level, the tumour is highly heterogeneous, and consists 

of multiple cellular subpopulations of cancer cells. Glioblastoma stem cells (GSCs) represent 
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the core of the tumour and, due to their self-renewal ability, they give rise to a wide range 

of hierarchical distinct cell types. GSCs are known to be the major source of the tumour, due 

to their ability to replicate and differentiate, as well the major cause of tumour drug 

resistance and relapse, due to their ability to survive after chemo and radiotherapy. 

Furthermore, they show a strong and efficient DNA damage response and prevent 

cytotoxicity through high drug efflux by ABC transporters.  

However, this unidirectional model, where GSCs represent a specific and rare subset of cells 

responsible for tumour growth and relapse, has been challenged by novel studies that 

highlights the importance of tumour cell plasticity in gliomagenesis, giving rise to a new 

model based on a clonal evolution. It was demonstrated that Sox2, a well-known 

transcription factor involved in stemness maintenance, might be central in tumour cell 

plasticity by regulating dedifferentiation and acquisition of GSCs properties, through a 

transcriptional regulation of distinct genes set in differentiated tumour cells and GSCs 

(Berezovsky et al. 2014). In this scenario, all tumour cells might have the potential to become 

CSCs through a dedifferentiation process. 

Because gliomas share common features with glial precursors populations, another possible 

explanation for glioblastoma development could be represented by a malignant 

transformation of healthy glial precursors after gliogenic switch. These cells share with GSCs 

different markers, including SOX2, BRN2, Olig2 and NFIA; in particular, Lee and colleagues 

discovered that astrocyte-like neural stem cells in the subventricular zone may be the cells 

from which GBM originates (Lee et al. 2018).  

It is possible that some astrocytes are more prone to malignant transformation or trigger 

de-differentiation than others, and this could explain the immense cellular diversity of the 

bulk tumour. This hypothesis could be supported also by the evidence that four out five 

astrocyte subpopulations found in the adult brain are present in primary human glioma and 

multiple mouse models of glioma (Lin et al. 2017).  

 

1.2.3. Molecular heterogeneity 

Like other tumours, GBM tumour cells are characterised by genetic and epigenetic 

alterations that accumulate during tumour progression and lead to activation of proto-

oncogenes or inactivation of tumour suppressor genes. In particular, the majority of GBM 

tumours share loss, amplification, or mutation of EGFR (including expression of the 
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constitutively active form EGFRvIII), PDGFRα, NF1, PTEN, RB1, and p53, resulting in the 

deregulation of many signalling pathways. Furthermore, epigenetic modifications include 

the methylation of the O6-methylguanine methyltransferase (MGMT) promoter, a DNA 

repair enzyme involved in the fixation of damages induced by alkylating agents such as 

temozolomide (TMZ). It is considered an important predictive biomarker for temozolomide 

treatment success.  

The most frequent molecular alterations in GBM involved receptor tyrosine kinases (RTKs) 

pathways: RTKs are cell-surface receptors that upon growth factors binding, undergo 

dimerization and conformational shift, activating the downstream signalling cascades.  

The epidermal growth factor receptor gene (EGFR) is the most frequent amplified and 

overexpressed in GBM, affecting approximately 40% of these tumours, in particular the 

EGFR variant III (EGFRvIII) results in a constitutively activated truncated receptor protein 

lacking the ligand binding domain, leading to an uncontrolled increase in phosphorylation 

activity, resulting in tumour proliferation and invasion (Wesseling et al. 2011).  

The Akt (PI3K/PTEN/Akt) pathway is also frequently mutated and hyper-activated; in 

particular, Akt is a downstream effector of PIP3 that induce cell proliferation and inhibition 

of apoptosis; in this pathway, the main inhibitor of PI3K is PTEN, a tumour suppressor gene 

that is frequently inactivated, either by loss of heterozygosity (LOH) or mutation, resulting 

in increased PI3K availability.  

Other two tumour suppressor genes are frequently inactivated in GBM: RB and TP53. The 

retinoblastoma (RB) pathway plays a key role in the cell cycle: normally it is hypo-

phosphorylated and actively binds to the transcription factor E2F, to prevent the 

transcription of genes active during mitosis; many GBM tumours display a methylation of 

the RB promoter, leading to gene silencing and negative regulation of this pathway. 

The TP53 pathway is very crucial due to its involvement in different cellular processes, 

including cell cycle control, DNA damage response, cell death and differentiation. When DNA 

damage occurs, the cell becomes stressed and activates the TP53 pathway; in turn, it 

activates the transcription of p21 gene leading to cell cycle blockade and DNA repair; if DNA 

damage could not be repaired, TP53 will induce cell death to prevent cell divisions containing 

mutated or damaged DNA.  
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Figure 2: Principal impaired pathways in glioblastoma multiforme (TCGA 2008) 

 

Another important predictive marker during GBM treatment is the methylation of MGMT 

gene promoter. MGMT encodes a DNA repair methyltransferase that removes alkyl groups 

from the O6 position of guanine, where they are introduced by alkylating chemotherapeutic 

agents (like temozolomide). If left in place, these alkyles would cause incorrect pairing with 

thymine and trigger MMR system, leading to double strand break of the genome and 

subsequent arrest of the cell cycle.  That is what often happens in high grade gliomas. 

Conversely, in diffuse gliomas, MGMT is frequently hypermethylated, leading to gene 

silencing and resulting into a more favourable prognosis.  

 

1.2.4. Standard therapies 

As mentioned above, glioblastoma multiforme is the most deadly among the four different 

grade of gliomas due to its frequent relapse and resistance to all current therapies: these 

include surgical resection associated to radiotherapy and chemotherapy; nevertheless, 

patients affected by this tumour have a median survival time of 15 month (Stupp et al. 2005). 

There are several reasons why it is so difficult to find an effective treatment against 

glioblastoma: first, this tumour is characterised by many genes and pathways that are mis-

regulated, meaning that one single therapy should at the same time block or repair all the 

genes involved (Alifieris and Trafalis 2015), which is hard to achieve; second, it is very tricky 

to remove all tumour cells during surgery, due to its infiltrating nature; moreover, it’s 
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difficult to carry out an early diagnosis, which is fundamental to improve treatment efficacy; 

finally, tumour cells could not be efficiently reached by drugs due to the present of the blood 

brain barrier, that physically blocks drug diffusion.  

At the moment, the current standard of care is based on a combined approach, made up of 

surgery associated to radiotherapy alone, or with chemotherapy, both before and after 

surgery. However, such therapies are often proved to be ineffective, given the high rate of 

relapse and general tumour resistance appearance over time, coupled with a serious 

neurological deterioration of the patient. 

Surgical resection represents the first step of the therapeutic plan, in order to minimize the 

tumour mass; however, this treatment is limited by the tumour aggressiveness which is 

characterized by infiltration into surrounding tissue and extensive vascularization. It is 

followed by a strong hypo-fractionated radiotherapy of 1.8–2 Gy fractions to a total dose of 

54–60 Gy.  

Radiotherapy is often associated to chemotherapy; at the moment, temozolomide (TMZ) is 

the preferred FDA-approved chemotherapeutic agent for treating glioblastoma (Alifieris and 

Trafalis 2015). In particular, GBM-affected patients are treated with a dosage of 

75mg/m2/daily followed by six cycles of maintenance (150–200 mg/m2, 5/28 days) (Perry et 

al. 2017).  

Temozolomide-based chemotherapy is very promising for patients characterized by the 

methylation of MGMT promoter: as reported above, this protein reduces temozolomide 

efficacy and treatment success; therefore, methylation of this gene prevents TMZ resistance 

and increases the median survival times of TMZ-treated patients.  

In the last few years, novel approaches have been developed, in particular anti-angiogenic 

drugs that interfere with the development of blood vessels essential to tumour growth and 

invasiveness (Friedman et al. 2009).  

In 2010, a multigene diagnostic test called DecisionDx-GBM, was developed in order to 

determine the molecular pattern of GBM tumors and help identify the most effective 

existing therapy and/or suggest new treatments for tumors that do not respond to the 

standard therapies (Colman et al. 2010). 

Although much efforts have been made to develop new strategies in order to cure and treat 

this tumour, its heterogeneity, associated to its highly infiltrative nature and aggressiveness 

render the glioblastoma multiforme incurable. 
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1.3. Emx2 gene 

1.3.1. Emx2 structure  

The empty spiracles homeobox 2 (Emx2) gene encodes for a homeobox-containing 

transcription factor that is one of the two mammalian homologs of the Drosophila m. 'empty 

spiracles' gene. In the mouse genome, the Emx2 gene is located on chromosome 19; its full 

mRNA transcript is 2916 bps long and includes three coding exons encoding for a 

transcription factor of 253 amino acids; there is also a shorter splice variant, of 69 aa. 

Differently, in the human genome, the gene is located on chromosome 10 and has 4 

different mRNA splice variants.  

Interestingly, a lncRNA called EMX2OS was found both in human and in mouse (Noonan et 

al. 2003) that overlaps with the Emx2 mRNA gene head to head. In 2010, Spigoni and 

colleagues demonstrated that Emx2 antisense transcript stimulates and refines Emx2 

expression at transcriptional and post-transcriptional levels (Spigoni et al., 2010). In fact, the 

two transcripts, Emx2 and its antisense, are both expressed by periventricular neural 

precursors of the cortical primordium but display a mutually exclusive pattern in post-

mitotic progenies of such precursors. While newborn neurons belonging to the cortical plate 

strongly express Emx2OS-ncRNA but not Emx2-mRNA, pioneer Cajal-Retzius neurons lying 

in the marginal zone conversely express huge amounts of Emx2 mRNA and protein, but no 

antisense transcript at all.  

 

1.3.2. Emx2 expression in brain development 

Emx2 is expressed in the developing urogenital and central nervous systems and is involved 

in the proper morphogenesis of its structures, in particular along the rostro-caudal and 

dorso-ventral axis (Pellegrini et al. 1996).  

During the mouse embryonic development, Emx2 displays different patterns of expression: 

it is expressed early during cerebral cortex development, being activated in the mouse 

embryonic central nervous system at E 8.0-E8.5 (Gulisano et al. 1996): the two major sites 

of mRNA expression are the anterior CNS and the olfactory epithelium; from this stage, it 

becomes more expressed in the anterior dorsal neuroectodermal regions of the embryo. At 

E10, the Emx2 cerebral domain encompasses the dorsal telencephalon and the floor of the 

presumptive diencephalon (Simeone et al. 1992) (Simeone et al. 2000) to become more 

confined to the proliferating neuroepithelium; at this stage it is absent in most postmitotic 
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cells of the so-called transitional field and the cortical plate; this may suggests that Emx2 

controls the proliferation of pallial neuroblasts and leads the radial migration of neuronal 

precursors from the ventricular zone onto the forming cortical plate (Simeone et al. 1992) 

(Gulisano et al. 1996). 

At E12.5, Emx2-mRNA becomes restricted to the ventricular zone, following a 

posterior/medialhigh -anterior/laterallow gradient. This pattern of expression becomes more 

pronounced from E14.5 onwards (Simeone et al. 1992) (Gulisano et al. 1996). Furthermore, 

the distribution of the Emx2 protein displays the same anterior-posterior and medio-lateral 

gradient. Until E17.0, Emx2 domain of expression remains confined to the proliferative 

layers of the cortex plus the pioneer neurons of Cajal-Retzius (Mallamaci et al. 1998). 

As for dorso-ventral specification of the rostral neural tube, it confers cortico-cerebral 

identity to precursors in the dorsal telencephalic vesicle and represses the activation of 

striatal morphogenetic programs (Muzio, DiBenedetto, et al. 2002). Furthermore, as for 

rostro-caudal specification of the CNS, it promotes hippocampus and occipital cortex 

specification and antagonizes rostral-lateral areal programs (Muzio, Dibenedetto, et al. 

2002).  

It is also very important in the stimulation of neural precursors’ self-renewal, while inhibiting 

neuronal differentiation; finally, Emx2 is crucial to proper inside-out layering of the 

neocortical primordium. In its absence, pioneer Cajal-Retzius cells orchestrating such 

process are severely reduced and the neocortical lamination profile is deeply distorted, in a 

reeler-like way (Mallamaci et al. 2000)(Shinozaki et al. 2002).  

The brain of homozygous Emx2-knock-out embryos displays several abnormalities: the 

dentate gyrus is absent, the hippocampus proper and the medial limbic cortex are greatly 

reduced in size. The development of neocortical plate is impaired and olfactory bulbs are 

disorganized and, in addition, the olfactory epithelium fails to project to the olfactory bulb 

(Yoshida et al. 1997). 

Mutations in the human EMX2 gene have been described to specifically occur in patients 

affected by schizencephaly, a very rare human congenital malformation characterized by 

full-thickness clefts within the cerebral hemispheres. This developmental disorder has been 

hypothesized to be a consequence of defects in neuroblast proliferation and/or neuronal 

migration (Granata et al. 1997). However this Emx2 link to schizencephaly has been 

subsequently questioned (Kim et al. 2007).  
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Taken together, these findings indicate that Emx2 may control proliferation and 

differentiation of neural precursor cells in the VZ and their radial migration into the cortical 

plate. Furthermore, the observed persistence of Emx2 protein in postnatal mice (up to P15) 

in proliferating cells of the subgranular zone of the dentate gyrus (Mallamaci et al. 1998) 

suggests that this role could be maintained also in adult life.  

Gangemi and colleagues found also high Emx2 levels in adult neural stem cells (NSCs), which 

decrease upon differentiation into neurons and glia. Emx2 overexpression in late NSCs has 

an anti-proliferative effect, suggesting that Emx2 may act promoting an asymmetric mode 

of cell division thereby increasing the size of a transit amplifying population. (Gangemi et al. 

2001).  

Furthermore, its overexpression in the neural stem cell compartment also inhibits 

astrogenesis, via a cell autonomous way; it leads to a strong decrease of astrocyte-

committed progenitors proliferation, resulting in a severe reduction of their ultimate 

astroglial output, through the downregulation of EgfR and Fgf9 pathways, by promoting 

Bmp signaling and suppressing Sox2 respectively (Falcone et al. 2015). 

 

1.3.3. Emx2 in tumours 

The first evidence of a possible involvement of Emx2 in human cancers date back to 2001, 

when Noonan and colleagues discovered a decreased Emx2 expression in a subset of 

primary endometrial tumours, and four of six endometrial cancer cell lines tested failed to 

express this gene (Noonan et al. 2001). Only 9 years later, it was demonstrated for the first 

time the importance of Emx2 as a tumour suppressor in lung carcinogenesis. When 

compared to normal tissue, Emx2 mRNA and protein levels were found to be less expressed, 

and this was consistently associated with an hypermethylation of its promoter (Okamoto et 

al. 2010) (Li et al. 2012). Furthermore, it was proposed also as a prognostic bio-marker for 

adenocarcinoma, the most prevalent histologic subtype of lung cancer. On a cohort of 144 

patients with stage I–IV lung adenocarcinoma, the EMX2-high mRNA expressing group had 

statistically significant better overall survival (OS) and better recurrence-free survival (RFS) 

than the EMX2-low mRNA expressing group (Okamoto et al. 2011).  

Dongsheng and colleagues studied the involvement of Emx2 in another lung tumour, called 

squamous cell carcinomas (SCC) that accounts for approximately 30% of non-small cell lung 

cancer (NSCLC). As known, EMX2 expression was down-regulated in lung SCC tissue samples 
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compared to their matched adjacent normal tissues; what it’s interesting is that positive 

EMX2 expression was significantly correlated with improved overall survival in stage I lung 

SCC patients, and in stage II/IIIA lung SCC patients receiving adjuvant chemotherapy. EMX2 

expression was also associated with epithelial-mesenchymal transition markers in both lung 

SCC cell lines and tissue samples. Furthermore, Emx2 knock-down in lung SCC cells promotes 

chemo-resistance and cell migration (Yue et al. 2015).  

The role of Emx2 was also studied in gastric tumorigenesis; Li and colleagues demonstrated 

for the first time an improved overall survival of mice treated with Emx2-overepxressing 

adenovirus Ad-EMX2, offering a new tool for gastric tumour gene therapy (Li et al. 2012).  

Furthermore, our and Mosser's groups studied Emx2 involvement in glioblastoma 

multiforme, a highly invasive primary brain tumour (Monnier et al. 2018; Falcone et al. 

2016). In particular, Falcone and colleagues demonstrated that lentiviral Emx2 

overexpression induced the collapse of seven out of seven in vitro tested glioblastoma cell 

lines and it suppressed four out of four of these lines in vivo. Moreover, in two out of two 

tested lines, the tumor culture collapses also when Emx2 was driven by a restricted neural 

stem cell- specific promoter, likely active within tumor-initiating cells.  

The antioncogenic activity of Emx2 may regulate tumorigenesis by affecting different genes 

and pathways involved mainly in cell cycle control and receptor tyrosine kinase (RTK) 

cascade (Falcone et al. 2016); furthermore, the canonical Wnt signaling pathway, that 

regulates cell fate determination, tissue development and tumorigenesis is recurrently 

impaired (Okamoto et al. 2010) (Li et al. 2012)(Aykut et al. 2017).  

 

1.4. Herpetic viral vectors in oncotherapy 

1.4.1. HSV-1 structure  

Herpes simplex virus 1 (HSV-1) belongs to the Herpesviridae family and is a large neurotropic 

enveloped, dsDNA virus. This virus is highly infectious and replicates rapidly, producing 

progeny particles in approximately 10h.  

Its genome consists of 152 kb of linear sequence, which encodes for a minimum of 75 

different proteins; it is organised as two unique regions, a long and a short one (UL and US) 

flanked by inverted repeated sequences (TRL, TRS, IRL and IRS), that contain two immediate-

early (IE) genes (ICP4 and ICP0), a late (L) gene (γ34.5) and the latency associated transcripts 

that are each present in two copies; additionally, the HSV-1 genome harbours three lytic 
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origins of replication, two located within the unique short (oriS) segment and one in the 

unique long segment (oriL) (Vlazny and Frenkel 1981). HSV genes can be classified as 

essential or nonessential based on their requirement for virus replication in a permissive 

tissue culture environment; the first are required for virus growth, indeed viral mutants 

lacking these genes can only establish a lytic infection; the second are often required for 

virus–host cell interactions, such as evasion of the host immune response and are, therefore, 

required for growth during in vivo infection, but are not needed for growth in tissue culture. 

These nonessential viral functions are manipulated to create oncolytic vectors (Frampton et 

al. 2005). Approximately half of the genes are not essential for viral replication in cultured 

cells, and thus can be replaced by exogenous DNA sequences, allowing the development of 

HSV-1-based vectors for gene therapy (Krisky et al. 1998).  

 

Figure 3: HSV-1 genome (Glorioso 2009) 

 

The genome is encapsulated within an icosahedral capsid, which consists of 162 capsomers 

made up of four capsid proteins: VP5, VP26, VP23, and VP19C. Furthermore, encapsidation 

and release of viral DNA occurs through a portal situated within the capsid, which is formed 

by a dodecamer of the pUL6 protein. The capsid is surrounded by a proteinaceous layer 

called tegument; it contains primarily virus-encoded proteins involved in transcriptional 

regulation of immediate-early viral genes (e.g. VP16), and regulation of host-cell 

transcription (virion-host-shutoff protein); there is also the VP22 protein, which has been 

implicated in the stabilization of certain viral proteins such as gE, gD and ICP0, and involved 

in viral spread during lytic infection (Duffy, et al., 2009). Finally, a trilaminar lipid membrane 

called envelope surrounds the tegument protein layer. It is composed by 10 viral 

glycoproteins that facilitate receptor-mediated cellular entry during viral infection. Among 
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these, glycoprotein B (gB), gC, gD, gH, and gL are important for cellular attachment, fusion, 

and internalization of the virus (Laquerre et al. 1998)(Pertel et al. 2001).  

 

 

Figure 4: Genome and structure of HSV-1  

 

There are two main phases of transcription: the early phase takes place prior to genome 

replication, whereas the late phase takes place upon replicated genomes formed in the 

infected cell nucleus. Three different classes of mRNAs are generated: alpha, beta and 

gamma, which are regulated in a coordinated, cascade manner. The alpha transcript 

contains the five immediate-early genes, encoding for regulatory proteins, whose 

production is required for the transcription of the Beta and Gamma gene classes; among 

these proteins, ICP4 is the major regulatory one, essential for viral replication and 

transactivation of the other two transcripts. Immediate early transcription takes place at five 

promoters immediately upon the viral genomes entering the nucleus. Here, virion-

associated Alpha-TIF binds to cellular Oct1, which has bound to TAATGARAT sequences in 

enhancers upstream of the immediate early promoters, allowing the assembly of the pre-

initiation complex (Sp1, TBC, CTF and CTB) at the TATA box site and the subsequent 

transcription mediated by RNA Pol-II (Li et al. 2017). Immediate early transcripts are then 

transported to the cytoplasm, translated, and the IE proteins return to the nucleus. All 
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further transcription requires the action of these proteins, particularly the Alpha4 protein, 

which is a generalized transcription activator that works by binding multiple sites on the 

genome and then interacts with nearby TATA boxes in order to facilitate the assembly of 

pre-initiation complexes and activate Beta or early gene expression. The Beta proteins 

include enzymes that are essential for viral genome replication: a DNA polymerase, a single-

strand DNA-binding protein, a primosome or helicase-primase, an origin-binding protein, 

and a set of enzymes implicated in DNA repair and in deoxynucleotide metabolism.  

Beta proteins appearance initiates the viral DNA synthesis, which ends with the presence of 

Gamma or late proteins, that represent the structural proteins of the virus. This late 

transcription is controlled by several promoters that have different functional architectures 

but share many sequence elements downstream of the TATA box, essential in stabilizing the 

formation of pre-initiation complexes.  

 

1.4.2. HSV-1 life cycle  

Once a viral particle entered host cell, the lytic phase begins, leading to a productive 

infection or establishing latency in the nuclei of sensory neurons upon retrograde transport 

of the virus. Not well understood are the molecular and viral factors that control which phase 

the virus will enter. Natural HSV-1 lytic cycle begins whit the virus attachment to the plasma 

membrane of host cells; this process is mediated by the activity of three essential 

glycoproteins present in the virus lipid envelope: gB, gD and gH. Among these, gD engages 

the virus receptor and subsequently signals the other essential components to mediate 

fusion/entry of the envelope with the cellular plasma membrane. The target cell interacts 

with different receptors, including HVEM (HveA), nectin-1 (HveC), 3-O-sulfated heparin 

sulfate and nectin-2 (HveB) (Frampton et al. 2005). The viral capsids are transported from 

the entry site to the nucleus of the host cell by the microtubules-mediated retrograde axonal 

transport, where the viral genes are expressed in a tightly regulated, interdependent 

temporal sequence and consist of IE, early (E) and L gene functions. The IE gene products 

(infected cell proteins ICP0, ICP4, ICP22, ICP27 and ICP47) induce expression of E genes that 

encode enzymes necessary for viral DNA replication and L genes that encode structural 

proteins involved in virion assembly. The envelope is acquired by budding through the 

nuclear membrane with further envelope processing in the cytoplasmic Golgi complex.  
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Finally, the newly formed infectious viral particles could be transported anterogradely to the 

termini of the axon where they fuse with the cell membrane and are released into the 

extracellular space. The viral replication cycle could also lead to a rapid cell death, inducing 

a release of new viral particles during cell lysis. An exception is virus infection of sensory 

neurons, where latency is established with long-term viral genome persistence as a circular 

episome. During this quiescent state, the viral lytic genes are silenced whereas the viral 

latency-associated transcripts (LATs) are transcribed. Recent studies have demonstrated 

that these non-protein coding LATs play a role in regulating the assembly of facultative 

heterochromatin on lytic gene promoters, thereby inducing transcriptional repression 

(Cliffe, Garber, and Knipe 2009)(Kwiatkowski, Thompson, and Bloom 2009). Alterations in 

virus-host interactions can lead to the “reactivation” of the latent HSV-1 genome, resulting 

in a productive infection. The virus lytic cycle occurring in tumour cells defines the oncolytic 

virus OV phenotype (Glorioso 2009).  

 

 

Figure 5: Lytic and latent HSV-1 cycle (Qiagen) 
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1.4.3. HSV-1 vector generation 

As mentioned before, HSV-1 genome contains a significant portion of coding sequences that 

are considered “non-essential” and can be removed without affecting viral replication in 

cultured cells. These findings have paved the way to the development of several HSV-1-

derived vectors: conditionally replicating vectors, replication-defective vectors, and 

amplicon-based vectors. 

Conditionally replicating HSV-1 vectors can replicate only in specific cell types and tissue 

types in vivo, due to the deletion of non-essential viral genes, such as thymidine kinase and 

ICP34. These vectors, referred to as oncolytic HSV-1 vectors, were employed as therapeutic 

strategies for malignant brain tumours, including glioblastoma multiforme. Since replication 

is restricted to rapidly proliferating tumour cells, it has been possible to employ suicide gene 

therapy for the targeted destruction of these malignant cells. However, replication-defective 

HSV-1 vectors, even if deprived of genes necessary for lytic replication and reactivation, like 

the immediate early genes ICP0, ICP4, ICP27, and ICP47, are still able to establish cellular 

latency (de Silva and Bowers 2009). 

Consequently, replication-defective recombinant HSV-1 virions require the use of 

complementing cell lines to produce the deleted viral gene product, which is essential for 

replication and virion production. The ability for these vectors to maintain latency within the 

transduced cell has enabled the design of gene transfer modalities using replication 

defective HSV-1 vectors; this approach was adopted for the treatment of some 

neurodegenerative diseases and chronic pain (Glorioso 2009).  

Furthermore, Assudani and colleagues developed a new model of antitumor viral vector, 

called disabled infectious single cycle herpes simplex virus (DISC-HIV) that efficiently 

transduces various tumour cell lines, suggesting a new useful tool for the further 

development of cell-based vaccines. More in detail, HSV genome was deleted for 

glycoprotein H (gH), limiting its capacity of single round of infection. This strategy allows the 

virus to propagate after infecting the susceptible cells, but the progeny is non-infectious, 

thus preventing the subsequent infection of other cells (Assudani et al. 2006).  

Finally, Spaete and Frenkel generated another type of replication-defective HSV-1 vector, 

through the incorporation of a single origin of replication (oriS) and a single 

packaging/cleavage signal (pac) from the wild-type HSV-1 genome into a standard bacterial 

plasmid, which they termed “amplicon” (Spaete and Frenkel 1982). A transgene expression 
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cassette can be cloned into the amplicon plasmid, and subsequently replicated and 

packaged into defective viral particles using several strategies.  

 

1.4.4. Oncolytic HSV viruses 

Oncolytic virus immunotherapy is a newly and highly versatile platform for the treatment of 

cancer that employs native or genetically modified viruses that selectively replicate within 

tumour cells in situ, leading to cell lysis and death.  

Oncolytic viruses have been generated from both DNA and RNA viruses: DNA viruses are 

advantageous due to their large genome, that could be edited without impairing viral 

replication; they also express high fidelity DNA polymerases, ensuring viral genome integrity 

and efficient replication (Kaufman, Kohlhapp, and Zloza 2015); on the other hand, RNA 

viruses are smaller, leading them to cross the blood brain barrier, making them a powerful 

tool for targeting tumours of the central nervous system, although their small genome limits 

their ability to encode large transgenes; they are also more suitable for systemic delivery.  

Oncolytic viruses are thought to mediate anti-tumour activity through two distinct 

mechanisms: they replicate selectively in cancer cells, leading to a direct lytic effect and 

activate a systemic antitumor immunity. Different factors may contribute to the 

implementation of these mechanisms, depending on the nature and type of cancer cell, the 

characteristics of the viral vector, and the interaction between the virus, tumour 

microenvironment and host immune system; for example, certain viruses have the ability to 

enter cancer cells and selectively replicate within these cells. Although oncolytic viruses can 

enter both normal and cancer cells, they can find an advantageous environment for their 

replications in tumour cells, due to their inherent abnormalities in cell response to stress, 

cell signalling and homeostasis (Hanahan and Weinberg 2011); furthermore, the antiviral 

machinery, which is responsible for the detection and clearance of viruses, may be abnormal 

in tumour cells. For example, the protein kinase R (PKR), an essential protein involved in the 

clearance of intracellular viral infections, may be absent in some tumour cells, allowing 

increased viral replication, whereas it may be active in others, such as low-grade tumours, 

and these differences can influence the therapeutic activity of an oncolytic virus.  

The anti-oncogenic activity of oncolytic viruses affects several key steps in the cancer cycle: 

most of them act through the direct killing of host tumour cells and this activity depends on 

the efficiency of cell receptor targeting, viral replication and host cell antiviral response 
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elements. Moreover, cell lysis could also be influenced by the type of virus, its dosage, 

natural and induced viral tropism, and the susceptibility of the cancer cell to the different 

forms of cell death (such as apoptosis, necrosis, pyroptosis and autophagy).  

Furthermore, they induce immunogenic cell death and release of soluble factors and danger 

signals, recruiting immature dendritic cells and innate lymphoid cells and starting the innate 

immune responses.  

In non-neoplastic cells, pathogenic viral particles are detected and cleaned by different 

signalling pathways (fig. 5), that can be activated by the presence of local interferon (IFN) or 

through extracellular and intracellular Toll-like receptors (TLRs), which are activated by 

specific antigens called pathogen-associated molecular patterns (PAMPs): these latter 

include viral elements such as DNA and RNA, viral protein products or capsid elements. The 

TLRs stimulation leads to the activation of antiviral responses and systemic innate immunity. 

Several downstream host cell factors involved in oncolytic virus clearance have been 

identified, including TNF-associated factor 3 (TRAF3), IFN-related factor 3 (IRF3), IRF7 and 

retinoic acid-inducible gene 1 (RIG-1). These factors activate the JAK–STAT pathway, which 

coordinates the antiviral machinery in infected cells. The antiviral machinery supports local 

IFN release, which in turn activates an intracellular protein kinase, called PKR, that 

recognizes double-stranded RNA and other viral components, leading to protein synthesis 

blockage and cell death promotion. In tumour cells, the IFN pathway is impaired and PKR 

activity may be abnormal, avoiding viral clearance (Kaufman et al. 2015).  
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Figure 6: Oncolytic viruses can exploit cancer immune evasion pathways (Kaufman et al. 2015). 

 

To date, different classes of viruses were employed into early phase clinical trials, including 

adenoviruses, poxviruses, HSV‑1, coxsackieviruses, poliovirus, measles virus, Newcastle 

disease virus (NDV), reovirus, and others (Martuza et al. 1991); DNA or RNA virus choice 

depends on different aspects, that take into account their potential pathogenicity, 

immunogenicity, tumour tropism, their ability to encode therapeutic transgenes and the 

viral stability (Bommareddy, Shettigar, and Kaufman 2018).  

The first oncolytic virus immunotherapy approved by the US Food and Drug Administration 

(FDA) for the treatment of cancer is called talimogene laherparepvec (T‑VEC; Amgen) and it 

is a modified herpes simplex virus type 1 (HSV‑1), encoding for granulocyte–macrophage 

colony-stimulating factor (GM‑CSF): in a recent randomized Phase III clinical trial, it was 

demonstrated an improved durable response rate for patients with advanced melanoma 

treated with it (Andtbacka et al. 2015).  

Several oncolytic viruses have been tested in clinical trial against glioblastoma multiforme: 

in particular, G207, a doubly mutated HSV-1 (deletion of both γ134.5 loci and insertional 

inactivation of UL39) was stereo-tactically inoculated in patients with recurrent malignant 

gliomas, showing radiographic and neuropathologic evidence of antitumor activity; 

furthermore, no patient developed HSV encephalitis or required treatment with acyclovir; 
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finally, it was reported the safety for multiple dose delivery, including direct inoculation into 

the brain surrounding tumor resection cavity (Markert et al. 2009).  

One of the strategies in cancer gene therapy is the employment of genetically engineered, 

replication-conditional oncolytic viruses to deliver cytotoxic genes to neoplastic cells as well 

as destroy them directly via lytic infection. The use of replication-conditional HSV-1 mutants 

seems to be promising for both purposes, as its intra-neoplastic replication should allow 

enhanced anatomic spread of anticancer effects throughout an inoculated tumor mass and 

augmentation of this effect by delivery of anticancer genes. This might circumvent the 

limited anatomic spread observed with the inoculation of replication-defective vectors 

and/or producer cells into human tumours (Chung, Saeki, and Chiocca 1999). 

For example, myb34.5 is a HSV-1 mutant virus deleted in the gene for ribonucleotide 

reductase ICP6. It also carries a version of γ134.5, a viral gene product that promotes the 

dephosphorylation of eIF-2α, that is under control of the E2F-responsive cellular B-myb 

promoter, rather than of its endogenous promoter. Infection and replication of Myb34.5 in 

tumour cells results in their destruction, a process called oncolysis. γ134.5 expression by 

HSV-1 subverts an important cell defence mechanism against viral replication by preventing 

shutoff of protein synthesis after viral infection (figure 7). Nakamura and colleagues 

demonstrated that colon carcinoma cells infected with Myb34.5 display a greater eIF-2α 

dephosphorylation and viral replication compared with HSV-1 mutants infection, completely 

lacking the γ134.5 expression. Furthermore, when injected intravascularly into mice with 

diffuse liver metastases, Myb34.5 displays a huge anti-oncogenic activity, a more controlled 

biodistribution, and a reduced virulence and toxicity compared with HSV-1 mutants, lacking 

γ134.5 expression. (Nakamura et al. 2002).  
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Figure 7: Diagram of the regulation of protein synthesis by γ134.5 in HSV-1–infected cells. (Nakamura 

et al. 2002) 

 

1.4.5. Amplicon HSV vectors 

Amplicon vectors can be considered as “modular viruses” as they are HSV-1 cloning-

amplifying defective virus particles, identical to wild type HSV-1 from the structural and host-

range point of view, but which carry a concatemeric form of a DNA plasmid, named amplicon 

plasmid, instead of the 152 Kb viral genome.  

The conventional HSV-1 amplicon vector consists of a plasmid backbone harbouring a 

bacterial origin of DNA replication (e.g. ColE1) and an antibiotic resistance gene (e.g., AmpR) 

for propagation in prokaryotic cells; furthermore, there are two non-coding sequences from 

the wild-type HSV-1 genome required for replication (ori) and packaging (pac) of the 

amplicon into infectious particles and finally a transgene expression cassette (figure 8) (de 

Silva and Bowers 2009). Once packaged into viral particles in the presence of helper viruses, 

the amplicon vector, which is completely replication-defective, is able to infect different cell 

types, without integrating into the genome but maintaining an episomal state within the 

nucleus of the transduced cell; on one hand, it confers a stable expression in post-mitotic, 

non-dividing cells but on the other, it undergoes to unequal segregation in proliferating cells, 

allowing a transient gene expression.  

As a gene delivery vector, the conventional amplicon can deliver transgene units up to 150 

kb in size; furthermore, since it does not integrate into the genome, host cells do not 

undergo insertional mutagenesis, thus increasing its safety profile as a gene therapy vector. 

(de Silva and Bowers 2009).  

 



29 
 

 

 

 

 

 

 

 

 

Figure 8: Amplicon vector genome structure. (Modified from De silva et al., 2009).  

 

The ability to deliver exogenous genetic material up to 150 kb, associated with its capacity 

to efficiently transduce numerous cell types, including those of the central nervous system 

(CNS), a strong gene expression due to high copy number and high multiplicity of infection 

makes HSV-1 amplicon a versatile gene transfer vector for the treatment of several disorders 

and conditions affecting the CNS.  

Furthermore, these “modular viruses” confer a stable gene expression without modification 

of the cell genome, an homogeneous gene expression as different genes can be transferred 

at once from the same amplicon vector as well as physiological gene expression can be 

achieved as a complete genomic locus can be introduced in one single vector; finally, they 

are completely safe (Epstein 2005).  

Nevertheless, limitations are still present in the production of amplicon vectors, indeed they 

require a co-propagated HSV-1 helper virus, resulting in viral stocks that are a mixture of 

helper and amplicon viruses. Furthermore, in the past, nonspecific cytotoxic effects of 

defective amplicon vectors limited the amount of vector that could be used to infect cells.  

A variety of anti-cancer therapies utilizing HSV-1 amplicon vectors are currently being 

investigated in preclinical animal models. In particular, referring to glioblastoma multiforme, 

HSV-1 amplicons have also been utilized to deliver genes involved in pro-drug activation 

(e.g., thymidine kinase) (Wang et al. 2002) and apoptosis (e.g., TRAIL) (Shah et al. 2003), or 

they have been used to express double stranded-hairpin RNA for targeted knockdown of 

EGFR in human Gli36 glioma cells (Saydam et al. 2005).  
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2. AIM 

 

Emx2 is a homeobox gene whose family encodes for transcription factors that play a 

prominent role in the regulation of morphogenesis and cell differentiation during 

embryogenesis. In particular, during astrogenesis, a prolonged overexpression of this gene 

in early pallial neural stem cells induces a marked decrease of the glial output, by decreasing 

the proliferation of astrocyte-committed precursors. This control takes place via a functional 

cascade, which includes Bmp signalling and Sox2, through the downregulation of Egfr and 

Fgf9 (Falcone et al. 2015).  

Moreover, recent studies suggest a possible involvement of Emx2 in several human cancers, 

including lung, colorectal and gastric tumours (Okamoto et al., 2010, Li et al. 2012, Aykut et 

al. 2017). Inspired by these findings, we wondered if Emx2 overexpression might be 

employed as a therapeutic tool against glioblastoma multiforme.  

Our group has previously demonstrated that Emx2 overexpression induces the collapse of 

GBM cultures in around one week, by promoting cell death and inhibiting cell proliferation. 

The impact on GBM metabolism was very complex and a huge number of genes and 

pathways sensitive to its overexpression are misregulated (Falcone et al. 2016).  

 

Starting from these data, aims of my projects are:  

 validate the efficacy of Emx2 gene therapy in long term in vivo experiments, with 

special emphasis on its impact on survival of GBM-transplanted animals; 

 evaluate the efficacy of Emx2 gene therapy, especially its possible interaction with 

current standard therapies; 

 identify possible mediators and pathways involved in Emx2-mediated chemo-and 

radio-sensitivity, in order to overcome tumour resistance;  

 develop novel, effective and biosafe strategies for in vivo delivery of Emx2, overcoming 

intrinsic limits of lentiviral transduction we have employed until now. 
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3. MATERIALS and METHODS 

 

3.1. Lentiviral vectors packaging and titration 

Third generation self-inactivating (SIN) lentiviral vectors (LVs) were generated as previously 

described (Follenzi and Naldini, 2002) with some adjustments. In brief, HEK293T cells were 

co-transfected with the transfer vector plasmid plus three auxiliary plasmids in the presence 

of LipoD293 ™ (SignaGen). Auxiliary plasmids are different depending on integrating or not 

integrating LVs. pMD2 VSV.G, pMDLg/pRRE and pRSV-REV are employed for integrating 

competent LVs packaging, whereas pMD2 VSV.G, pRSV-REV and pMD.Lg/pRRE.D64Vin are 

specific for integrating defective LVs (ID-LVs).   

The conditioned medium was collected after 48 and 72 hours, filtered 0,45um and ultra-

centrifuged at 50000 RCF on a fixed angle rotor (JA25.50 Beckmann Coulter) for 3 hours at 

4°C. Lentiviral pellets were then resuspended in PBS 1X without BSA (Gibco).  

LVs were titrated by Real Time quantitative PCR after infection of HEK293T cells, as 

previously reported (Sastry et al., 2002). One end point fluorescence titrated LV was 

included in each PCR titration session and PCR-titers were adjusted to fluorescence-

equivalent titers throughout the study.  

Where necessary, specific lentiviral plasmids were constructed with basic cloning 

techniques. DNA manipulations (extraction, purification and ligation), bacterial cultures and 

transformations were performed according to standard methods. Restriction and 

modification enzymes were obtained from New England Biolabs and Promega; DNA 

fragments were purified from agarose gel by QIAquick Gel Extraction Kit (Qiagen); plasmid 

preparations were done by DN PLASMID PURIFICATION KIT (Qiagen). Plasmids were grown 

in E. Coli, Xl1-blue or ElectroMAX™ Stbl4™ Competent Cells (Invitrogen).  

LVs used for this study were referred to throughout the thesis according to the standard 

nomenclature: LV:pX-GOI, where pX is the promoter and GOI is the gene of interest. 

They were:  

 LV_pPgk1-rtTA2S-M2-WPRE (Spigoni et al., 2010), 

 LV_pPgk1-tTA-WPRE, obtained by transferring the BamHI/XhoI-cut tTA-cds fragment 

from LV:pTYF-1xSYN-tTA (Addgene #19980) into the BamHI/SalI-cut LV_pPgk1-EGFP-

WPRE, in place of EGFP. 
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 LV_TREt-Emx2-IRES2-EGFP (Brancaccio et al., 2010); 

 LV_TREt-Emx2-WPRE, aka LV:TREt-Emx2 (Furuta et al., 1997);  

 LV_TREt-Foxg1 (Raciti et al. 2013); 

 LV_Pgk1p-mCherry-WPRE, constructed by transferring the mCherry module form 

LV_pTa1- mCherry into LV_pPgk1-EGFP-WPRE, in place of EGFP; 

 LV_TREt-IRES2-EGFP (derived from LV:TREt-luc- IRES2-EGFP, via deletion of the luc and 

the IRES2-EGFP cassettes,respectively) 

 LV_TREt-IRES-PLAP-WPRE, obtained by replacing the XhoI/SalI fragment of LV_Pgk1p- 

EGFP-WPRE (see below) by an XhoI-compatible/ SalI-compatible element, including 

the XbaI-AgeI 0.35kb TREt fragment of P199 and the EcoRI/ SalI 2.2kb IRES-PLAP 

fragment from pCLE [5];  

 LV_TREt-Sox2, aka TetO-FUW-sox2 (Brambrink et al., 2008), corresponding to plasmid 

#20326 of the Addgene collection; 

 LV_pCCLsin.PPT.hPGK.EGFR.pre (Mazzoleni et al. 2010); 

 pCVL Traffic Light Reporter 1.1 (Sce target) Ef1a Puro, after called TLR (Addgene 

31482). 

 pCVL SFFV d14GFP EF1s HA.NLS.Sce(opt), after called SceI + donor (Addgene 31476).  

 pCVL SFFV d14GFP Donor (Addgene 31475) 

 pCVL SFFV-EF1s HA.NLS.Sce(opt) (Addgene 31479) 

 LV_U6p-ctr-shRNA, obtained by cleaving the NotI-EcoRI fragment from LV_ctr-shRNA-

EGFP, aka pll3.7 (Addgene #11795). 

 LV_U6p-anti mouse Foxg1-shRNA (Sigma # SHCLND-NM_008241)  

All lentiviruses were generated and titrated as previously described (Brancaccio et al., 2010).  

 

3.2. Animal handling and embryo dissection  

Animal handling and subsequent procedures were in accordance to European and Italian 

laws [European Parliament and Council Directive of 22 September 2010 (2010/63/EU); 

Italian Government Decree of 4 March 2014, n°26]. Experimental protocols were approved 

by SISSA OpBA (Institutional SISSA Committee for Animal Care). MaptEGFP/+(Tucker, Meyer, 

and Barde 2001) or wt CD1 males were mated to wt CD1 females (purchased from Envigo 

Laboratories, Italy) and maintained at the SISSA mouse facility.  



33 
 

All embryos were staged by timed breeding and vaginal plug inspection. Pregnant females 

were sacrificed by cervical dislocation and embryonic cortices were dissected out in cold 

PBS, under sterile conditions. MaptEGFP/+ E16.5 embryos were distinguished from their wild 

type littermates by inspection under fluorescence microscope. 

 

3.3. GBM mice xenografts  

For long term in vivo experiment, nude (strain: Hsd:AthymicNude-Foxn1nu) mice were used. 

6-weeks-old females were anaesthetized with Ketamine-Xylazine solution. 5μl of a solution 

containing pre-engineered 300,000 U87MG cells in DMEM-Glutamax medium, was injected 

through the skull into the striatum, by Hamilton syringe (Hamilton #7105KH), following the 

stereotaxic coordinates: AP +0.5; L -1.8;   V -2.8.   

More in detail, one week before the in vivo transplantation, U87MG cells were infected with 

LV_ Pgk1p-tTA-WPRE and LV_TREt-IRES-EGFP-WPRE (Ctrl) or LV_TREt-Emx2-IRES-EGFP-

WPRE (Emx2-GOF), each at a moi = 16 in a medium containing 2μg/mL doxycycline. One day 

before the injection, the medium was discarded and replaced with a new one, containing a 

10% TET-free FBS.  

Half of mice (27/54) were injected with 300,000 Control-EGFP+ U87 cells and the other 

(27/54) with 300,000 Emx2-GOF-EGFP+ cells. Four days later, we administrated 

temozolomide to 13 out of 27 “Control” or “Emx2-GOF” transplanted mice (5mg/kg body 

weight*day by drinking water).  

Animals were left to recover in a warm clean cage. Then, they were checked each day and 

sacrificed when they showed clear symptoms of suffering. Survival curves were drawn.  

 

3.4. Glioblastoma cell cultures 

Human U87MG and U251 grade IV GBM cell lines were purchased from SIGMA (#89081402 

and #09063001, respectively). Low passage criopreserved samples of them were employed 

to perform the experiments. They were kept as adherent cultures in DMEM/Glutamax 

medium (ThermoFisher, #31966), supplemented with 10% FBS and 1X 

Pencillin/Streptomycin. Cells were cultured at 2*106 cells in T75 flask and trypsinized at 

confluency. 

Glioblastoma primary cells originate from GBM surgical samples, collected at IRCCS A.O.U. 

San Martino-IST, Dept of Neuroscience and Sense organs, Unit of Neurosurgery and 
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Neurotraumatology, with patients' informed consent and in compliance with pertinent 

Italian law. 

They were derived in Antonio Daga laboratory. Low passage criopreserved samples were 

employed to perform the experiments. GbmA, GbmC, GbmF and GbmG cells were cultured 

as spheres in NeuroCult™ NS-A Proliferation Kit (Human) (StemCell Technologies, Vancouver 

- Canada, #05751) supplemented with 1X Penicillin/Streptomycin, 2 μg/ml human heparin 

(StemCell Technologies #07980), 20 ng/ml recombinant human EGF (ThermoFisher 

#PHG0311), 20 ng/ml recombinant human FGF2 (ThermoFisher #PHG0261). Primary GBM 

cells were cultured at 2*106 cells in T75 flask and passaged by Accutase (Sigma, Milan - Italy, 

#A6964) once confluent.  

Both primary and commercial cell lines were cultured under normoxic conditions (5% CO2, 

21% O2, 74% N2).  

 

3.5. GBM cell growth curves under temozolomide treatment  

2x105 U87MG, U251, GbmA and GbmF cells were plated in a 12-well plate and infected with 

LV_ Pgk1p-rtTA-M2-WPRE and LV_TREt-IRES-EGFP-WPRE (Ctrl) or LV_TREt-Emx2-IRES-

EGFP-WPRE (Emx2-GOF), each at a multiplicity of infection (moi) = 8. This moi is enough to 

infect the almost totality of GBM cells. After three days, doxycycline at 2μg/mL (Sigma 

#D9891- 10G) and temozolomide at 200μM (for U87MG, GbmA and GbmF cells) or 1800μM 

(for U251) were added to the medium; viable cells (trypan blue-excluding) were counted at 

fixed days on a hemocytometer. After every cell count, differently engineered cells were 

plated at the same concentration (2x105 GBM cells/well). Growth curves were interrupted 

when Emx2-GOF/TMZ cell cultures had collapsed.  

 

3.6. GBM cell growth curves upon X-rays treatment 

5x105 U87MG and U251 cells/flask were plated in T25 flasks and irradiated after 24 hours 

with different X-rays dosage (5-10-15Gy). Viable cells (trypan blue-excluding) were 

trypsinized and counted at fixed days on a hemocytometer.  

* * * 

Subsequently, 5x105 U87MG and U251 cells/flask were plated in T25 flasks and acutely 

infected with LV_ pPgk1-rtTA-M2-WPRE and LV_TREt-IRES-EGFP-WPRE (Ctrl) or LV_TREt-

Emx2-IRES-EGFP-WPRE (Emx2-GOF), each at moi 8. After 5 days, we changed the medium 



35 
 

by adding 1ng/mL or 30ng/mL doxycycline for U87MG and U251 respectively, and the 

subsequent day cells were trypsinized and replated at 1.2x106 cells/flask. 24hrs later, cells 

were irradiated with 15Gy X-rays dosage. Viable cells (trypan blue-excluding) were counted 

at fixed days on a hemocytometer. After every cell count, differently engineered cells were 

plated at the concentration of 2x105/well. Growth curves were interrupted when Emx2-

GOF/X-rays cell cultures had collapsed.  

 

3.7. GBM cell growth curves upon Myb34.5 HSV-1 infection 

The experiment was performed on 2 GBM lines (U87MG and U251) and 2 primary GBM 

cultures (GbmA and GbmG). 2x105 cells were seeded in 12-multiwell plate and infected with 

the oncolytic Myb34.5 HSV-1 at different moi of infection. Viable cells (trypan blue-

excluding) were counted at fixed days on a hemocytometer, until cell cultures had collapsed. 

 

3.8. U87MG and murine neocortical tissue co-cultures upon Myb34.5 HSV-1 

infection 

MaptEGFP/+ or CD1 wild type cortical tissue from E17.5 mouse embryos was chopped to small 

pieces for 5 minutes, in a small volume of ice-cold 1X PBS – 0,6% glucose and 0,1% DNaseI. 

The minced tissue was then resuspended and digested in 0.25mg/ml trypsin and 4mg/ml 

DNaesI for 5 minutes at 37°C. Digestion was stopped by adding ≥ 1.5 volumes of 

DMEM/F12/10% FBS. Cortices were spinned down and transferred to differentiative 

medium. The suspension was pipetted 5-8 times with a P1000 gilson pipette and 

undissociated tissue was left to sediment for 1-2 minutes. The supernatant was collected 

and living cells were counted.  

1x105 cells were seeded on poly-L-Lysine coated 24-multiwell plates, in 600μ of culturing 

medium: Neurobasal‐A, 1X Glutamax (Gibco), 1X B27 supplement (Invitrogen), L-glutamate 

25 μM, 25 μM β‐Mercaptoethanol, 2% FBS,), 1X Pen/Strept (Gibco), 10 pg/ml fungizone 

(Gibco).  

MaptEGFP/+ mixed neuronal-astroglial primary cultures were infected after three days with 

the oncolytic Myb34.5 HSV-1 at moi 0.01 or 0.005; the same day, also mCherry-labelled 

U87MG cells, plated separately, underwent Myb34.5 infection, at moi 0.01 or 0.005; 24hrs 

later, 0.5x105 of these m-Cherry-labelled infected U87MG cells were transferred onto 

infected neocortex precursors. FACS analysis was performed at post-infection in vitro days 
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PI-IVD 4 and 8, in order to count the total number of EGFP-labelled neurons and mCherry-

labelled U87MG cells. Concomitantly, an immunofluorescence against TUBB3 and GFAP was 

performed on CD1-WT mouse neocortex cells at post-infection in vitro days PI-IVD 4, to 

evaluate the neuronal and glial morphology. Briefly, cells were incubated with blocking 

solution for 40min at RT after being permeabilized with PBS1X + TRITON 0,1% for 10min at 

RT; they were then incubated with anti-GFAP rabbit polyclonal (DAKO #Z0334) at 1:600 and 

anti-Tubb3 (TUJ1) mouse monoclonal (Biolegend #MMS-435P) at 1:1000 overnight at 4°C. 

The following secondary antyibodies were used: Alexa 488 goat anti rubbit and Alexa 594 

goat anti mouse. Cells were counterstained with DAPI 1:200 for 15 min. Immunos were 

photographed on a Nikon Eclipse TI microscope equipped with a 20X objective and a 

Hamamatsu camera.  

 

3.9. U87MG cell growth curves upon Myb34.5 HSV-1 and Emx2-LV infection 

2x105 U87 cells were seeded in 12-multiwell plate and infected with with LV_ pPgk1-rtTA-

M2-WPRE and LV_TREt-IRES-EGFP-WPRE (Ctrl) or LV_TREt-Emx2-IRES-EGFP-WPRE (Emx2-

GOF), each at moi 8. 3 days later, cells were trypsinized, replated in a 12-multiwell plate at 

the same density in a medium containing 1ng/ml doxycycline and infected with the oncolytic 

Myb34.5 HSV-1 at moi 0.005. Viable cells (trypan blue-excluding) were counted on a 

hemocytometer at fixed days, until cell cultures had collapsed.  

 

3.10. U87MG cells host Myb34.5-helped amplification of Egfp-encoding herpetoviral 

amplicon vector (vAM-GFP) 

As a substrate potentially permissive to Myb34.5-helped vAM-GFP amplification, 2x105 

U87MG R-cells (R-cells, "reactor") were seeded in 12-multiwell plate and coinfected by 

Myb34.5 HSV-1, at moi  0.01, and vAM-GFP, at moi 5, in all four possible Myb34.5 and vAM-

GFP combinations. To secure herpetoviral infection and remove the excess of primarily 

infecting viral particles, 8 hours later, cell medium was discarded, cells were washed twice 

with 1X PBS and cultured with new fresh medium. Next, 3 days later, one half of such new 

medium (plus an equal volume of fresh medium) was transferred to U251 S-cells (S-cells, 

"sensor") which, 3 more days later, were scored for the presence of EGFP+-expressing 

elements, as an index of U87MG-hosted vAM-GFP neosynthesis. Native EGFP+ U251 S-cells 
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were photographed on a Nikon Eclipse TI microscope equipped with a 20X objective and a 

Hamamatsu camera.  

 

3.11. “Healthy” human perinatal neocortex tissue hosts Myb34.5-helped 

amplification of Egfp-encoding herpetovral amplicon vector (vAM-GFP) 

Human neural precursors were provided by Dr. Stefano Pluchino (Cambridge University, UK). 

These cells were cultured as floating neurospheres at clonal density (13.000 cells/cm2) in NS-

A proliferation medium: NeurocultTM NS-A Proliferation Kit (#05751, StemCell 

Technologies), 0.2% human Heparin (StemCell Technologies), 10ng/ml bFGF (Gibco), 

20ng/ml EGF (Gibco). The growth factors were added every two days and cells were 

passaged by Accutase (Sigma) every two weeks.  

In order to obtain astrocytes, hNPs were dissociated at single cells and plated at 60.000 

cells/cm2 on multiwell plates pre-coated with Matrigel (Corning) in NS-A Differentiation 

medium: NeurocultTM NS-A Differentiation kit (#05752, StemCell Technologies) without any 

growth factors. The medium was changed by half every four days.  

As a substrate potentially permissive to Myb34.5-helped vAM-GFP amplification, 1x105 

human R-astrocytes named PCW10 + 150DIV (R-cells, "reactor") were seeded on a 24-

multiwell plates, in 600μL of differentiative medium and coinfected by Myb34.5 HSV-1 at 

moi 0.01 and vAM-GFP, at moi 1, in all four possible Myb34.5 and vAM-GFP combinations. 

To secure herpetoviral infection and remove the excess of primarily infecting viral particles, 

8 hours later, cell medium was discarded, cells were washed twice with 1X PBS and cultured 

with new fresh medium. After three days, one half of such new medium (plus an equal 

volume of fresh medium) was transferred to U251 S-cells (S-cells, "sensor"), which, 3 and 6 

more days later, were scored for the presence of EGFP-expressing elements, as an index of 

U87MG-hosted vAM-GFP neosynthesis.  

 

3.12. RNA sequencing  

RNA sequencing experiment was performed on 4 GBM lines, in particular U87MG cells, U251 

cells and 2 primary GBM cultures (GbmA and GbmC). More in detail, 4x105 cells were 

infected with LV_ pPgk1-rtTA-M2-WPRE and LV_TREt-IRES-EGFP-WPRE (Ctrl) or LV_TREt-

Emx2-IRES-EGFP-WPRE (Emx2-GOF), each at moi 8. After 3 days, we changed the medium 

by adding 2μg/mL doxycycline and cells were collected after 72h. A paired-end sequencing 
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strategy was chosen, in which short reads are extracted from both ends of long DNA 

fragments through high-throughput sequencing. Prior to further analysis, a quality check 

was performed on the raw sequencing data, removing low quality portions while preserving 

the longest high-quality part of a NGS read. The minimum length was 35 bp and the quality 

score 20. The high-quality reads were aligned against the Homo sapiens reference genome 

sequence (Ensembl GRCh38.p10) with STAR aligner (version 2.5.0c). FeatureCounts (version 

1.6) was used to calculate gene expression values as raw read counts (file Raw_data.xlsx in 

the folder 2-Expression) and normalized FPKM values were also calculated (file FPKM.xlsx in 

the folder 2-Expression) across all the samples. All the statistical analyses were performed 

with R with the package edgeR. The first step has been the removal of not expressed genes 

and the ones showing too much variability. For this scope, filter was applied to retain the 

genes with count-per-million (CPM) > 1 in at least 3 samples. As a following step a differential 

expression analysis was performed comparing the Emx2 overexpressed group against the 

Control (as reference) taking into account the paired experimental design. We can therefore 

compare the Emx2 group to the control for each sample separately, so that baseline 

differences between the samples are subtracted out.  

 

3.13. RNA profiling  

Total RNA was extracted from cells with Trizol ™ (ThermoFisher #15596-026), according to 

Manufacturer’s instructions and resuspended in sterile deionized water. Agarose gel 

electrophoresis and spectrophotometric measurements (NanoDrop ND-1000) were 

employed to estimate quantity, quality and purity of the resulting RNA. Prior to analysis, 

samples were processed by the TurboDNAfree kit (Ambion™), for 1 hour at 37°C. At least 

1.0 μg RNA from each sample was retrotranscribed by SuperScriptIII™ (ThermoFisher 

#18080044) in the presence of random hexamers, according to manufacturer's instructions. 

RT-minus samples were scored as controls, in the case of intronless transcripts. cDNAs were 

finally diluted five times.  

Real time PCR reactions were performed using the SsoAdvanced SybrGreen™ Supermix 

platform (Biorad), according to manufacturer’s instructions. Each biological replicate was 

scored at least in technical triplicate and data were normalized against hGAPDH. Results 

were averaged and further normalized on their controls. Statistical significance of results 

was evaluated by the t-test (one-tail; unpaired). “n” is the number of samples. 
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Protocols were personalized for each primer pair, in accordance to the appropriate 

annealing temperature. Primers were purchased from Eurofins genomics. The absolute 

expression was calculated by sample interpolation with a standard curve.   

Primer sequences used in the qPCR were:  

 GAPDH, hGAPDH/Fw, 5’ CAT CAC CAT CTT CCA GGA GCG AGA TCC 3’, and hGAPDH/ 

Rv, 5’ CAA ATG AGC CCC AGC CTT CTC CAT GG 3’; 

 EMX2, E2S/N2F, 5’ GGA AAG GAA GCA GCT GGC TCACAG TCT CAG TCT TAC 3’, and 

E2S/N2R, 5’ GTG GTG TGT CCC TTT TTT CTT CTG TTG AGA ATC TGA GCCTTC 3’; 

 EGFR, hEGFR/Fw, 5’ GAG ACC CCC AGC GCT ACC TTG TCA TTC A 3’, and hEGFR/Rv, 5’ 

CCA CCA CGT CGT CCA TGT CTT CTT CAT CCA 3’; 

 SOX2, hSOX2/Fw, 5’ CGG CAC GGC CAT TAA CGG CAC ACT G 3’, and hSOX2/Rv, 5’ GTT 

TTC TCC ATG CTG TTT CTT ACT CTC CTC TTT TG 3’; 

 TRP53, hTRP53/Fw, 5’ CCT CCT CAG CAT CTT ATC CGA GTG GAA G 3’, and hTRP53/Rv, 

5’ CAT AGG GCAC CAC CAC ACT ATG TCG AAA AG 3’; 

 GADD45A, hGADD45A/Fw 5’ GAT GCC CTG GAG GAA GTG CTC AG 3’, and hGADD45A 

/Rv 5’ CCA TTG ATC CAT GTA GCG ACT TTC CC 3’ 

 GADD45B, hGADD45B /Fw, 5’ GAT CGC CTC ACA GTG GGG GTG T 3’, and hGADD45B 

/Rv 5’ GCAGAAGGACTGGATGAGCGTGA 3’;  

 FOXG1-cds, hFOXG1-cds/Fw, 5’ CGA CCC TGC CCT GTG AGT CTT TAA G 3’, and hFOXG1-

cds/Rv 5’ GGG TTG GAA GAA GAC CCC TGA TTT TGA TG 3’; 

 HIF1α, hHIF1α/Fw, 5’ AGTCACCACAGGACAGTACAGGATGCTT 3’, and hHIF1α/Rw 5’ 

GACACATTCTGTTTGTTGAAGGGAGAAAAT 3’; 

 LOX, hLOX/Fw, 5’ GTCCTGGCTGTTATGATACCTATGGTG 3’, and hLOX/Rw 5’ 

CACCATAGGTATCATAACAGCCAGGAC 3’; 

 MDR1, hMDR1/Fw, 5’ GCAGTAGCTGAAGAGGTCTTGGCAG 3’, and hMDR1/Rw, 

TAGATCAGCAGGAAAGCAGCACCTATAGAA 3’; 

 CX43, hCX43/Fw, 5’ CATCCTCCAAGGAGTTCAATCACTTG 3’ and hCX43/Rw, 

ACACCTTCCCTCCAGCAGTTGAG 3’; 

 hTERT, hTERT/Fw, 5’ TCCAGACGGTGTGCACCAACATCTACAAG 3’ and hTERT/Rw, 

ACATCCCTGCGTTCTTGGCTTTCAGGAT.  
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3.14. Immunofluorescence analysis of γ-H2AX foci 

4x105 U251 cells/well were seeded in a 6-well plate and infected with LV_ Pgk1p-rtTA-M2-

WPRE and LV_TREt-IRES-PLAP-WPRE (Ctrl) or LV_TREt-Emx2-WPRE (Emx2-GOF), each at moi 

8. Three days before irradiation, cells were trypsinized and reseeded at 1.2x105 cells/well in 

a poly-lysinated 24-well coverslips in a medium containing 2μg/mL doxycycline. Cells were 

further irradiated with 5Gy X-rays dosage and fixed with 4% PFA after 1h and 16hrs.  

Briefly, cells were incubated with blocking solution for 40min at RT after being permeabilized 

with PBS1X + TRITON 0,1% for 10min at RT; they were than incubated with Ab I 1:500 anti-

gamma H2A.X (phospho S139) (abcam 26350) for 1h at RT, washed twice with 1X PBS + 

TRITON 0.1%, incubated with Ab II 1:600 for 30min at RT, washed twice and counterstained 

with DAPI 1:200 for 15 min.  

Immunos were photographed on a Nikon Eclipse TI confocal microscope equipped with a 

63X oil objective and 3.5 electronic zoom. Data analysis was performed by Volocity software 

(Quorum Technologies). 

 

3.15. Traffic light reporter assay: homologous recombination-mediated DNA repair 

detection by flow cytometry and Real Time PCR 

To study the homologous recombination mediated DNA repair, we took advantage of a 

fluorescent reporter, called traffic light reporter (Certo et al. 2011).  

1x106 GBM cells (U87MG and U251) were seeded in a 12-well plate, infected with pCVL 

Traffic Light Reporter 1.1 (Sce target) Ef1a Puro (#Addgene 31482, named TLR-LV) at moi 

0.05 and subjected to puromycin selection for 5 days (1μg/mL for U87MG; 2μg/mL for 

U251). Only puromycin-resistant cells (named U87-TLR and U251-TLR) were kept as 

adherent cultures and employed to perform the experiments.  

3x105 U87-TLR and U251-TLR cells/well were seeded in a 12-well plate and infected with LV_ 

Pgk1p-rtTA-M2-WPRE and LV_TREt-IRES-PLAP-WPRE (Ctrl) or LV_TREt-Emx2-WPRE (Emx2-

GOF), each at moi 8. 72hrs later, cells were infected with the endonuclease pCVL SFFV-EF1s 

HA.NLS.Sce(opt) (#Addgene 31479, named I-Sce I) and the integrating-defective template 

pCVL SFFV d14GFP Donor (#Addgene 31475, named ID-Donor). The fluorescence intensity 

was determined after 3 days with a flow cytometer. Forward scatter (FSC) and side scatter 

(SSC) were used to exclude debris and cell aggregates (live gate). Cells belonging to the live 
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gate were evaluated for their EGFP fluorescence profile. Data analysis was performed by 

FlowjoTM software (Tree Star, Ashland). 

 

* * * 

 

We also designed a set of primers specifically detecting only the fully reconstructed EGFP-

cds fragment after HR-mediated repair, and we employed them to quantify such fragment 

by real time PCR.  

For these sets of experiments, “wild type” U87MG and U251 GBM cells were employed. 

Specifically, 3x105 U87 and U251 cells/well were seeded in a 12-well plate and infected with 

pCVL Traffic Light Reporter 1.1 (Sce target) Ef1a Puro (#Addgene 31482, named TLR-LV) at 

moi 10; 3 days later, cells were infected with LV_ Pgk1p-rtTA-M2-WPRE and LV_TREt-IRES-

PLAP-WPRE (Ctrl) or LV_TREt-Emx2-WPRE (Emx2-GOF), each at moi. 8. After 72hrs, cells 

underwent trypsinization and infected with pCVL SFFV d14GFP EF1s HA.NLS.Sce(opt) 

(#Addgene 31476, named I-sceI + donor), encoding for both I-sceI endonuclease and the 

donor template, at moi 8.  

The quantification was performed by RT-PCR by performing the following protocol: 98° for 

4min, 98° for 10sec, 65° for 30sec, 72° for 1min, 72° for 3sec, 74° for 3sec, 76° for 3sec, 85° 

for 3sec, 39 times with the following primers:  HR/F1: CCA CAA GTT CAG CGT GTC CGG CGA 

G, HR/R1s: CTC ACC GGA TCC AGT TAC TTG TAC AG. 

Each biological replicate was scored at least in technical triplicate and data were normalized 

against mCherry sequence, which is included in the pCVL Traffic Light Reporter 1.1 (Sce 

target) Ef1a Puro. Results were averaged and further normalized on their controls.  

 

3.16. Statistical analysis  

Data were analysed using the Student’s t-test (one tail, unpaired) or 2-way ANOVA for 

independent samples. P-value <0.05 was considered significant.  
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4. RESULTS 

4.1. Emx2 overexpression increases the survival of 

immunocompromised GBM-xenografted hosts and enhances GBM 

sensitivity to temozolomide (TMZ) treatment 

 

4.1.1.  Emx2 overexpression outperforms TMZ treatment in experimental therapy of 

GBM-xenografted mouse hosts 

 

To assess if Emx2 can antagonize glioblastoma multiforme growth in vivo, we transplanted 

EGFP-labelled U87MG GBM cells into the striatum of 5 weeks old nude mice. In particular, 

we injected 300.000 control cells to a former group and 300.000 Emx2-GOF cells to the other 

group. We kept the gene off for one week using the Tet-OFF technology and one day before 

the transplantation we removed doxycycline, in order to activate the genes. Four days after 

transplantation, we administered temozolomide (TMZ) orally to 26 out of 54 transplanted 

mice; in this way we created four groups: the “control group”, the “Emx2-GOF group” and 

the equivalent ones treated also with TMZ. 

We found that mice transplanted with Emx2-GOF GBM cells displayed a median survival of 

56 days against the 35 days of the control group (p<0.0001, n=14,14) (Fig. 4.1.1). 

Remarkably, Emx2 overexpression outperformed temozolomide treatment, extending the 

median survival time by 9 days (p<0.0001, n=14,13). No significative difference was 

appreciable between “Emx2-GOF” mice receiving or not TMZ (p=ns, n=14,13). Taken 

together, these results indicate that Emx2 exerts a robust antioncogenic activity in vivo, even 

stronger than the current standard treatment.  
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Figure 4.1.1. Emx2 antioncogenic activity in vivo, long-term survival tests. Experimental strategy and 

lentiviral vectors employed for its implementation are shown in (A). EGFP-labelled, Emx2-GOF or control 
engineered U87MG GBM cells were transplanted into the cortical parenchyma of juvenile 
immunosuppressed (Foxn1nu/+) mice. 4 days after transplantation, 5mg TMZ/kg body weight*day was 
administered by drinking water to experimental groups. Animal survival profiles were scored (B). n is the 
number of mice for each group. P-value was calculated by long-rank test.  

 

4.1.2. The outcome of combined Emx2/TMZ delivery exceeds the antiblastic impact 

of single Emx2 and TMZ treatments on GBM cultures 

 

To better investigate the therapeutic relevance of these in vivo results, we decided to move 

to in vitro assays, testing the outcome of combined Emx2-TMZ treatment on 2 GBM 

commercial cell lines (U87MG and U251) and 2 primary cultures originating from GBM-

affected patients (GbmA and GbmF). GBM cultures were engineered to overexpress Emx2 

via lentiviral vectors and Tet-ON technology and treated with 2µg/mL doxycycline. Where 

due, TMZ was added to culture medium together with doxycycline. U87MG, GbmA and 

GbmF cells, sensitive to low doses of this drug, were exposed to 200µM TMZ (Fig. 4.1.2.E-L). 

In case of more resistant U251 cells, [TMZ] was raised to 1800 µM, to achieve an appreciable 

biological effect (Fig. 4.1.2.B-D).  

In all 4 GBM samples tested, combined Emx2-GOF/TMZ treatment accelerated tumour cell 

death, inducing cultures to collapse in less than one week. Remarkably, this approach 

performed always better than TMZ and, in 2 out of 4 cell lines (U87MG and GbmA), it also 

outperformed the Emx2 treatment alone. Specifically in the case of the U87MG cell line, the 
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impact of the combined Emx2-GOF/TMZ treatment exceeded the linear combination of the 

two single treatments (p(Emx2-GOF/TMZ interaction)<0.024, as assessed by 2-ways ANOVA).  
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Figure 4.1.2. Population dynamics of GBM cultures made gain-of-function for Emx2 and treated 
by temozolomide. In vitro kinetic progression of U251, U87MG, GbmA and GbmF GBM lines (B,C,E,G,I), 

engineered by lentiviral vectors and TetON technology and kept under temozolomide as in (A). Cells were 
kept as adherent (U87MG and U251) or floating cultures (GbmA and GbmF) under Fgf2 and Egf 
supplements. In (D,F,H,L), t1 cell numbers were normalized against Ctr(t0) values. n is the number of 
biological replicates. p-value was calculated by t-test (one-tail, unpaired): *p<0.05, **p<0.01, ***p<0.001. 

 

4.1.3. Screening for molecular mediators of Emx2 enhancement of TMZ impact on 

GBM 

 

To cast light on molecular mechanisms underlying Emx2 enhancement of TMZ impact on 

GBM kinetics, we overexpressed its coding sequence in two GBM cell lines (U87MG, U251) 

and two primary cell cultures (GbmA, GbmF) (Falcone et al. 2016) and scored mRNA levels 

of selected genes that are involved in tumour chemo-resistance. More in detail, we analyzed 

CONNEXIN43 (CX43), encoding for the building block of gap junctions detectable at high 

levels in glioma-associated-astrocytes (Munoz et al. 2014) (Caltabiano et al. 2010), the multi 

drug resistance 1 (MDR1), an ATP-dependent efflux pump that prevent drug to enter the 

cells (Munoz et al., 2014), and the telomerase reverse transcriptase (TERT) (Chen et al. 

2014).  

In all 4 samples analyzed, Emx2 downregulated CX43 both in basal conditions and in the 

presence of TMZ. Next, it lowered MDR1-mRNA levels in the absence of TMZ and, specifically 

in U87MG and GbmA cultures, even upon TMZ treatment. Finally, limited to U251 and GbmF 

cultures, Emx2 overexpression led to a reduction of TERT-mRNA levels, which, in GbmF cells, 

was also detectable in the presence of TMZ.  
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Figure 4.1.3. mRNA levels of presumptive mediators of Emx2 enhancement of TMZ impact on 
GBM. Engineered U87MG GBM cells were treated as in A. 4 days after lentiviral infection and TMZ 

administration, doxycycline was added at 2 μg/ml. RNA samples were collected at day 7. U251, GbmA and 
GbmF were treated as in B. 4 days after lentiviral infection, both doxycycline (at 2 μg/ml) and TMZ (1800μM 
in U251; 200μM in GbmA and GbmF) were added to the cultures. RNA samples were collected at day 7. qRT-
PCR results, normalized against hGAPDH and further normalized against their controls, are shown as average 
± s.e.m. ns, not significant. n is the number of biological replicates. p-value was calculated by t-test (one-
tail, unpaired): *p<0.05, **p<0.01, ***p<0.001. 
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4.2. Emx2 overexpression radiosensitizes GBM cells, by depressing HR-

mediated DNA repair 

 

4.2.1. Emx2 overexpression radio-sensitizes GBM cells 

 

In an attempt to set up an experimental protocol suitable to unveil possible synergy between 

Emx2 overexpression and radiotherapy, we tested the kinetic trend of the two GBM lines 

(U87MG and U251) exposed to different doses of X-ray radiation. As seen in figure 4.2.1 B-

C, a dose of 15Gy was needed to induce the collapse of both GBM cultures within 15 days; 

on the other hand, lower X-ray doses slowed down culture expansion but were not able to 

eradicate the tumour.  

Next, we exposed pre-engineered GBM cells to different doses of doxycycline, in order to 

induce a light Emx2 overexpression, preventing GBM culture expansion while avoiding fast 

tumour culture collapse. We found that 1ng/mL and 30ng/mL were two doxycycline 

concentrations suitable to reproducibly achieve this goal at three days post-transgene 

activation, in case of U87MG and U251 cultures, respectively (figure 4.2.1 E-F).  

Based on these premises, we set up a new, combined experimental protocol, articulated as 

follows. We engineered U87MG and U251 cells by infecting them with Emx2-encoding 

lentivirus; as control, we employed an EGFP-encoding lentivirus. Two days before 

irradiation, we gently activated the transgenes by adding 1ng/mL and 30ng/mL doxycycline 

to culture media, in case of U87MG and U251 cells, respectively, and finally we exposed cells 

to 15Gy irradiation.  

Under these conditions, we found that Emx2 considerably amplified the impact of X-rays, 

revealing a statistically significant, positive interaction between transgene overexpression 

and irradiation (p(interaction), as evaluated by 2-ways ANOVA, reported in figure 4.2.1 H-I).  
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Figure 4.2.1. Population dynamics of irradiated/Emx2-overexpressing GBM cultures. (A-C) In vitro 

kinetic progression of U87MG and U251 GBM cells irradiated with different X-rays dosage: (A) protocol and 
(B,C) results. (D-F) In vitro kinetic progression of “Control” or “Emx2-GOF” U87MG and U251 GBM cells 
cultured under different doxycycline concentrations: (D) protocol and (E,F) results. (G-I) In vitro kinetic 
progression of U87MG and U251 GBM cells made “Emx2-GOF” and irradiated with 15Gy X-rays dosage: (G) 
protocol and (H,I) results. n is the number of biological replicates. In (H,I) the p-value of the Emx2/Xray 
interaction was calculated by 2-way ANOVA for independent samples: **p<0.01, ***p<0.001.  

 

4.2.2. Emx2 overexpression increases γ-H2AX foci, in basal conditions and upon 

irradiation 

 

Higher radiosensitivity of Emx2-GOF tumor cells suggested us a possible implication of this 

gene in DNA damage. To address this issue, we decided to score γ-H2AX foci in U251 cells, 

after Emx2 overexpression and X-rays exposure. For this purpose, an Emx2 transgene was 

expressed by the TetON platform, for three days under maximum doxycycline dosage, then 

cells were treated by X-rays (5Gy) and finally collected for the analysis, 1hr and 16hrs after 

irradiation.  

Both Emx2 overexpression and radiation doubled the number of DSBs foci detectable 1h 

after X-rays treatment. The combined treatment increased this number by four folds, 

suggesting that no statistically significant interaction took place between the two antiblastic 

effectors (p(Emx2-GOF/X-rays interaction)>>0.05, as evaluated by 2-ways ANOVA).  
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16hrs later, the γH2AX foci number in irradiated control cells returned to the basal level, 

meaning that 16hrs are sufficient to repair the radio-induced DNA-DSBs (t-test between X-

rays treated samples, at 1hr and 16 hrs, blue bars, gave p<0.001). Furthermore, at this time 

there was no difference between irradiated and non-irradiated Emx2-GOF cells, confirming 

that 16 hrs were enough to fully repair radio-induced DNA damage.  

However, Emx2 overexpression alone was able to evoke an increase of γH2AX foci at 16hrs 

compared to 1h, (t-test between Emx2-GOF samples, at 1hr and 16 hrs, green bars, gave 

p<0.001). This suggests that Emx2 could be intrinsically mutagen or it could slow down the 

repair of DNA damage basally induced by environmental factors.  

 

 
 
Figure 4.2.2. Emx2 overexpression increases γ-H2AX foci, in basal conditions and upon irradiation. 
Immunofluorescence evaluation of γ-H2AX foci in U251 cells engineered by lentiviral vectors and TetON 
technology and irradiated with 5Gy: (A,B) protocols and (C,D) results. Average numbers of γ-H2AX 
foci/nucleus were evaluated by Volocity software (C). In (D) shown is an example of cells immunoprofiled 1 
hour after irradiation. Scale bar=s.e.m. n is the number of biological replicates. p-value was calculated by t-
test (one tail, unpaired): **p<0.01, ***p<0.001. 

 

4.2.3. Emx2 overexpression inhibits DNA repair via homologous recombination  

 

It has been shown that GBMs repair radio-induced DSDBs mainly by homologous 

recombination (HR) (King et al. 2017). As results of the previous experiment did not provide 

us with any firm proofs about an involvement of Emx2 in inhibiting DNA repair machinery, 

we decided to address this issue by a complementary approach, based on a specific DNA 

recombination sensor called Traffic Light Reporter (TLR), able to reveal the occurrence of HR 
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events (Certo et al. 2011). In this construct, a double-strand break is produced at an I-SceI 

nuclease cleavage site, embedded within a functionally dead EGFP-cds, and the repair of the 

break, achieved via HR thanks to an EGFP-like editor DNA, rescues the EGFP-cds and leads 

to generation of a green fluorescent signal. Thanks to a lentiviral vector, this construct (as 

well as its I-Sce-expressing and editor sequence-harboring companions) may be easily 

delivered to tumor cells, where it provides a comfortable readout of the efficiency by which 

these cells repair their DNA.  

To evaluate this efficiency, we firstly infected tumor cells with the TLR-encoding lentivirus 

(TLR-LV) and made them Emx2-GOF. Next, we induced a light overexpression of our 

transgene (TetON platform, doxycyclin at 1ng/mL in U87MG and 10ng/mL in U251, for three 

days). Then, we induced the DNA-DSBs (and their subsequent homologous recombination 

repair) by providing lentiviruses encoding for the I-SceI endonuclease and the exogenous 

editor DNA. Finally, we scored cells by FACS analysis, evaluating the frequency of green ones.  

As seen in figure 4.2.3a.C-D, Emx2 significantly affected the HR repair mechanism, indeed 

the frequency of EGFP+ cells (HR+) was halved when compared to controls, both in U87MG 

and U251 GBM cell lines (t-test, p<0.001). 
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Figure 4.2.3a. Evaluation of Emx2 impact on homologous recombination by FACS analysis. (A) 
Diagram of the experimental strategy. If the break induced by I-SceI endonuclease is resolved through the 
HDR pathway, the full eGFP sequence will be reconstituted, and cells will fluoresce green. (B) Experimental 
protocol. (C,D) Absolute frequencies of EGFP positive cells, as detected by FACS analysis. Scale bar=s.e.m. n 
is the number of biological replicates. p-value was calculated by t-test (one tail, unpaired): ***p<0.001. 

 

To corroborate these results, we further designed a set of primers specifically detecting the 

reconstructed EGFP-cds fragment, after HR-mediated repair, and we employed them to 

quantify such fragment  by real time PCR. Interestingly, upon a light Emx2 overexpression, 

the number of EGFPHR amplicons - normalized against non recombinant lentiviral reference 

sequences and controls - was halved in U87MG cells (t-test, p<0.001) and reduced by one 

quarter in U251 cells, in substantial agreement with previous flow cytometric data (Figure 

4.2.3b).  
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Figure 4.2.3.b. Evaluation of Emx2 impact on homologous recombination by qPCR analysis. (A) 

Experimental strategy, as in Fig. 4.2.3.a. Here, a set of primers was designed to detect the fully reconstituted 
EGFP sequence by real time PCR. (B) Experimental protocol. (C,D) qPCR results, data double-normalized, 
against TLR-LV sequences and controls. n is the number of biological replicates. Scale bar=s.e.m. p-value 
was calculated by t-test (one tail, unpaired): ***p<0.001 

 

4.2.4. Screening for potential mediators of Emx2 HR-repair suppressing activity  

 

To get hints on molecular mechanisms mediating such Emx2 / X-rays interaction and, in 

particular, Emx2 suppression of HR-repair, we performed a comparative RNA-seq analysis of 

4 GBM samples (U87MG, U251, GbmA, GbmC), wt or made gain-of-function for Emx2. A 

selection of differentially expressed genes, implicated in glioblastoma tumour 

radioresistance and/or HR-mediated DNA-repair was taken into account (Table 4.2.4.a and 

references therein).  
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Locus 
(Ensembl) 

Gene 
symbol 

Impact 
on HR 
repair 

Refs logFC logCPM P value FDR 

ENSG00000181449 SOX2 + [1] -3.13 7.30 8.92E-13 1.26E-10 

ENSG00000146648 EGFR + [2] -1.22 7.33 9.40E-04 6.07E-03 

ENSG00000176165 FOXG1 + [3] -1.92 4.42 4.07E-06 7.30E-05 

ENSG00000113083 LOX + [4] -1.42 6.52 1.73E-04 1.57E-03 

ENSG00000100644 HIF1Α + [5] -1.30 9.72 1.10E-02 4.04E-02 

ENSG00000130066 SAT1 + [6] -0.71 7.34 5.59E-02 1.37E-01 

ENSG00000116717 GADD45A - [7] 1.82 6.36 0.00034 0.00271 

ENSG00000099860 GADD45B - [8] 3.07 5.24 1.15E-17 5.78E-15 

ENSG00000182185 RAD51B + [9] -0,80 3,11 2,49E-02 7,47E-02 

ENSG00000149311 ATM + [10] -0,73 6,90 2,10E-03 1,12E-02 

ENSG00000166454 ATMIN - [11] 1,28 7,35 1,30E-05 1,92E-04 

ENSG00000104517 UBR5 + [12] -0,68 7,48 4,12E-03 1,88E-02 

ENSG00000141510 TP53 - [13] 0.36 6.53 0.16 0.29 

 

Table 4.2.4.a. List of potential mediators of Emx2 impact on HR-repair, compiled on the basis of 
RNASeq data and literature. RNAseq data were generated from 2 GBM lines (U87MG,U251) and 2 primary 

GBM cultures (GbmA, GbmC) made gain of function for Emx2, as detailed in Materials and Methods. Genes 
listed above were generally mis-regulated upon Emx2 overexpression in all four lines, in a statistically 
significant way. TP53 and SAT1 were upregulated and downregulated in 3/4 (U87MG, U251, GbmC) and 2/4 
(U87MG, GbmC) GBM cell types, respectively. logFC and logCPM are log2 of Fold Change and Counts Per 
Million, respectively.  

 

Two of these genes, SOX2 and EGFR, had been already reported to be robustly 

downregulated by Emx2 (Falcone et al. 2016). Among others, Foxg1, LOX, HIF1α, SAT1 and 

GADD45A were further profiled by qRTPCR, in U87MG and U251 cells, overexpressing Emx2 

or a control, in baseline conditions as well as upon irradiation (Figure 4.2.4.b). Interestingly, 

in both cell lines, Emx2 resulted to downregulate Foxg1, LOX and HIF1α, and upregulate 

GADD45A, both upon irradiation or in the absence of it. This dynamic was superimposed to 

changes evoked by X-rays, generally according to a linear pattern, sometimes resulting in a 

pronounced dampening of the latter (e.g., LOX in U87MG cells). Unexpectedly, Emx2 

upregulated SAT1, except in unirradiated U251 cells, where its impact was opposite. 
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Altogether, these data pointed to a possible contribution of these genes to Emx2 anti-HR 

repair activity.  

 

 
 
Figure 4.2.4.b. mRNA levels of presumptive mediators of Emx2 enhancement of X rays impact on 
GBM. (A) Protocol. Here, 3 days after lentiviral infection, doxycyclin was added to the culture at 1ng/mL in 

U87MG cells and 30ng/mL in U251. 48 hours later, cells were exposed to a 15Gy X rays dose. RNA samples 
were collected at day 8 and qRT-PCR-profiled. (B,C) Results, double-normalized, against GAPDH and 
controls, are shown as average ± s.e.m. ns, not significant. n is the number of biological replicates. p-value 
was calculated by t-test (one-tail, unpaired). 
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4.2.5. Validation of selected presumptive mediators of anti-HR Emx2 activity 

 

Moving from the results described above, we next tested the ability of some putative 

mediator genes to restore HR-repair activity in U87MG and U251 GBM cell lines, previously 

made gain of function for Emx2. For this purpose, we transduced these cells (and their 

controls) with lentiviruses driving TetON-dependent, Foxg1 and Sox2 overexpression (Figure 

4.2.5a. C-F), as well as constitutive, pPgk1-dependent EGFR overexpression (Figure 4.2.5a.G-

H), and then we evaluated HR-mediated DNA repair, by real time PCR. Remarkably, Foxg1 

restored HR repair in both cell lines, Sox2 only in U87MG cells, EGFR was uneffective.  

As Foxg1 overexpression doubled HR-activity in "wt" U251 cells, it is possible that the 

apparent rescue of HR levels elicited by this gene manipulation in Emx2-GOF U251 cells was 

not due to an actual involvement of Foxg1 in Emx2-dependent HR deficit, but reflected a 

trivial "functional compensation" of such deficit exerted by high Foxg1 levels.  

To address this issue, we mimicked Emx2-induced Foxg1 downregulation by RNAi, and 

scored the impact of this manipulation on HR repair, in both U251 and U87MG naive cells 

(Figure 4.2.5.b). Remarkably, despite the small decrease of Foxg1-mRNA elicited by α-Foxg1-

shRNA (around -30%), in both cases such decrease evoked a drop in HR-frequency 

comparable to that induced by Emx2 overexpression, implying that Foxg1 is a key mediator 

of Emx2 impact on HR-repair. 
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Figure 4.2.5.a. Rescue of anti-HR Emx2 activity via modulation of its presumptive mediators. 
U87MG and U251 cells were engineered as in (A,B). Cells were scored for the capability of selected “X” 
agents (restoring presumptive mediators of anti-HR Emx2 activity) to rescue the HR-mediated DNA repair 
(C-H) More in detail, U87MG infected cells were activated with 5ng/mL and 1ng/mL doxycycline in 
Foxg1/SOX2 and EGFR experiments, respectively. Data were normalized against control. Scale bar=s.e.m. 
n is the number of biological replicates. p-value was calculated by t-test (one-tail, unpaired): *p<0.05, 
**p<0.01, ***p<0.001. 
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Figure 4.2.5.b. Mimicking anti-HR Emx2 activity via down-regulation of its presumptive Foxg1 
mediator. U87MG and U251 cells were engineered as in (A,B). Cells were scored for the capability of α-

Foxg1-shRNA to replicate the Emx2-evoked, HR defect (C,D). Data were normalized against control. Scale 
bar=s.e.m. n is the number of biological replicates. p-value was calculated by t-test (one-tail, unpaired): 
*p<0.05, **p<0.01. 
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4.3. Herpetic viral vectors as suitable tools for Emx2 delivery in vivo 

 

4.3.1. The oncolytic Myb34.5 HSV-1 displays a pronounced anti-GBM activity 

 

Although allowing cheap and fast dissection of key issues associated to Emx2 gene therapy, 

lentiviral vectors have two main limits: (a) they are genotoxic and therefore harmful to 

healthy neural cells; (b) they can hardly transduce all GBM cells in vivo. As such, they are not 

the best choice for actual gene therapy of GBM in patients. In this respect, we reasoned 

that, among available tools, herpetoviral amplicon vectors (i.e. gutless, replication defective 

HSV1 derivatives, accomodating large and/or multimerized transgenes) (de Silva and Bowers 

2009), supplemented by herpetoviral oncolytic vectors (undergoing replication only in 

intermitotic cells) (Gayral et al. 2014), might offer two substantial advantages. First, both 

effectors are not mutagenic. Second, beyond a likely antiblastic synergy among them, 

simultaneous administration of tiny amounts of oncolytic herpesviruses and Emx2-encoding 

amplicon vectors might ignite a diffuse chain-reaction, including tumor-hosted, oncolytic 

virus-aided amplicon vector neogeneration (possibly leading in vivo to Emx2/oncolytic virus-

mediated eradication of all GBM cells). We preliminarly tested some of these predictions in 

vitro. Results were as it follows. 

To test the anti-tumour activity of the oncolytic Myb34.5 HSV-1 in glioblastoma multiforme, 

we infected 2 GBM cell lines (U87MG and U251) and 2 primary GBM cultures (GbmA and 

GbmF) with different m.o.i. In all 4 samples tested, extremely low Myb34.5 moi's were 

sufficient to elicit a powerful anti-tumour effect. In particular, Myb34.5 preparations 

administered at moi 0.1 induced collapse of all four GBM cultures in about 1 week (Figure 

4.3.1.A), moi=0.025 was sufficient to suppress U87MG and U251 cultures in 10 days (Figure 

4.3.1B), whereas moi=0.005 eradicated U87MG cultures in 15 days (Figure 4.3.1C).  
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Figure 4.3.1. Population dynamics of GBM cultures infected with Myb 34.5 HSV-1. In vitro kinetic 

progression of U87MG, U251, GbmA and GbmF lines (A-C), infected with different moi’s. n is the number of 
biological replicates. 

 

4.3.2. Low Myb34.5 titres are able to eradicate U87MG cultures, while not affecting 

"healthy" murine, perinatal neocortical tissue, in vitro 

 

In order to assess if low Myb34.5 doses are harmful to the healthy neural tissue, we 

administered it to neural co-cultures including healthy, late-gestational neocortical 

precursors and U87MG cells at very low moi’s.  

Upon delivery at moi 0.01, Myb34.5 displayed a pronounced anti-GBM activity, as detectable 

at post infection-in vitro day 4 (PI-IVD4); this outcome was even more pronounced at PI-

IVD8 (Figure 4.4.3.B). As for mixed neuronal-astroglial primary cultures, they were not 

affected by HSV-1 activity initially, but unfortunately, over time, Myb34.5 at moi=0.01 made 

them to die. The scenario was different when cells were infected with Myb34.5 at 

moi=0.005. While that resulted into a robust therapeutic impact on GBM cells (t-test, 

p=0.001), no major damages apparently occurred to healthy cells, both at short and long 

term, as assessed by cell counting.  
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Figure 4.3.2. Selective impact of oncolytic Myb34.5 on U87MG cells co-cultured with healthy 
precursors of murine neocortex. (A) Protocol. 100.000 Mapt-driven Egfp positive E17.5 mouse ncx 

precursors were seeded in a 24-well plate and infected 3 days later with Myb 34.5 at moi 0.01 or 0.005. 
After 24 hours, 0.5x105 mCherry-labelled U87MG cells, pre-infected with Myb 34.5 at moi 0.01 or 0.005 the 
day before, were transferred onto infected neocortex precursors. FACS analysis was performed 3 and 7 days 
later. Concomitantly, an immunofluorescence against TUBB3 and GFAP was performed on mouse neocortex 
cells at days PI-IVD 3, to evaluate the neuronal and glial morphology. (B-C) Absolute frequencies of mCherry 
positive U87MG cells and Mapt-driven Egfp positive neurons at PI-IVD4 and PI-IVD8, as detected by FACS 
analysis. Scale bar=s.e.m. n is the number of biological replicates. p-value was calculated by t-test (one-tail, 
unpaired). In (D) shown is an example of healthy murine neocortex after Myb 34.5 infection at moi=0.01. p-
value was calculated by t-test (one-tail, unpaired): *p<0.05, **p<0.01, ***p<0.001. 

 

4.3.3. Myb34.5 and lentiviral Emx2 expressors exert a synergic anti-blastic effect on 

U87MG GBM cultures 

 

To assess if any functional cooperation may take place between oncolytic vectors and Emx2, 

U87MG cells were co-treated by the Emx2 transgene (delivered via lentiviral vectors and 

activated at low level, by TetON technology, under the control of a constitutive promoter 

and in the presence of 1 ng/ml doxycycline) and the oncolytic Myb34.5 HSV-1 (administered 

at moi=0.005). This resulted in a synergistic integration of Emx2 and Myb34.5 therapeutic 



61 
 

effects. Specifically, such treatment halved the size of the GBM population in only 5 days, 

whereas the control population increased by a factor around 4 and none of the two single 

therapeutic agents could prevent culture expansion.  

 

 

Figure 4.3.3. Population dynamics of U87MG cells, co-infected by Emx2-LV and Myb 34.5 HSV-1. 
(A) Protocol. In vitro kinetic progression of U87MG cells, made “Emx2-GOF” and co-transduced by low Myb 

34.5 moi. (B) Results. n is the number of biological replicates. The p-value of the Emx2/Myb 34.5 interaction 

was calculated by 2-way ANOVA for independent samples: ***p<0.001.  
 

4.3.4. Both U87MG-GBM cells and "healthy" human neocortex precursors are able 

to host Myb34.5-helped amplification of EGFP-encoding herpes viral amplicon 

vectors 

 

As a substrate potentially permissive to Myb34.5-helped vAM-GFP amplification, U87MG 

“Reactor” R-cells were coinfected by Myb34.5, at moi = 0.01, and vAM-GFP, at moi = 5, in all 

four possible Myb34.5(±)vAM-GFP(±) combinations. To secure herpes viral infection and 

remove the excess of primarily infecting viral particles, 8 hours later, cell medium was 

discarded and fully replaced by fresh medium. Next, 3 days later, one half of such new 

medium (plus an equal volume of fresh medium) was transferred to U251 "Sensor" S-cells, 

which, 3 more days later, were scored for the presence of EGFP-expressing elements, as an 

index of U87MG-hosted vAM-GFP neosynthesis. 
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Figure 4.3.4.a Detection of freshly neogenerated vAM-GFP amplicon vectors, released by U87MG 
cells upon vAM-GFP/Myb34.5  co-transduction. (A) Protocol. 200.000 U87MG “Reactor” cells were 

infected with Myb 34.5 at moi 0.01 and vAM-GFP at moi=5. 8hrs later, cells were washed twice to remove 
all viral particles  and cultured with new fresh medium for three days. In parallel, 200.000 U251 “Sensor” 
cells were seeded separately, and 12hrs later, their medium was discarded and replaced by a new one, half 
made from fresh medium and half by R-well conditioned medium. 3 days later, U251 “Sensor” cells were 
scored for the presence of EGFP-expressing elements, as an index of U87MG-hosted vAM-GFP neosynthesis. 
(B) Results. Scale bar=s.e.m. n is the number of biological replicates. p-value was calculated by t-test (one-
tail, unpaired): *p<0.05, **p<0.01, ***p<0.001. In (C) shown is an example of U251 “Sensor” cells cultured 
with different conditioned medium..   

 

Remarkably, only medium from Myb34.5(+)vAM-GFP(+)-infected U87MG cultures gave a 

substantial fraction of fluorescent U251MG sensor cells (d sample). Media from U87MG 

cultures infected according to the other three combinations did not elicit any "staining" of 

sensor cells. All that implies that: (1) no unwanted carryover of viral particles primarily 

delivered to U87MG cells to U251MG cells took place; (2) a substantial number of vAM-GFP 

particles were neo-generated by Myb34.5/vAM-GFP-coinfected U87MG cells. 

Interestingly, when - in a parallel assay - one half of medium conditioned by Myb34.5(+)vAM-

GFP(-) U87MG cells was acutely supplemented with vAM-GFP at moi 5 and then transferred 
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to U251MG sensor cells, sensor cells (c* sample) became fluorescent at frequencies about 

3 times higher compared to those achieved with medium conditioned by Myb34.5(+)vAM-

GFP(+)-infected U87MG cultures. This suggests that, by 3 days after Myb34.5(+)vAM-GFP(+)-

coinfection, double-infected U87MG cells could have generated as many new vAM-GFP 

amplicons as about 2/3 of those administered them at the beginning of the experiment.  

 

* * * 

 

A similar assay was run to assess the ability of “healthy human neocortical tissue" to host 

Myb34.5-helped amplification of EGFP-encoding herpetoviral amplicon vectors, where a 

mixed neuronal-astroglial primary culture originating from differentiation of human 

neocortical precursors replaced U87MG cells as a potentially permissive substrate hosting 

vAM-GFP neosynthesis (Figure 4.3.4.b).  

Interestingly, such culture supported neosynthesis of recombinant vAM-GFP amplicon 

vectors, like U87MG cells. The yield of the process was quite high. Again, within only 3 days, 

it re-generated about 2/3 of the amplicon vector input originally co-delivered to it with the 

Myb34.5 helper.  
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Figure 4.3.4b. Detection of freshly neogenerated vAM-GFP amplicon vectors, released by 
differentiated human neocortical precursors upon vAM-GFP/Myb34.5  co-transduction. (A) 

Protocol. 100.000 human ncx ”Reactor” precursors were infected with Myb 34.5 at moi 0.01 and vAM-GFP 
at moi=1. 8hrs later, cells were washed twice to remove all viral particles and cultured with new fresh 
medium for three days. In parallel, 150.000 U251 “Sensor” cells were seeded separately, and 12hrs later, 
their medium was discarded and replaced by a new one, half made from fresh medium and half by R-well 
conditioned medium. 3 days later, U251 “Sensor” cells were scored for the presence of EGFP-expressing 
elements, as an index of human ncx precursors-hosted vAM-GFP neosynthesis. (B) Results. Scale bar=s.e.m. 
n is the number of biological replicates. p-value was calculated by t-test (one-tail, unpaired): *p<0.05, 
**p<0.01, ***p<0.001.   In (C) shown is an example of U251 “Sensor” cells cultured with different 
conditioned medium. 
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5. DISCUSSION 

 

Previous experiments done in my laboratory demonstrated the Emx2 role in limiting cortico-

cerebral astrogenesis. In particular, it was shown that Emx2 overexpression in pallial stem 

cells inhibits the proliferation of astrocytes-committed precursors, leading to a reduction of 

their ultimate glial output. This control takes place via a functional cascade, which includes 

stimulation of Bmp signaling and Sox2 repression, through the downregulation of Egfr and 

Fgf9 (Falcone et al., 2015).  

Next, inspired by these findings, Carmen Falcone demonstrated that Emx2 overexpression 

kills glioblastoma cells in vitro within 7-10 days, by inducing cell death and inhibiting cell 

proliferation. All glioblastomas tested in this study (and later) were sensitive to this 

treatment. The Emx2 antiblastic activity was replicated in vivo, in dedicated short-term 

assays. Molecular mechanisms underlying this phenomenon resulted to be very complex 

and included perturbation of cell-cycle control genes, RTK cascades, and other malignancy-

related effectors. Such pleiotropic impact of Emx2 on cell metabolism was proposed to 

account for the wide spectrum of tumors sensitive to this gene and to be of potential 

advantage in prevention of relapses (Falcone et al., 2016).  

 

Starting from these premises and from limits of conventional therapies, here I first evaluated 

the actual advantage of experimental Emx2 gene therapy, in immunocompromised mice 

transplanted by engineered human GBM cells. It turned out Emx2 overexpression almost 

doubled the survival time of these animals. 

Next, a step forward towards its possible future adoption in oncotherapy, I investigated the 

interaction of Emx2 overexpression with current standard therapies, including chemo and 

radiotherapy. Combined Emx2/TMZ treatment resulted more effective than TMZ alone. 

Moreover, Emx2 improved the therapeutic effects of radiotherapy, making GBM cells more 

sensitive to radiation, due to inhibition of DNA-repair mechanisms.  

Last, interested in developing new effective and biosafety strategies for in vivo delivery, 

based on HSV-1 derived viruses, I achieved key proofs-of-principle prefiguring that oncolytic 

HSV-1 and amplicon vectors could be combinatorially exploited as powerful tools for in vivo 

Emx2 delivery.  
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* * * 

 

In the first part of my work, I showed that Emx2 can antagonize GBM growth in vivo, 

prolonging the survival of immunotolerant mice orthotopically transplanted with Emx2-GOF 

tumor cells. In particular, the medial survival time moved from 35 days of controls to 56 days 

of Emx2-treated mice. Even more strikingly, 3/14 mice transplanted with Emx2-GOF cells 

survived about 3 months, whereas only 1/14 animals transplanted with control cells 

remained alive at one month and half. However, we were not able to eradicate the tumor, 

possibly because of late in vivo silencing of the therapeutic transgene and/or in vivo selection 

of rare GBM cells not transduced at all by this transgene or expressing it at very low levels 

ab initio. Moreover, both Emx2 overexpression and combined Emx2/TMZ protocol 

outperformed the TMZ treatment alone. 

 

* * * 

 

This remarkable result was also confirmed by in vitro kinetic assays, where we discovered at 

least an additive effect between the standard treatment and our gene therapy and, 

specifically in U87MG GBM cells, an Emx2-dependent cell sensitization to the 

chemotherapeutic agent. Chemo-resistance of GBM cells can occur by intercellular 

communication through gap junctions (Gielen et al. 2013), and it is also well known that 

CX43 is expressed at high levels in astrocytes and astrocytomas (Caltabiano et al., 2010). 

Munoz and colleagues (Jessian L. Munoz et al. 2014) showed that TMZ resistance in GMB 

occurs partly via EGFR, that mediates the induction of CX43 through the activation of JNK-

ERK-AP1 pathway. The same pathway seems to regulate also MDR1 expression, an ATP-

dependent efflux pump responsible for tumour chemo-resistance. Even if molecular 

mechanisms underlying Emx2/TMZ interaction can be very complex, CX43 and MDR1 seem 

to have a central role in mediating this effect.  

We discovered that Emx2 downregulates both CX43 and MDR1, still in the presence of TMZ 

(in all 4 cell lines tested for CX43 and in 2 out of 4 samples for MDR1); furthermore, we 

previously demonstrated that, in our cells lines, Emx2 downregulates EGFR (Falcone et al. 

2016).  
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Apparently, Emx2 could sensitize cells to chemotherapy by manipulating at different levels 

the mediators of the EGFR-JNK-ERK-AP1-CX43/MDR1 pathway and preventing TMZ 

resistance. 

Although the molecular mechanisms are still very complex and many aspects need to be 

clarified, we can conclude that Emx2 gene therapy represents an efficient option to treat 

GBM, and together with the pre-existent therapies, could be successful in those tumours 

that display chemo-resistance. 

 

* * * 

 

In the third part of this work we were interested in evaluating if Emx2 overexpression 

sensitize GBM cells to radiotherapy, leading to an enhanced anti-oncogenic effect, 

compared to the therapeutic agent alone.  

According to our experience, to be successful, this assay requires a careful pre-calibration of 

X-ray doses and Emx2 overexpression levels, to be done line by line. Too much radiation or 

too much Emx2-activating doxycycline would - even alone - acutely kill the cells, making their 

interaction effect hidden by the experimental noise.  

The growth curves, reconstructed for U87MG and U251 GBM cell lines, showed that Emx2 

considerably amplified the impact of X-rays, revealing a statistically significant, positive 

interaction between transgene overexpression and irradiation.  

To dissect the biological mechanisms through which Emx2 increases radio-sensitivity of GBM 

cells, we envisaged two possible, not mutually exclusive classes of explanations: Emx2 could 

increase DNA damage or it could inhibit DNA repair mechanisms. 

To test the first hypothesis, we evaluated the dynamic progression of radio-induced DNA 

damage, by quantifying the levels of γ-H2AX in U251 cells. γ-H2AX histone is a variant of H2A, 

one of the five main histone proteins involved in the structure of chromatin in eukaryotic 

cells.; upon DNA damage, SSBs or DSBs, it can be phosphorylated on serine 139 (Sharma et 

al., 2012). Genotoxic stress, such as that evoked by radio- and chemotherapy, is considered 

to be the main inducer of phosphorylated H2AX (γH2AX), which forms distinct foci at sites 

of DNA damage where DNA repair factors accumulate.  

In our system, Emx2 alone increases the number of nuclear γH2AX foci over time, while, on 

the other hand, those acutely evoked by radiation alone return to basal levels by 16 hours; 
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notably, 16hrs after X-ray treatment, there are no differences between Emx2-GOF cells, 

having undergone or not irradiation. This suggests that Emx2 could be intrinsically a 

mutagen or it could slow down DNA damage repair induced by environmental factors.  

In order to clarify a possible involvement of Emx2 in the inhibition of DNA-repair 

mechanisms, we decided to monitor the ability of GBM cells to repair a DNA-DSB, evoked by 

a well-controlled system called Traffic light reporter (TLR) (Certo et al. 2011). In this way, we 

fix a certain amount of damage and subsequently we monitor cell ability to repair it, 

depending on the cell genotype (Control or Emx2-GOF). The TLR generates a flow-cytometric 

readout of homology-directed repair (HDR)-mediated gene targeting; indeed, it is well 

known that glioblastoma tumour cells, in particular the stem cell counterpart, have 

enhanced DNA repair pathways, predominantly via homologous recombination (Lim et al. 

2012), (Lim et al. 2014), which confer greater survival and contribute to radio-resistance.  

Our experiments allowed us to demonstrate unequivocally that Emx2-GOF cells repair DNA-

DSBs with reduced efficiency, negatively impacting on the homologous recombination 

machinery.  

In order to deeply investigate the potential mediators of Emx2 HR-repair suppressing 

activity, we performed a RNA-seq on 4 GBM samples and validated some candidates by 

qPCR.  

Among them, Foxg1 and SOX2 seem to be involved in the Emx2 HR-repair suppressing 

activity, indeed their overexpression restore totally the DNA damage repair.  

Foxg1, which encodes a DNA-binding transcriptional repressor factor belonging to the 

forkhead protein family, not only plays an important role in brain development, but it’s also 

a key determinant of GBM malignity (Verginelli et al. 2013). Furthermore, the FOXG1 protein 

physically interacts with POLE (Li et al. 2015), the catalytic epsilon subunit of DNA 

polymerase, involved in both DNA replication and repair (Henninger and Pursell 2014). This 

interaction might be mechanistically bridge Emx2-dependent Foxg1 downregulation to 

defective GBM DNA repair.  

On the other hand, SOX2, a member of the SRY-related HMG-box (SOX) family of 

transcription factors, is a stemness factor expressed at high levels in glioma initiating cells 

(GICs), a group of aberrant stem cells suggested to be the main responsible for radio-

resistance. Remarkably, these cells also express high levels of Rad51 protein (King et al. 

2017) and display an efficient DNA repair ability, mainly through the activation of the 
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homologous recombination pathway (Bao et al., 2006). All these data may suggest that SOX2 

impairment, mediated by Emx2, could lead to a dramatic reduction of the HR-mediated DNA 

repair, eventually resulting in increased sensitivity to ionising radiation (Lim et al. 2014).  

In conclusion, although much still needs to be clarified, we demonstrated that Emx2 

negatively regulates DNA repair mechanisms, one of the most important process in the life 

cycle of tumour cells. By blocking this machinery, it permits to sensitise GBM cells to 

irradiation, and forced them undergo apoptosis. This happens trough the downregulation of 

two master genes involved in gliomagenesis, SOX2 and FOXG1.  

All these data not only reinforce the anti-oncogenic role of Emx2 but also highlight the 

importance of an in vivo combined approach.  

 

* * * 

 

As for the last part of this work, we decided to investigate the antitumour activity of the 

oncolytic virus Myb34.5; it is a second-generation replication-conditional HSV-1 mutant in 

which ICP6 gene expression is defective and expression of the HSV-1 γ134.5 gene is regulated 

by the cellular B-myb promoter. ICP6 encodes the large subunit of viral ribonucleotide 

reductase (RR), an enzyme involved in de novo synthesis of deoxynucleotides. In the absence 

of viral RR, virus replication depends on host cell RR activity, which has been reported to be 

higher in cancer cells (Gayral et al. 2014). Consequently, HSV-1 mutants with deletions in 

the ICP6 gene preferentially replicate in actively dividing cells such as malignant cells. 

Infection of tumour cells by Myb 34.5 leads to cell destruction and simultaneous release of 

progeny virion that can infect adjacent tumour cells.  

It was employed for the first time in pancreatic tumours, where it displayed an important 

antitumor effect, inducing a reduction in tumour growth.  

In our experiments performed on 2 GBM cell lines and 2 primary cultures, we found that 

very low doses of Myb34.5 are able to induce a powerful anti-tumour activity, by inducing 

the collapse of all 4 GBM cultures in about one week. Furthermore, the oncolytic Myb34.5 

herpesvirus, administered at moi=0.005, is still able to induce a rapid collapse of GBM 

tumours in vitro, while not affecting the surrounded "healthy neural tissue". These results 

suggest Myb34.5 as a new powerful tool for the treatment of glioblastoma multiforme.  
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Considering these results, we asked whether Emx2 gene therapy could improve the anti-

GBM effects elicited by oncolytic herpesvirus, as it occurs when associated to chemo and 

radiotherapy. In a preliminary test, performed on U87MG GBM cells, Emx2, delivered by a 

lentiviral vector and weakly activated by low doxycycline, synergizes with Myb34.5, allowing 

to employ the latter at the minimal moi, enough to elicit a satisfactory therapeutic effect.  

Taken together, all these results point Emx2 and HSV-1 as a novel, promising combined tool 

for GBM gene therapy. However, it is well known that lentiviral vectors are not suitable for 

in vivo treatment, due to their low infection capability and insertional mutagenesis 

generated from their random integration into the genome. On the other hand, oncolytic 

HSV-1 do not integrate into the genome of infected cells, there are several available anti-

HSV-1-specific drugs, such as acyclovir to control unwanted infection and relatively low moi’s 

are needed to kill tumour cells (Xu et al., 2013); furthermore, they are currently investigated 

in preclinical and phase I to III clinical trials, where they have been shown to be safe.  

For all these reasons, we thought to employ HSV-derived amplicon vectors as a Trojan horse 

for in vivo Emx2 administration to tumour cells. The starting point is a plasmid, called 

amplicon, to which minimal HSV-1 sequences are added, in order to allow it to be packaged 

into virus particles and neogenerated with the aid of a helper virus.  

To test this hypothesis, we evaluated the neo-generation of a neutral amplicon vector 

harbouring an EGFP coding sequence both in tumour cells and in "healthy" murine, perinatal 

neocortical tissue, employing the oncolytic Myb34.5 as helper virus. Surprisingly, when co-

delivered with Myb34.5, the amplicon vector vAM-GFP is robustly neo-generated by both 

glioblastoma cells and "healthy neural cells" (the latter ones possibly corresponding to still 

intermitotic astrocytes permissive to HSV1 replication). 

All these data suggest that administering the therapeutic Emx2 transgene by a vAM-GFP-like 

amplicon vector and a Myb34.5 helper could achieve fine, self-sustaining spreading of the 

"Myb34.5 - vAM-Emx2" therapeutic cocktail in vivo, up to full tumour eradication. This 

prediction is currently being tested in our lab. 
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